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Chapter 1

Introduction

�e work described in this thesis addresses an intriguing question at the heart of many pro-
cesses that govern life: how is accessibility to the genetic information in the DNA achieved
in its very tightly folded context?�is chapter introduces the main subjects in this study: the
nucleosome and single-pair FRET spectroscopy. It concludes with an outline of the scope of
this thesis.

1.1 �e nucleosome

Eukaryotic DNA is organized in arrays of nucleosomes. �e hereditary information in the
human genome is encoded in more than 3 billion base pairs (bp), equivalent to 1 m of DNA.
Somatic cells contain two copies of the complete genome, distributed over 46 chromosomes.
If not condensed, the DNA in a chromosome would form a swollen coil of ~100 µm in di-
ameter [1]; yet all the DNA is stored in the nucleus, which is only about 5 µm in size! �e
challenging task of packaging eukaryotic DNA to make it �t in the nucleus is achieved by
specialized proteins that bind and fold the DNA in higher and higher levels of condensation,
as schematically depicted in �gure 1.1.a.�e resulting DNA-protein complex is termed chro-
matin. In the hierarchy of chromatin, condensation ranges from 105-fold linear compaction
in the mitotic chromosome down to 5-fold compaction in the fundamental repeating unit of
DNA organization, a structure called the nucleosome.
A detailed description of the structure of the nucleosome can be obtained from high-

resolution X-ray crystal structures [2, 3], as shown in �gure 1.1.b.�e nucleosome core particle
consists of 147 bp ofDNAwrapped around a histone octamer protein core in 1.7 le�-handed su-
perhelical turns.�e histone octamer core has amodular design: it is composed of a (H3-H4)2
tetramer at the center, and two H2A-H2B dimers at the ends of the DNA path. DNA binding
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Figure 1.1: Eukaryotic DNA is organized in arrays of nucleosomes. a) DNA in the nucleus is
compacted in chromatin, of which the nucleosome is the basic unit. Arrays of nucleosomes
form higher-order structures, ultimately giving rise to the highly condensed mitotic chromo-
some. b) Top view and side view of a high resolution crystal structure (1kx5 [2]) of the nucle-
osome core particle.�e nucleosome core particle consists of ~50 nm of DNA wrapped in 1.7
turns around a histone octamer protein core.

occurs primarily to the DNA backbone facing the histone core: electrostatic interactions and
hydrogen bonds form contacts every 10 bp when the DNA minor groove faces inwards. �is
lack of sequence speci�city ensures that almost anyDNA can be incorporated in a nucleosome.
Nucleosome core particles are separated from each other by 10-50 bp linker DNA, forming a
"beads-on-a-string" chain. In this array nucleosomes interact with neighboring nucleosomes,
resulting in higher-order structure to achieve more DNA compaction.

�e nucleosome is a remarkable structure, for several reasons:

• �e sti�ness of DNA is characterized by a persistence length of 50 nm, which means
that DNA is essentially straight on that length scale. Yet one persistence length of DNA
is wrapped in nearly two full turns in the nucleosome, e�ectively making it a loaded
spring [1].

• Nucleosomes favor particular sequences over others, even though most histone-DNA
interactions are not sequence speci�c.�is presumably re�ects the ability of particular
sequence motifs to more easily accommodate the bending and twisting required for
wrapping DNA along the histone octamer perimeter [4]. It has been proposed that this
sequence dependence acts as a nucleosome positioning code, that drive nucleosomes to
strategic positions in regulatory processes [5].

• �e nucleosome has a pronounced charge distribution, with a highly negatively charged

2



1.1�e nucleosome

DNA chain that repels itself, and positively charged lysine and arginine groups on the
histones. Nucleosome structure is sensitive to salt conditions [6] and to modi�cations
of the charge distribution (e.g. by acetylation of lysine groups [7]).

• Flexible, unstructured histone tails protrude from the core and are exposed. Covalent
modi�cations to residues on these tails, such as phosphorylation and methylation, play
a crucial role in regulating nucleosome structure.�is may reveal a “histone code" that
regulates the genetic information [8].

It is of vital importance that nucleosomes reconcile two con�icting demands: nucleosomes
have to package DNA, but also have to ensure that the encoded information in theDNA can be
accessed at appropriate times.�is leads to the complex and exciting interplay of nucleosome
structure and function described in the above.

Nucleosome dynamics are the key for understanding gene regulation. All transactions
on DNA in the nucleus take place on nucleosome substrates. �e nucleosome is intimately
involved in transcription control, and therefore lies at the heart of gene regulation. For exam-
ple, histones serve as general gene repressors [9], because DNA wrapped in nucleosomes is
sterically occluded from enzymes in the transcription machinery. Chromatin structure has to
be substantially remodeled to accommodate transcription of the DNA tomRNA.�erefore, in
order to understand physical aspects of gene regulation, it is of key importance to understand
the conformational dynamics and structural plasticity of nucleosomes that underlie accessi-
bility to the wrapped DNA.
Several mechanisms that ensure nucleosome accessibility have been identi�ed (reviewed

for example by Luger [10] or Flaus and Owen-Hughes [11, 12]). �ese mechanisms can be
divided into two broad classes: i) Actively driven accessibility to nucleosomal DNA is cat-
alyzed by chromatin remodelling enzymes, large protein machines that change the position,
structure or composition of nucleosomes. In doing so, they consume energy in the form of
ATP [12, 13]. ii) Spontaneous accessibility does not require ATP, but relies on intrinsic con-
formational changes, such as thermal repositioning [14], histone dimer exchange [15], and
transient site-exposure by DNA binding and rebinding at the nucleosome ends, in a process
termed breathing [16, 17](schematically depicted in �gure 1.2.a-c). How these di�erent mech-
anisms are coupled to each other and how they are employed in transcription, repair, and
replication is an intriguing and important question. For example, unwrapping of nucleoso-
mal DNA by breathing may be captured by a site-speci�c DNA-binding protein, that in turn
recruits a remodeling factor to a particular nucleosome [18]. However, many details of the
underlying conformational changes in these mechanisms remain to be resolved. For example,
little is known about the kinetics of processes such as DNA breathing. Also, the large number
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+
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Figure 1.2: Mechanisms for spontaneous enzyme accessibility of nucleosomalDNA. a)�ermal
repositioning. b) H2A-H2B dimer exchange. c) Site exposure by DNA breathing from the
nucleosome ends. Each mechanism exposes a previously occluded stretch of DNA. In this
way, regulatory proteins (dark gray) may bind their recognition site (red) in the nucleosomal
DNA.

of DNA-histone contacts raise the questions which bonds are broken in what order for achiev-
ing DNA accessibility. Finally, each mechanism probably involves a wealth of closely related
intermediate states, and a subtle free energy landscape which is di�cult to probe experimen-
tally. Yet for a complete understanding of regulated DNA accessibility at any given site, it is
necessary to understand the structure of the underlying chromatin at molecular detail [10].

1.2 Single-pair FluorescenceResonanceEnergyTransfer Spec-
troscopy

FRET is a sensitive tool for studying conformational changes in bio-molecules. Fluores-
cence (or Förster) Resonance Energy Transfer (FRET) is a process in which excitation energy
fromadonor �uorophore is transferred non-radiatively to an acceptormolecule via an induced
dipole-induced dipole interaction [19].�e e�ciency of energy transfer, E, is given by

E = 1

1 + ( R
R0 )

6 , (1.1)

where R is the distance between donor and acceptor and R0 is the Förster radius, at which 50%
energy transfer occurs (typically 5 nm). Because of this strong distance dependence, FRET
can be applied as a molecular ruler in the 2-8 nm range [20]: a small change in distance is
converted to a shi� in �uorescence emission which can easily be detected. �e dimensions
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0 1 2 3 4 5 6 7 8 9 10
0.0

0.2

0.4

0.6

0.8

1.0

E

R (nm)

High FRET

Low FRET

R0

Figure 1.3: FRET as amolecular ruler for detecting conformational changes in the nucleosome.
A wrapped nucleosome with a FRET pair at a strategic location brings the �uorophores in
close proximity, resulting in e�cient energy transfer. A transiently unwrapped nucleosome,
as a result of DNA breathing for example, temporarily shows a loss in FRET.

of many biologically relevant structures, such as the Holliday junction or the nucleosome, are
accessible by FRET. Furthermore, speci�c �uorescence labeling of strategic sites on DNA or
proteins is possible in many instances.�erefore, FRET is a technique well-suited to studying
conformational changes in bio-molecules [21] that govern life at its molecular basis, such as
nucleosome dynamics (see �gure 1.3).

spFRETspectroscopy reveals the conformational distributionanddynamics of singlemole-
cules. In bulk FRET experiments, the �uorescence emission of an ensemble of molecules is
recorded, yielding an ensemble-averaged FRET e�ciency of the system under study. Informa-
tion about the conformational heterogeneity or kinetic processes that occur in the ensemble
is lost in this way. �is information can be obtained with single-pair FRET (spFRET) spec-
troscopy, in which FRET is applied at the single-molecule level. �is was �rst demonstrated
over a decade ago by Ha et al. [22]. Using spFRET, the conformational distribution can be
reconstructed from the FRET footprint of many individual molecules, and conformational
dynamics can be monitored by following a single molecule in time.
To detect the �uorescence of a single pair of �uorophores, it is crucial to collect as many

photons as possible. �is is a challenging task, which can only be achieved at an acceptable
signal to noise ratio because of recent technical advances that resulted in superior quality mi-
croscope objectives, photostable �uorophores, optimized �uorescence emission �lters, and
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Chapter 1 - Introduction

sensitive single-photon avalanche photodiodes and multiplication gain CCD cameras. Two
detection schemes are frequently employed in spFRET experiments [23]: wide�eld TIRF mi-
croscopy on molecules immobilized to a surface, and confocal microscopy on molecules that
freely di�use in solution. Surface immobilization provides an extended observation time, lim-
ited only by photobleaching (a light-induced reaction that results in irreversible loss of the
�uorescent state of a �uorophore). Immobilization therefore is a great tool for studying slow
processes that occur on timescales longer than 10 ms. A drawback of this method is that the
surfacemay interact with themolecule of interest, so that great caremust be taken to employ an
optimized immobilization scheme. In-solution experiments do no su�er from these surface-
induced artifacts. In this case, the observation time is limited by di�usion through the confocal
spot, which is typically on the order of 1 ms. Hence this detection scheme is better suitable for
following fast processes or obtaining snapshots of the conformational distribution. Both de-
tection schemes have been successfully employed to unravel subtle conformational changes in
a variety of bio-molecules, such asDNA [24, 25], RNA [26] andDNA-protein interactions [27].
Conceptually, spFRET is a versatile, simple and elegant tool inmolecular biophysics. Great

care has to be taken to interpret spFRET data correctly, though. For example, it is not straight-
forward to convert a FRET e�ciency to an accurate value for distance [28]. Also, photochem-
ical processes that strongly a�ect the �uorescence emission of the dyes, such as photoblinking
and photobleaching, interfere with �uctuations in FRET due to conformational changes. A
more advanced alternating laser excitation scheme (ALEX), that simultaneously reports on
the FRET e�ciency and label stoichiometry [29, 30], is needed to �lter out all blinking and
bleaching events. Finally, immobilization and dilution to the picomolar concentration needed
to resolve single molecules may induce artifacts. In this thesis, I describe how we addressed
these issues and how we were able to use spFRET as a sensitive reporter on nucleosome con-
formation and dynamics.

1.3 Scope of this thesis

�is thesis reports experimental work on nucleosome structure and dynamics, using spFRET
as a reporter of nucleosome conformation at the single-molecule level. Each chapter was writ-
ten as a separate research article focusing on speci�c aspects of nucleosome conformational
changes and the experimental methodology used to study these.

Chapter 2 is the materials and methods section of this thesis. It gives a detailed overview
of the procedures that were established to reconstitute nucleosomes with a FRET pair exactly
at the desired location, and how to analyze them with ensemble and single-molecule tech-
niques. We describe the microscope setups that were constructed to perform experiments on
immobilized nucleosomes and on nucleosomes in solution, and present example data.

6
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Chapter 3 describes spFRET experiments on immobilized nucleosomes, that resolve DNA
breathing in individual nucleosomes. Immobilization results in dissociation of a large fraction
of the nucleosomes, which are excluded from further data-analysis. We report how photo-
blinking interferes with determination of breathing kinetics, and how this issue is resolved
using alternating excitation and a special triplet quencher. We observe that most of the prop-
erly immobilized, non-blinking nucleosomes show stable FRET on timescales between 0.01-
10 s, while 3% show dynamics with a dwell time of 120 ms that we attribute to conformational
changes in the nucleosome. Our �ndings illustrate not only the merits but also typical caveats
encountered in single-molecule FRET studies on complex biological systems.

Chapter 4 further explores the issue of nucleosome immobilization. We report on various
nucleosome immobilization strategies, such as single point attachment to polyethylene glycol
or bovine serum albumin coated surfaces, and con�nement in porous agarose or polyacryl-
amide gels. We compared the immobilization speci�city and structural integrity of immobi-
lized nucleosomes. A crosslinked star polyethylene glycol coating performed best with respect
to tethering speci�city and nucleosome integrity, and enabled us for the �rst time to reproduce
bulk nucleosome unwrapping kinetics in single nucleosomeswithout immobilization artifacts.

Chapter 5 reports on spFRET experiments on di�using nucleosomes, either in free so-
lution or a�er PAGE separation. We combined spFRET and alternating excitation with a
correlation analysis on selected bursts of �uorescence, to resolve a variety of progressively
unwrapped nucleosome conformations. �e experiments reveal that nucleosomes are con-
siderably unwrapped, but yet remains stably associated. Our �ndings quantify the delicate
interplay between accessibility and condensation in nucleosomes using a powerful combina-
tion of single-molecule �uorescence techniques and gel electrophoresis to resolve the resulting
conformational heterogeneity.
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Chapter 2

Engineering Mononucleosomes for
Single-Pair FRET Experiments1

Abstract In DNA nanotechnology, DNA is used as a structural material, rather than as an
information carrier.�e structural organization of the DNA itself determines accessibility to
its underlying information content in vivo. Nucleosomes form the basic level of DNA com-
paction in eukaryotic nuclei. Nucleosomes sterically hinder enzymes that must bind the nu-
cleosomal DNA, and hence play an important role in gene regulation. In order to understand
how accessibility to nucleosomal DNA is regulated, it is necessary to resolve the molecular
mechanisms underlying conformational changes in the nucleosome. Exploiting bottom-up
control, we designed and constructed nucleosomes with �uorescent labels at strategically cho-
sen locations to study nucleosome structure and dynamics inmolecular detail with single-pair
Fluorescence Resonance Energy Transfer (spFRET) microscopy. Using wide�eld total inter-
nal re�ection �uorescence (TIRF) microscopy on immobilized molecules, we observed and
quanti�ed DNA breathing dynamics on individual nucleosomes. Alternatively, �uorescence
microscopy on freely di�using molecules in a confocal detection volume allows a fast charac-
terization of nucleosome conformational distributions.

1Part of this chapter is to appear as a contribution to protocols in DNA nanotechnology (ed. G. Zuccheri & B.
Samori) in the Methods in Molecular Biology series, Humana Press
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Chapter 2 - Engineering Mononucleosomes for Single-Pair FRET Experiments

2.1 Introduction

DNA nanotechnology uses DNA molecules as smart building blocks for construction at the
nanoscale [1]. It exploits the unique molecular recognition properties of DNA to direct the
self-assembly of new nanostructures and devices with bottom-up control. A major goal of
DNA nanotechnology is to use DNA as a sca�old to structure other molecules (e.g. proteins
or electronic components), relying on its chemical stability, rigidity, and predictable struc-
ture [2]. To date, DNA has been successfully used to create a variety of complex 2D and 3D
architectures, ranging from cubes [3] and tetrahedrons [4] to elaborate world-maps [5]. For
this purpose, DNA is used as a structural material, rather than as an information carrier.

At a higher level, it is the structural organization of the DNA itself that determines acces-
sibility to its underlying information content in vivo. �e basic unit of DNA organization in
eukaryotic nuclei is the nucleosome. A nucleosome core particle consists of 50 nm of DNA
wrapped in nearly two turns around a histone-octamer core [6]. Arrays of nucleosomes can
fold into �bers, which in turn can condense into higher-order structures. Since nucleosomes
sterically hinder enzymes that bind the nucleosomal DNA, they play an important role in gene
regulation. To understand themechanisms underlying gene regulation, it is essential to resolve
the structural and dynamic properties of nucleosomes in detail [7].

We use a bottom-up approach similar to DNA nanotechnology to study DNA organiza-
tion in the nucleosome using single-pair Fluorescence Resonance Energy Transfer (spFRET)
microscopy [8, 9]. We designed and chose individual DNA and histone components exactly
such that DNA folding can be studied at any desired location in the nucleosome.

Nucleosomes are assembled on a DNA template through a salt dialysis reconstitution with
puri�ed core histones [10].�e �uorescently labeled DNA template contains a strong nucleo-
some positioning element [11], so that nucleosomes are exactly positioned at a speci�c location
on the DNA.�is level of control ensures that the �uorescent labels in the DNA are incorpo-
rated at the desired location in the nucleosome, resulting in e�cient FRET. Further modi�-
cations of the DNA allow speci�c immobilization of the nucleosomes to a surface.�e FRET
e�ciency of individual nucleosomes can be monitored in detail with single-molecule �uores-
cencemicroscopy. For these experiments, nucleosomes are diluted to single-molecule concen-
trations in optimized bu�er conditions. Wide�eld total internal re�ection �uorescence (TIRF)
microscopy on immobilized molecules allows the monitoring of individual nucleosomes for
tens of seconds to minutes, revealing their dynamic behavior in time [8, 9]. Alternatively, �u-
orescence microscopy on freely di�using molecules in a femtoliter confocal detection volume
allows a fast characterization of nucleosome conformational distributions [12, 13].
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2.2 Materials

2.2 Materials

2.2.1 DNA preparation and puri�cation

1. Template DNA containing the 601 nucleosome positioning sequence.

2. HPLC grade �uorescently labeled forward and reverse primer (IBA GmbH) dissolved
at 50 µM in 1X TE (10 mM Tris.HCl pH 8, 1 mM EDTA). Store in aliquots at -20 ºC.

3. FastStart PCR kit (Roche) with thermostable hot start polymerase (5 U/µl), nucleotide
mix (10 mM of each dNTP), and 10X reaction bu�er. Store at -20 ºC.

4. �in-walled PCR tubes (Eppendorf).

5. QIAquick PCR puri�cation kit, or QIAquick Gel Extraction kit (Qiagen).

2.2.2 Mononucleosome reconstitution

1. TE dialysis bu�er: 50X stock solution (500 mM Tris.HCl pH 8, 50 mM EDTA).

2. 5 M NaCl stock solution.

3. 5-20 µM recombinant histone octamers in 1X TE, 2 M NaCl, and 5 mM 2-mercapto-
ethanol; 2 µM mixed sequence competitor DNA (~147 bp) in 1X TE, 2 M NaCl, or

4. 3-10 µM micrococcal nuclease digested nucleosome core particles.

5. Dialysis tubes: Slide-A-Lyzer MINI dialysis units (10K MWCO, Pierce).

2.2.3 Polyacrylamide Gel Electrophoresis (PAGE)

1. Running bu�er: 5X TB (450 mM Tris, 450 mM Boric Acid). Store at room temperature.

2. 40% acrylamide:bisacrylamide solution (29:1, Bio-Rad) (this is a neurotoxin when un-
polymerized, so avoid exposure). Store at 4 ºC.

3. N,N,N,N’-Tetramethyl-ethylenediamine (TEMED, Bio-Rad).

4. Ammonium persulfate (APS): 10% solution in water (see Note 1), stored in aliquots at
-20 ºC.

5. Loading bu�er (6X ): 10 mM Tris.HCl pH 8, 60 mM EDTA, 60% glycerol.
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2.2.4 Single-molecule FRETmeasurements

Cover slide preparation

1. Microscope cover slips (24 x 60 mm # 1.5, Menzel).

2. Cleaning agents: RBS-50 detergent (Fluka), 96% AR grade ethanol (Biosolve).

3. Poly-D-lysine (Sigma) dissolved at 0.1 mg/ml in water, and stored at 4 ºC.

4. NCO star PEGs (kind gi� of Dr. Groll, RWTH Aachen, see Note 2).

5. Tetrahydrofuran (THF) (Sigma)

6. Biocytin (Sigma) dissolved at 1 mg/ml in water, and stored at -20 ºC.

Single-molecule imaging

1. T50 bu�er (see Note 3): 10 mM Tris.HCl (pH 8), 50 mM NaCl.

2. Oxygen scavenger system: Catalase (Fluka) stored at 4 ºC, glucose oxidase (Sigma)
stored at -20 ºC.

3. β-D-glucose (Sigma).

4. Triplet quencher (trolox): tetramethylchroman-2-carboxylic acid (Sigma).

5. Sodium hydroxide solution (120 mM NaOH)

6. 100X bovine serum albumin (BSA) solution: 10 mg/ml in T50.

7. 10 mM Tris.HCl (pH 8).

8. Neutravidin (Pierce), dissolved at 5 mg/ml in water and 10% glycerol, stored in aliquots
at -80 ºC.

9. CoverWell perfusion chamber gaskets (Invitrogen).

14



2.2 Materials

AOTF

AOM

CCD

SPAD 1

SPAD 0

636 nm

514 nm

DM

DM

EF

Wedge

636 nm

514 nm

DM

DM

DM

PH

EF

Objective

a) b)

TIRF Objective

= 25 µs= 10 ms

75

50 

25 

0 

t (µs)
t (ms)

10 

0 

Figure 2.1: Single-pair FRET microscopes. a) Wide�eld TIRF microscope. DM, dichroic mir-
ror; AOTF, AcoustoOptical Tunable Filter; EF, Emission Filter; CCD, Charge CoupledDevice.
�e combined lasers are alternated (green and red boxes) at 20-100 Hz with an AOTF that
is synchronized with the CCD camera. TIR excitation is achieved by displacing the excita-
tion beams relative to the optical axis.�e resulting �uorescence (orange) from immobilized
molecules is collected by the objective, and �ltered through an emission �lter. Donor (green)
and acceptor (red) �uorescence are simultaneously imaged on separate areas of the CCD chip
using a dichroic mirror wedge. b) Fluorescence microscope with confocal geometry. AOM,
Acousto Optical Modulator; PH, Pinhole; SPAD, Single-Photon Avalanche Diode.�e lasers
are alternated at 20 kHz by analog modulation either directly (636 nm laser) or with an AOM
(515 nm laser), synchronized with the 10MHz clock on the photon counting board.�e result-
ing �uorescence from freely di�using molecules in the excitation volume is collected by the
objective, �ltered through an emission �lter, and spatially �ltered through a pinhole. Donor
and acceptor �uorescence are imaged on di�erent SPADs using a dichroic mirror.
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2.3 Single-molecule �uorescence microscopes

Weused two complementary approaches to image individual nucleosomes using single-molecule
�uorescence microscopy, as depicted in �gure 2.1.
We imaged nucleosomes tethered to a polymer-coated cover slide with a wide�eld TIRF

microscope. In this con�guration, 10-100molecules can be observed in parallel for seconds or
even minutes. It is even possible to perform multiple experiments on an individual molecule,
e.g. by varying the bu�er conditions while observing a speci�c molecule.�e time resolution
is given by the readout time of the CCD camera, typically 10 ms in our experiments. Single-
molecule sensitivity is achieved by using an electronmultiplication gain CCDwith 90% quan-
tum e�ciency, an evanescent excitation volume to reduce background �uorescence and a high
NA objective that increases the overall photon collection e�ciency of the microscope.
Alternatively, we imaged molecules in free solution with a confocal microscope. In this

con�guration, thousands of molecules can be sampled rapidly to extract the conformational
distribution of the sample. Additionally, there is no need for immobilization, which is a po-
tential source of artifacts. �e observation time is limited to the di�usion time through the
excitation volume, typically a few milliseconds. Single-molecule sensitivity is achieved by us-
ing single photon avalanche diodes with >60% quantum e�ciency, a pinhole in combination
with a di�raction-limited excitation volume to reject background �uorescence, and a high NA
objective that increases the overall photon collection e�ciency of the microscope.
In both setups, we useAlternating Laser Excitation (ALEX) tomonitor the label stoichiom-

etry.�is allows us to direct the data analysis to properly folded, doubly labeled molecules, to
reject molecules with only a donor or acceptor �uorophore, and to discriminate nucleosome
conformational dynamics from photobleaching and photoblinking of the dyes.

2.3.1 Wide�eld TIRF setup

Immobilized nucleosomes were imaged with a home-built TIRF microscope equipped with
a 100X oil-immersion TIRF microscope objective (NA = 1.45, NIKON), as schematically de-
picted in �gure 2.1.a.�e 514 nm line of an Ar-ion laser (Coherent) and a 636 nm diode laser
(Power Technology) were used as excitation sources. �e beams were spatially �ltered with
a single-mode polarization maintaining �ber (O.Z. Optics) or a pinhole, and were combined
with a dichroic mirror (z514bcm). ALEX was achieved through an Acousto Optical Tunable
Filter (AOTF, A.A. Opto–Electronics), alternating at 20-100 Hz. �e alternating beams were
then expanded and focused in the back focal plane of the objective. Both beamswere circularly
polarized and were displaced parallel to the optical axis of the objective, so that an evanescent
excitation �eld (0.1-1 kW/cm2) was generated by total internal re�ection of the light at the
glass-water interface. �e �uorescence was collected by the objective and �ltered through a
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custom-made dual color band pass �lter (z514-639m) that rejects scattered laser light, and a
long pass �lter (OG530, Schott). �e �uorescence was further split into a donor and an ac-
ceptor channel by a custom-made dichroic wedge mirror (0.5º angle interferometer �at wedge
(CVI), with 640dcxr and 640dcspxr coatings) placed in the in�nity path of the microscope. A
+150 mm achromatic lens projected the separate images on a multiplication gain CCD camera
(Cascade 512B, Roper Scienti�c) operating at a frame rate of 20 to 100Hz.�emicroscope was
enclosed in light-tight containers, to prevent ambient light from illuminating the CCD. CCD
and AOTF were synchronized, so that each captured frame was illuminated either with the
514 nm laser or with the 636 nm laser. Subsequent data-analysis allowed sorting of the images
based on excitation and emission wavelength.

2.3.2 Confocal setup

Freely di�using molecules were imaged in solution with a home-built confocal microscope
equippedwith a 60Xwater-immersionmicroscope objective (NA= 1.2, Olympus), as schemat-
ically depicted in �gure 2.1.b. A 515 nm diode pumped solid state laser (Cobolt) and a 636
nm diode laser (Power Technology) were used as excitation sources. �e lasers were alter-
nated at 20 kHz by analog modulation, either directly (636 nm laser) or with an AOM (515 nm
laser; Isomet).�e alternation was synchronized with the 10MHz clock on the TimeHarp 200
photon counting board. �e linearly polarized beams were combined with a dichroic mir-
ror (z514bcm) and were spatially �ltered with a single mode optical �ber (O.Z. Optics). �e
beams were collimated with a +45 mm achromatic lens, projected into the objective with a
dichroic mirror (z514/640rpc), and focused to a tight spot by the objective, with an intensity
of ~1 kW/cm2at the minimal beam waist.�e �uorescence was collected by the objective and
�ltered through a custom-made dual color band pass �lter (514/639m), that rejects scattered
laser light. �e �uorescence emission was imaged with a +150 mm achromatic lens and spa-
tially �ltered with a 50 µm pinhole in the image plane.�e �uorescence was collimated with a
+75mm achromatic lens and was split into a donor and an acceptor channel by a dichroic mir-
ror (640dcxr). �e �uorescence was �ltered with emission �lters (hq570/100m for the donor
channel, hq700/75m for the acceptor channel) to minimize crosstalk, and was imaged on the
active area of single photon avalanche photodiodes (SPCM AQR-14, EG&G) with +75 mm
achromatic lenses. �e photodiodes were enclosed in a light-tight container, to reduce back-
ground illumination. �e photodiodes were connected to a TimeHarp 200 photon counting
board (Picoquant GmbH) through a router. Subsequent data-analysis allowed sorting of the
photon arrival times based on excitation and emission wavelength. Unless stated otherwise,
all �lters and dichroic mirrors were purchased from Chroma; all posts, mounts, mirrors, and
lenses were purchased from�orlabs.

17



Chapter 2 - Engineering Mononucleosomes for Single-Pair FRET Experiments

2.4 Methods

To obtain exact positioning of a FRET pair at a speci�c location in the nucleosome, the use
of a nucleosome positioning DNA sequence is necessary. We use the 601 sequence, which
has a single dominant position for nucleosome formation [11]. Strategic locations for labeling
the DNA can be deduced from a high resolution crystal structure [14]. Donor and acceptor
�uorophores are then incorporated in the template DNA through a PCR with �uorescently
labeled primers. Long, ~80 base pair (bp), primers are needed to label the DNA at internal
positions in the nucleosome.

Mononucleosomes are then assembled on the DNAwith a salt dialysis reconstitution [10].
It is important tomixDNA and histone proteins in the right stoichiometry: a too low octamer-
to-DNA ratio results in a sub-saturated reconstitution, a too high ratio results in the formation
of DNA-histone aggregates. �e optimal stoichiometry is found by titrating the DNA with
increasing amounts of histone octamers. To prevent formation of aggregates, mixed sequence
competitor DNA can be included in the reaction. Nucleosomes will preferentially form on the
labeled DNA containing the nucleosome positioning element. Excess histones will bind to the
competitor DNA.

Alternatively, an exchange reconstitution is used. Histone octamers are then supplied in
the right stoichiometry in the formofmicrococcal nuclease digested nucleosome core particles
(NCPs). In a reconstitutionwith a 5-10 fold excess ofNCPs over the �uorescently labeledDNA,
nucleosomes will �rst form on the nucleosome positioning DNA.�e reconstitution yield in
both cases is checked with polyacrylamide gel electrophoresis (PAGE).�e FRET e�ciency is
obtained from a bulk �uorescence emission spectrum.

In order to image single nucleosomes, the concentration should be su�ciently low (10-
100 pM). To prevent dilution-driven dissociation [15], nucleosomes are diluted in a bu�er
containing BSA and 10-100 nM unlabeled nucleosomes. Imaging takes place in a bu�er con-
taining an oxygen scavenger system, to prevent photobleaching and -blinking (see Note 4).
Wide�eld TIRF microscopy is performed on nucleosomes that are immobilized to the micro-
scope cover slide through biotin-neutravidin linkage. In this way, individual nucleosomes can
be monitored for tens of seconds to minutes. �e cover slide has to be treated with a spe-
cial starPEG coating to prevent non-speci�c adsorption of the -sticky- histone proteins to the
glass [9]. Alternatively, short bursts of �uorescence from freely di�using molecules can be
used to determine the conformational distribution. With this approach, immobilization to a
coated cover slide is not necessary.
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2.4.1 Choice of label positions and primer design

1. A good indication for where each base is located in the nucleosome core particle, can be
derived from high-resolution nucleosome crystal structures [14]. We mapped out the
base-to-base distance for each possible combination of bases on opposite DNA strands,
as shown in �gure 2.2.a. Bases separated a full nucleosomal turn (~80 bp) are spaced
less than 2 nm apart, so that e�cient FRET can occur when these locations are labeled
with a FRET pair. Note that the average distance between the �uorophores is slightly
di�erent than depicted in �gure 2.2.a, since they are attached to the bases with a short
carbon linker.

2. �e forward strand is labeledwith a donor �uorophore, the reverse strandwith an accep-
tor. We chose Cy3B as donor and ATTO647N as acceptor, because of the photostability,
high extinction coe�cients, and high quantum yields of these dyes.�e Förster radius
is approximately 5.5 nm for this pair.

3. Fluorescent labeling is done with modi�ed bases. �ymine bases are optimal targets
for this, since they can easily be replaced with a modi�ed dUTP. Cytosine bases are
an alternative; they can be replaced with a modi�ed dCTP. �e dyes are attached to
the base with a carbon linker, so that the �uorophore can rotate freely. Furthermore,
it is important to only label bases that face outward from the nucleosome to prevent
interactions of the �uorophores with the histone protein core.

4. �e �uorescent labels are inserted in theDNAwith labeled single-strandedDNAprimers
through a PCR reaction. A biotin modi�cation can be applied at one of the 5’ ends to
allow for immobilization of the DNA to a neutravidin-coated surface. To label the DNA
deep inside the nucleosome, long (> 80 bp) primers are needed. It is important to place
the label not too close (<5 bp) to the primer end, to prevent stalling of the polymerase
reaction. We successfully used the following primers on the 601 nucleosome positioning
sequence: forward primer: 5’-TTGGCTGGAGAATCCCGGTGCCGAGGCCGCTCA-
ATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTG-3’, re-
verse primer 5’-biotin-TTGGACAGGATGTATATATCTGACACGTGCCTGGAGA-
CTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAGC-3’. Label posi-
tions are underlined. �is set of primers places one label at the nucleosome exit, and
the other internally at the nucleosome dyad axis, to monitor DNA unwrapping starting
from one nucleosome end. If di�erent label positions are chosen, the same primers can
be used to monitor a variety of positions inside the nucleosome.
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Figure 2.2: Choice of labeling positions. a) Map of the distance R i j between DNA base i and
base j on the complementary strand for crystal structure 1kx5 [14].�e bases comewithin 2 nm
proximity when they are separated by a full nucleosomal turn (~80 bp). When facing outward
from the nucleosome, these are ideal locations for placing a FRET pair (e.g. locations 1-3).�e
diagonal represents paired bases. b) Strategic positions for placing a FRET pair indicating in
the nucleosome crystal structure: at the nucleosome exit (1), or reporting on internal sites in
the nucleosome (2,3).

20



2.4 Methods

2.4.2 DNA preparation and puri�cation

1. In a 0.5 ml PCR tube, mix 5 µl PCR bu�er containing MgCl2, 1 µl solution of dNTPs,
1.5 µl �uorescently labeled forward primer, 1.5 µl �uorescently labeled reverse primer,
0.5 µl faststart Taq polymerase, 200 ng template DNA containing the 601 sequence, and
water in a total volume of 50 µl.

2. Place the tube in a thermal cycler equipped with a heated lid, such as the Techgene
(Techne, Cambridge, UK).

3. Amplify the DNA with 35 cycles of the following two-step PCR cycle: 30 sec denatura-
tion at 95 ºC, 1 min annealing and polymerization at 72 ºC.�e �rst cycle is preceded by
a 5min initial denaturation step at 95 ºC.�e last cycle is followed by a �nal 10min poly-
merization step at 72 ºC. We use a two-step cycle because of the long, ~80 bp, primers
involved.

4. Purify the DNA with a Qiagen PCR puri�cation kit according to the instructions sup-
plied in the manual. We observed that it is di�cult to remove all free primer DNA in
this way. Alternatively, for a higher degree of purity, analyze the PCR reaction on a 1%
agarose gel, excise the desired DNA band, and purify with a Qiagen Gel Extraction kit
according to the instructions supplied in the manual.

2.4.3 Mononucleosome reconstitution

Titration with stoichiometric DNA-to-octamer ratios

1. Titrations are carried out by varying the DNA-to-octamer ratio, typically from 1:0.5, 1:1,
1:1.5, 1:2, to 1:2.5, or as high as necessary. We use a minimum reaction volume of 30 µl
for the dialysis tubes. �e initial salt concentration should be 2 M NaCl, adjusted with
a 5 M NaCl solution.

2. In a 1.5 ml centrifuge tube, mix 2 µg of labeled DNA, and 2 µg of unlabeled competitor
DNA in 30 µl of 2 M NaCl bu�ered with 1X TE (pH 8).

3. Add the appropriate amount of histone octamers, and mix.

4. Incubate 30 min on ice.

5. Transfer the sample to a presoaked dialysis tube. Cap the tube and place the tube in
�oating device in a beaker containing the bu�er for the �rst dialysis step (1X TE with
0.85 M NaCl).
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6. Dialyze at 4 ºC against 500 ml of 1X TE containing 0.85, 0.65, 0.5, and �nally 0 M NaCl
for at least 60 min per step. Continuously stir the bu�er with a magnetic stirrer at a low
speed setting.

7. Recover the contents from the dialysis tube, and analyze with bulk �uorescence spec-
troscopy and 5% PAGE as described below. An example result is shown in �gure 2.3.a.
�e reconstitutedmaterial can be stored at 4 ºC for several weeks (seeNote 5).�e titra-
tion point with the highest reconstitution yield (typically 80%) is subsequently used for
single-molecule experiments.

Nucleosome Exchange Reconstitution

1. Exchange reconstitutions are carried out by transferring nucleosome cores from mi-
crococcal nuclease digested nucleosome core particles to the �uorescently labeled DNA
containing the 601 sequence. Weuse aminimumreaction volume of 30 µl for the dialysis
tubes. It is important to completely dissociate the nucleosome core particles.�erefore,
the initial salt concentration should be 2 M NaCl, adjusted with a 5 M NaCl solution.

2. In a 1.5 ml centrifuge tube, mix 2 µg of labeled DNA, and a 5-fold excess of nucleosome
core particles in 30 µl of 2 M NaCl bu�ered with 1X TE (pH 8).

3. Incubate 30 min on ice.

4. Transfer the sample to a presoaked dialysis tube. Cap the tube and place the tube in
�oating device in a beaker containing the bu�er for the �rst dialysis step.

5. Dialyze at 4 ºC against 500 ml of 1X TE containing 0.85, 0.65, 0.5, and �nally 0 M NaCl
(for at least 60 min per step). Continuously stir the bu�er with a magnetic stirrer at a
low speed setting.

6. Recover the contents from the dialysis tube, and analyze with bulk �uorescence spec-
troscopy and 5% PAGE as described below. �e reconstituted material can be stored
at 4 ºC for several weeks (see Note 5). �e reconstitution yield is typically >90%. An
example result is shown in �gure 2.3.b.

2.4.4 Polyacrylamide Gel Electrophoresis

1. We use a Amersham Bioscience Hoefer SE 400 vertical gel slab unit (14 cm wide, 14 cm
high), with a custom made pump unit for bu�er recirculation. Bu�er recirculation is
necessary to prevent depletion of the low ionic strength running bu�er (0.2X TB). Low
ionic strengths are needed to prevent dissociation of nucleosomes.
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2. �e glass plates should be scrubbed clean with a detergent and rinsed extensively with
distilled water. Rinse with 70% ethanol and air-dry.

3. Prepare a 1.5 mm thick 5% polyacrylamide gel (29:1 acrylamide:bisacrylamide, 0.2X TB)
by mixing 5 ml acrylamide, 1.6 ml 5X TB, 33 ml water. Degas for 10 min and mix with
200 µl APS and 80 µl TEMED to initiate polymerization. Pour the gel, insert the comb,
and allow to polymerize for 30 min.

4. Remove the comb and rinse the wells with 0.2X TB bu�er. Add 0.2X TB running bu�er
to the upper and lower chambers of the gel unit.

5. Prerun the gel for at least 60 min at 4 ºC at 19 V/cm, while continuously recirculating
the bu�er.

6. Load 0.2-1 pmol of reconstituted nucleosome core particles in 6 µl 1X loading bu�er.�e
use of dyes such as xylene cyanol and bromophenol blue is not recommended, since
their auto�uorescence may interfere with the �uorescence from the nucleosomes. To
track the migration of DNA in the gel, load the dye in a separate lane of the gel.

7. Run the gel for 75 min at 4 ºC at 19 V/cm, while continuously recirculating the bu�er.

8. Image the �uorescence with a gel imager such as the Typhoon 9400 (GE). To assess the
reconstitution yield, excite the acceptor �uorophore (as shown in �gure 2.3.a and b.)
since this is a direct reporter of the amount of DNA in each band. To obtain an indi-
cation of the FRET e�ciency, the donor and acceptor �uorescence should be recorded
separately while exciting the donor �uorophore. If the reconstitution yield is known, the
FRET e�ciency can be further quanti�ed with a bulk �uorescence emission spectrum,
as shown in �gure 2.3.c. We use the ratioA method as described in detail by Clegg [16].

2.4.5 Single-molecule FRETmeasurements

Microscope slide cleaning

1. Place the microscope slides in a rack. Use clean tweezers.

2. Sonicate 15 min in 1% anionic detergent (RBS 50) at 90 ºC. Rinse with water.

3. Sonicate 60 min in ethanol. Rinse with water

4. Flame dry slides with a Bunsen burner to remove any remaining traces of organic impu-
rities. Hold the slides with a reverse action tweezers, and gently move the slide through
the �ame.
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Figure 2.3: Nucleosomes analyzed on 5% PAGE (acceptor �uorescence with excitation at 633
nm) and with bulk �uorescence spectroscopy. a) Octamer titration reconstitution. Lane 1: free
DNA, Lane 2-5: DNA:octamer ratios ranging from 1:2 to 1:3.5. All lanes show a band of nu-
cleosomes (N) which migrate slower through the gel than the DNA (D). Lane 4 and 5 show
�uorescence in the slots, originating fromDNA-histone aggregates due to an excess of histone
octamer proteins. b) Exchange reconstitution. Lane 1: freeDNA. Lane 2: nucleosome reconsti-
tution. �e reconstitution yield in this case is >95%. c) Fluorescence emission spectra of free
DNA and reconstituted nucleosomes. Excitation was at 515 nm, the emission was recorded
from 535-735 nm. Reconstituted nucleosomes show e�cient (>60%) FRET, indicated by the
decrease in donor �uorescence around 560 nm, and the increase in acceptor �uorescence at
670 nm.

5. Clean the slideswith anUVOozone cleaning device (Jelight) for at least 60min to obtain
hydrophilic slides without any �uorescent impurities.

Passivation and functionalization

1. Cover the clean slides with 100 µl poly-D-lysine (0.01 mg/ml, Sigma), and incubate for
1 min. �is step is needed for amino-functionalization of the slides. Rinse with water
and blow dry in a nitrogen stream.

2. Dissolve six-arm NCO PEG stars (MW 12 kDa) in THF at a concentration of 20 mg/ml,
and dilute in water to a concentration of 2 mg/ml. �is will initiate a crosslinking re-
action between the PEGs. Add biocytin (Sigma) to a �nal concentration of 1 µg/ml to
obtain sparse biotinylation.

3. Sterile �ltrate the solution through a 0.22 µm syringe �lter (Milli-Q) �ve minutes a�er
mixing, onto the amino-functionalized cover slide.

4. Spincoat the fully covered slide for 45 seconds at 2500 rpm.

5. Incubate the slides at room temperature overnight to complete the crosslinking reaction.
Slides can be stored in the dark for up to one week.
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2.4 Methods

Oxygen scavenger system

1. A 1X oxygen scavenger system consists of 0.4-4% glucose, 2.2 µg/ml (2170 U/ml) cata-
lase, 0.92 mg/ml (165 U/ml) glucose oxidase, and 2 mM trolox.

2. Mix 11 µl catalase with 1ml T50, sterile �ltrate with a 0.22 µm syringe �lter and centrifuge
for 15 min (at 4 ºC, 13.2k rpm) in a table-top centrifuge. Take 200 µl of the supernatant.

3. Dissolve 92 mg glucose oxidase in 1 ml T50, sterile �ltrate with a 0.22 µm syringe �lter
and centrifuge for 15 min (at 4 ºC, 13.2k rpm) in a table-top centrifuge. Take 200 µl of
the supernatant.

4. Mix the catalase and glucose oxidase to obtain a 50X stock solution, and keep on ice.
�is is more than su�cient for a day of measurements. Further storage is also possible
(see Note 6).

5. Prepare a 40% w/v solution of β-D-glucose and sterile �ltrate with a 0.22 µm syringe
�lter. Store at 4 ºC.

6. Dissolve 250 mg trolox in 1 ml 120 mM NaOH (by vortexing and sonicating) to obtain
a 100 mM (50X) trolox stock solution. Sterile �ltrate with a 0.02 µm syringe �lter. Store
in aliquots at -80 ºC.

Single-pair FRETmicroscopy with wide�eld microscopy

1. Assemble a �ow channel by placing a CoverWell perfusion chamber gasket on a func-
tionalized slide.

2. Fill the �ow chamber with T50 bu�er and hydrate the slide for 5 min.

3. Inject a neutravidin solution (0.01-0.1 mg/ml) and incubate for 5 min. Wash excess
neutravidin away with 2-3 �ow chamber volumes of T50.

4. Dilute the labeled, biotinylated nucleosomes to 10-100 pM in a bu�er containing 0.1
mg/ml BSA, 10-100 nM unlabeled nucleosomes, and 1X oxygen scavenger (see Note 7
and the previous paragraph). Inject the sample in the �ow chamber and seal by cover-
ing the holes with a glass slide. Immobilization is virtually instantaneous. Record the
�uorescence with a wide�eld microscope. Example data is shown in �gure 2.4.a-c.
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Figure 2.4: Single-pair FRETmicroscopy on nucleosomes. a) Fluorescence intensity time trace
of donor and acceptor �uorescence of a single immobilized nucleosome. b) Resulting FRET
e�ciency E as a function of time. Fluctuations in E are caused by breathing dynamics of the
nucleosome. c) FRET e�ciency histogram of the time trace in b). d) Fluorescence intensity
time trace of �uorescence originating from freely di�using molecules. Bursts of �uorescence
arise from the passage of a single molecule through the excitation volume. e) Histogram of
FRET e�ciencies calculated from bursts as in d). A high and a low FRET population can
clearly be distinguished.�ese re�ect di�erent conformations of the nucleosome.
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2.5 Notes

Single-pair FRET confocal microscopy

1. Alternatively, image freely di�using molecules using confocal microscopy. Immobiliza-
tion to a functionalized cover slide is not needed in this case, so the surface passivation
and functionalization steps described in section 2.4.5 can be omitted. �e observation
time is limited to a few ms per molecule.

2. Mount a clean cover slide on the microscope, and place a droplet (~50 µl) of 10-100 pM
labeled nucleosomes in a bu�er containing 0.1 mg/ml BSA, and 10-100 nM unlabeled
nucleosomes. Focus 25 µmabove the glass surface, and record the �uorescence. Example
data is shown in �gure 2.4.d and e.

2.5 Notes

1. Unless stated otherwise, all solutions are prepared with 18.2 MΩ⋅cm MilliQ water.�is
standard is referred to as "water" in the text.

2. StarPEGs are not commercially available. With commercially available linear PEGs, we
observed non-speci�c adsorption and dissociation of nucleosomes [9]. It has been re-
ported that a repeated PEGylation step may increase the speci�city and reduce non-
speci�c adsorption of slides coated with linear PEGs however [17].

3. Care must be taken to avoid auto�uorescent contamination of bu�ers, samples and mi-
croscope slides. Work at a clean lab bench, using clean glassware, and always wear
gloves. Bu�ers for single molecule imaging are sterile �ltrated with a 0.02 µm syringe
�lter (Whatman Anotop 25).�is removes virtually all auto�uorescent impurities.

4. We recommend to use Alternating Laser EXcitation (ALEX) [18] to virtually sort mole-
cules based on their label stoichiometry, and to discriminate residual bleaching and
blinking events from real conformational transitions.

5. Store the nucleosomes at the highest concentration possible (preferably >100 nM) to
prevent dilution-driven dissociation. �e use of low protein-binding tubes is recom-
mended to minimize sticking to the tube.

6. If desired, 50 µl aliquots 50X glucose oxidase and catalase can be stored at -80 ºC for
several weeks. Although it is recommended not to freeze the catalase, we did not observe
a major loss in oxygen scavenging activity from these aliquots.

7. Bu�ers for single molecule imaging are degassed prior to use, to remove the oxygen
already in solution. When using oxygen scavenger the sample can be imaged for 30min;
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Chapter 2 - Engineering Mononucleosomes for Single-Pair FRET Experiments

a�er that the pH will drop as a result of the production of gluconic acid as a byproduct
of the oxygen scavenging reaction.

2.6 Conclusion

�emethods presented here provide a simple and straightforwardway to generatemononucleo-
somes with a FRET pair at various locations in the nucleosome. A careful design of the DNA
template leads to exactly positioned nucleosomes, with �uorescent labels at the desired loca-
tion. Salt dialysis reconstitution with stoichiometric amounts of histones directs the assembly
of a homogeneous sample of nucleosomes, as deduced fromPAGE and bulk �uorescencemea-
surements. �ese well-characterized nucleosome constructs allow detailed single-molecule
measurements of nucleosome structure and dynamics. Wide�eld TIRFmicroscopy on immo-
bilizedmolecules allows themonitoring of individual nucleosomes for tens of seconds tomin-
utes. Fluorescence microscopy on freely di�using molecules in a femtoliter confocal detection
volume allows a fast characterization of nucleosome conformational distributions free from
possible interactions with the cover slide.�e bottom-up approach for studying mononucleo-
some structure and dynamics presented here can pave the way for understanding the physical
mechanisms underlying gene regulation.

�e nucleosome is the fundamental building block ofDNAorganization in vivo. DNApro-
grammability is of crucial importance for designing and constructing nucleosomes as a model
system of this higher-order DNA structure: modi�ed nucleotides allow the incorporation of
�uorescent and biotin labels in the nucleosome, while the use of a nucleosome positioning
sequence directs the formation of the nucleosome to a speci�c position on the DNA.�e pre-
dictable structure of the resulting nucleosome could facilitate the architecture of new DNA-
protein sca�olds and higher-order structures. �erefore, it could be exploited as a structural
motif in DNA nanotechnology.
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Chapter 3

Single-pair FRETMicroscopy
reveals Mononucleosome
Dynamics1

Abstract We applied spFRET microscopy for direct observation of intranucleosomal DNA
dynamics. Mononucleosomes, reconstituted with DNA containing a FRET pair at the dyad
axis and exit of the nucleosome core particle, were immobilized through a 30 bp DNA tether
on a polyethyleneglycol functionalized slide and visualized using Total Internal Re�ection Flu-
orescence microscopy. FRET e�ciency time-traces revealed two types of dynamics: acceptor
blinking and intramolecular rearrangements. Both Cy5 andATTO647N acceptor dyes showed
severe blinking in a deoxygenated bu�er in the presence of 2% β-mercaptoethanol. Replacing
the triplet quencher β-mercaptoethanol with 1 mM Trolox eliminated most blinking e�ects.
A�er suppression of blinking three subpopulations were observed: 90% appeared as dissoci-
ated complexes; the remaining 10% featured an average FRET e�ciency in agreement with
intact nucleosomes. In 97% of these intact nucleosomes no signi�cant changes in FRET ef-
�ciency were observed in the experimentally accessible time window ranging from 10 ms to
10s of seconds. However, 3% of the intact nucleosomes showed intervals with reduced FRET
e�ciency, clearly distinct from blinking, with a lifetime of 120 ms. �ese �uctuations can
unambiguously be attributed to DNA breathing. Our �ndings illustrate not only the merits
but also typical caveats encountered in single-molecule FRET studies on complex biological
systems.

1�is chapter is based on: W. J. A. Koopmans, A. Brehm, C. Logie, T. Schmidt, and J. van Noort, Single-pair FRET
Microscopy reveals Mononucleosome Dynamics. Journal of Fluorescence 17, 785-795 (2007)
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Chapter 3 - Single-pair FRET Microscopy reveals Mononucleosome Dynamics

3.1 Introduction

Fluorescence (or Förster) Resonance Energy Transfer (FRET) is a process in which the energy
of an excited donor �uorophore is transferred non-radiatively to an acceptor molecule [1].�e
e�ciency of energy transfer E is given by:

E = 1

1 + ( R
R0 )

6 , (3.1)

where R is the distance between donor and acceptor and R0 is the Förster radius, at which 50%
energy transfer occurs (typically 5 nm for Cy3-Cy5, a commonly used FRET pair). FRET is a
powerful tool to study the structure and function of biological molecules, such as DNA.When
extended to the single-molecule level, single pair FRET (spFRET) can potentially be applied
to determine the conformational distribution of an ensemble of molecules and the dynamics
of individual molecules [2–4]. We exploited spFRET to study the structure and dynamics
of single nucleosomes, the fundamental units of compaction and organization of eukaryotic
DNA.

�e nucleosome core particle consists of ~50 nm DNA wrapped nearly twice around a
histone-octamer protein-core [5]. Nucleosomal DNA has to unwrap from the nucleosome
core to sterically allow processes such as transcription, replication and repair. Accessibility
to nucleosomal DNA is facilitated by ATP-dependent remodeling enzymes in vivo [6]. How-
ever, it is known that spontaneous conformational changes of the nucleosome expose occluded
sites in the DNA as well [7]. DNA breathing, the transient unwrapping and rewrapping of a
stretch of DNA from the nucleosome core, has recently been studied in detail with a variety of
�uorescence techniques. �e equilibrium constant of this process was determined with bulk
FRET measurements [8]. Unwrapping lifetimes of 10-50 ms were obtained with stopped-�ow
FRET measurements and Fluorescence Cross Correlation Spectroscopy (FCCS) [9]. Interest-
ingly, based on their single pair FRET work, Tomschik et al. concluded that unwrapping of
nucleosomal DNA occurs to a much larger extent than was previously anticipated [10]: they
suggested that 30-60% of the nucleosomal DNA was unwrapped with a lifetime on the order
of ~150 ms before rewrapping.
Although the conceptual beauty of FRET studies is undisputed, there are a number of im-

portant caveats in single-molecule FRET studies of biomolecules, such as �uorophore blink-
ing, photobleaching and sample immobilization. Here, we addressed these issues. spFRET
microscopy on mononucleosomes revealed two dominant types of dynamics: acceptor blink-
ing and intramolecular rearrangements that we attribute to DNA breathing, which only be-
came apparent a�er suppression of blinking. Upon immobilization, we observed three dif-
ferent populations: 90% of the nucleosomes dissociated or represented donor-only species,
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601 nucleosome positioning sequence

 4 nm

biotin

acceptor

donor
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Figure 3.1: FRET system for the study of mononucleosome dynamics. a) �e 177 bp DNA
construct, indicating the position of the labels 80 bp apart in a fragment containing the 601
nucleosome positioning sequence. A biotin label allowed for immobilization of the construct.
b) and c) Illustrations of the mononucleosome structure, indicating the position of donor and
acceptor upon reconstitution. �e distance between the labels was ~4 nm, at which e�cient
FRET takes place. Unwrapping of the DNA from the nucleosome core will be accompanied
by a decrease in FRET due to increasing separation between donor and acceptor.

and 10% remained intact. Of these fully wrapped nucleosomes, 97% showed stable FRET on
timescales between 0.01-10 s, while 3% showed dynamics with a dwell time of 120 ms that we
attribute to conformational changes in the nucleosome.

3.2 Material and Methods

DNA preparation A 177 base pair (bp) DNA was constructed by PCR using the 601 nucle-
osome positioning element [11] as template. PCR primers were as follows. Forward primer:
5’-biotin-TTTGAATTCCCAGGGAATTGGGCGGCCGCCCTGGAGAATCCCGGTGCC-
GAGGCCGC-3’ (acceptor labeled nucleotide is underlined). Reverse primer: 5’-ACAGGA-
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TGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAA-
AACGCGGGGGACAGCGCGTACG-3’ (donor labeled nucleotide is underlined). We used
either Cy3-Cy5 or ATTO550-ATTO647N as donor-acceptor FRET pair. PCR products were
puri�ed with a GFX PCR DNA & Gel Band Puri�cation Kit (GE Healthcare). �e position
of the labels was chosen such that a�er reconstitution the acceptor was located at the nucle-
osome exit, and the donor near the dyad axis, as illustrated in �gure 3.1. Donor and acceptor
were predicted to be ~4 nm apart, as deduced from the nucleosome crystal structure [12], re-
sulting in a FRET e�ciency E of approximately 0.8 for the Cy3-Cy5 pair (R0 ~5 nm), and of
approximately 0.9 for the ATTO550-ATTO647N pair (R0 ~6 nm).

Nucleosome reconstitution Recombinant histone octamers weremixedwith theDNA con-
struct at a 1:1 ratio, in TE (1 mM EDTA, 10 mMTris.HCl pH 8.0) and 2MNaCl. Mononucleo-
somes were reconstituted by salt dialysis against 0.85, 0.65, 0.5 and �nally against 0.1 M NaCl,
all bu�ered with TE.

Bulk �uorescencemeasurements Bulk �uorescence experiments were carried out on a Lu-
minescence Spectrometer (LS55, Perkin Elmer). All experimentswere performed at room tem-
perature (22 ºC).�e nucleosome concentration was 10-50 nM.�e donor dye was excited at
515 nm and the emission was recorded from 535 to 700 nm. �e acceptor dye was excited at
615 nm and the emission was recorded from 635 to 700 nm, to obtain acceptor-only emission
spectra.�e FRET e�ciency was determined from the enhanced �uorescence of the acceptor
using the ratioA method [13]:

E(rat io)A =
ε615A

F515A
F615A

− ε515A
ε515D d+

, (3.2)

where ελ
Aand ελ

Dare the acceptor and donor extinction coe�cient respectively at wavelength
λ, F λ

Ais the �uorescence intensity of the acceptor when excited at wavelength λ, and d+is the
fractional labeling coe�cient of the donor.�e �uorescence intensity of the acceptor was de-
termined at its maximum value. d+was determined from DNA and �uorophore absorption
peaks in an absorption spectrum of the labeled DNA, measured from 230 to 700 nm with a
spectrophotometer (Pharmaspec UV-1700, Shimadzu).

Single-molecule FRETmeasurements Cleaned glass slideswere amino functionalizedwith
10 µg/ml poly-D-lysine, and subsequently incubated for 4 hours with an amine reactive poly
ethylene glycol (PEG) mixture: 20% mPEG-succinimidyl propionate 5,000 molecular weight
(Nektar�erapeutics) and 0.2% biotin-PEG-n-hydroxysuccinimide 3,400 molecular weight
(Nektar �erapeutics) in 0.1 M sodium carbonate bu�er (pH 8.2). A �ow cell was assem-
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bled by sealing a poly-dimethylsiloxane channel with a PEG functionalized slide. A 0.1 mg/ml
streptavidin (Roche) solution was incubated for 5 minutes, and subsequently washed away.
A sample, which typically consists of 10-50 pM of labeled mononucleosomes in 50-200 mM
NaCl, 10mMTris.HCl pH 8.0, 0.03%NP-40, and 10-50 nM unlabeledmononucleosomes, was
injected in the channel and immobilized. An enzymatic oxygen scavenger system (1% glucose,
2% β-mercaptoethanol (βME) or 1 to 2 mM Trolox (Sigma), 0.2 mg/ml glucose oxidase, and
0.04 mg/ml catalase), was added to the bu�er to extend the lifetime of the �uorophores before
photobleaching.�e bu�er was degassed prior to use to further reduce the oxygen concentra-
tion.�e �ow cell was mounted on a microscope equipped with a 100X oil-immersion TIRF
microscope objective (NA = 1.45, NIKON) and temperature-stabilized at 22 ºC using a water
circulating bath connected to all parts of the setup in contact with the sample.�e 514 nm line
of anAr+ laser (Coherent) was used to illuminate an area of ~600 µm2 with a power of 0.9mW.
In the case of alternating excitation, a 636 nm diode laser (Power Technology) was used to il-
luminate an area of ~900 µm2 with a power of 0.3 mW. Both beams were circularly polarized
and were displaced parallel to the optical axis of the objective, so that an evanescent excitation
�eld was generated by total internal re�ection of the light at the glass-water interface.�e ex-
citation intensity at the interface in the evanescent �eld is ~4 times higher than the incident
beam intensity at the critical angle [14]. We therefore estimated that the resulting excitation
intensities at the interface were ~0.6 kW/cm2 for the 514 nm excitation and ~0.13 kW/cm2 for
the 636 nm excitation respectively.�e �uorescence was collected by the objective and �ltered
through a custom-made dual color band pass �lter (Chroma), that rejects scattered laser light,
and a long pass �lter (OG530, Schott).�e �uorescence was further split into a donor and an
acceptor channel by a custom-made dichroic wedge mirror (0.5º angle, center wavelength of
630 nm, Chroma) placed in the in�nity path of the microscope [15]. A +150 mm achromatic
lens (�orlabs) projected the separate images on a multiplication gain CCD camera (Cascade
512B, Roper Scienti�c) operating at a frame rate of 20 to 100 Hz.

Data analysis �e simultaneously acquired donor and acceptor images (typically 80 by 80
pixels) were aligned with respect to one another through their cross correlation. �e �rst
50 donor and acceptor frames were overlaid, and their intensities averaged. Low frequency
background signal was �ltered out with a high-pass FFT �lter.�e location of the �uorophores
was then determined by applying a threshold of two times the background noise level. A time-
trace of donor and acceptor intensities was then calculated by integrating the pixel intensities
1.5 pixel around the �uorophore center for each frame and each image. In the case of alternating
excitation, the acceptor intensity upon direct excitation was retrieved by deinterleaving the
acceptor time-trace.�e FRET e�ciency E was calculated from [2]:
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E = IA
IA + γID

, (3.3)

where IA and ID are acceptor and donor intensity respectively, and γ = ΦAηA
ΦDηD

is a parameter to
correct for photophysical properties of the dyes. ΦA and ΦD are acceptor and donor quantum
yield, and ηA and ηD are acceptor and donor detector e�ciency respectively. As a �rst approx-
imation γ was set to unity. A more accurate estimate for γ was obtained from experimental
intensity time traces where donor bleaching took place a�er acceptor bleaching. In these cases
the FRET e�ciency could also be calculated from donor quenching:

E = 1 − ID
ID0
, (3.4)

where ID0 is the donor intensity a�er bleaching of the acceptor. Combining eqs. (3.3) and
(3.4) results in:

γ = IA
ID0 − ID

. (3.5)

3.3 Experimental Results

3.3.1 Bulk�uorescence spectra reveal proper reconstitutionofmononucleo-
somes

�e results of bulk �uorescence and absorption experiments on reconstituted mononucleo-
somes are shown in �gure 3.2. �e reconstituted sample showed e�cient FRET, indicated by
a distinct peak of �uorescence at the acceptor maximum emission wavelength (670 nm for
ATTO647N, see �gure 3.2.a). �is peak was not present in the labeled DNA-only sample,
con�rming that the donor and the acceptor were in close proximity due to mononucleosome
reconstitution. As a control, we diluted the mononucleosome sample in 2 M NaCl, as this
high ionic strength disrupts nucleosome structure [16]. As predicted, over 90% of the energy
transfer signal was lost. �e observed average FRET e�ciency in the reconstituted mononu-
cleosomes was 0.75 ± 0.1, which is in good agreement with FRET values predicted by the po-
sition of the FRET pair in the nucleosome. From the bulk FRET experiments, and a predicted
maximum FRET e�ciency of ~0.9 for a mononucleosome with the ATTO550-ATTO647N
FRET-pair, we estimated the reconstitution yield to be at least 85%.�e residual donor emis-
sion can be accounted for by incomplete acceptor labeling. With absorption measurements
on the DNA construct (�gure 3.2.b) we determined that the molar ratio acceptor:donor:DNA
was 0.7:0.9:1. Together, these bulk data show that the labeled DNA construct and the histone
proteins properly formed mononucleosomes upon reconstitution (see �gure 3.1).
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Figure 3.2: Bulk �uorescence emission and absorption spectra revealed proper reconstitution
of mononucleosomes. a) Bulk �uorescence emission spectra. A distinct peak of �uorescence
at the acceptor emission wavelength was seen a�er reconstitution, which was not present for
the labeled DNA only. �e peak disappeared upon dilution of the reconstituted material in
2 M NaCl, an ionic strength at which nucleosome structure is disrupted. b) Bulk absorption
spectrum of the �uorescently labeled DNA construct.�e stoichiometry of the labels was ob-
tained by comparison with the absorption spectra of ATTO550 and ATTO647N (as provided
by the manufacturer), which are plotted with dotted lines.

3.3.2 spFRETmicroscopy reveals individual nucleosomes together with a
large population of dissociated nucleosomes

To investigate mononucleosome subpopulations and dynamics, spFRET measurements were
performed in a wide �eld microscope. Figure 3.3 shows an example of typical single-molecule
�uorescence images of immobilized mononucleosomes. In �gure 3.3.a, an acceptor channel
image was superimposed on a donor channel image. 10% of the immobilized �uorophores
showed e�cient FRET, as indicated by colocalized �uorescent spots in the acceptor channel
upon donor excitation, and thus represent fully reconstituted mononucleosomes. In contrast,
90% of the �uorophores did not show FRET at all. �is con�icts with the bulk experiments,
where a�er correction for incomplete labeling an average FRET e�ciency of 0.75 was found.
As mentioned before, there was a fraction of donor only labeled species (~30%), but this alone
could not explain the observed discrepancy between bulk and single-molecule measurement.
When we directly excited the acceptor �uorophores (see �gure 3.3.b), we found that most of
the donors were colocalized with an acceptor.�erefore we conclude that FRET signal was lost
during the single-molecule measurement, due to disassembly of a large fraction of the nucle-
osomes. It is known that nucleosomes become unstable and dissociate when they are diluted
to low concentrations [17, 18]. For our wide �eld spFRETmeasurements we diluted to pM �u-
orophore concentrations to resolve individual �uorophores. We ensured that the nucleosome
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a) b)

5 mm

Figure 3.3: Single molecule �uorescence image of immobilized mononucleosomes. a) False
color representation of averaged donor and acceptor channel images, excited at 514 nm. �e
arrows point at molecules that featured e�cient FRET from donor to acceptor. �e majority
of the molecules however did not show FRET and appears in red. b)�e same �eld of view
excited at 636 nm, allowing for unambiguous identi�cation of acceptor �uorophores.

concentrationwas always above 10-50 nMby adding an excess of unlabeledmononucleosomes
and 0.03% non-ionic detergent (NP-40) to our bu�er.�åström et al. [19] reported that under
these conditions nucleosomes do not dissociate in bulk solutions. We found that even 50 nM
of unlabeled nucleosomes, far above the dilution-driven dissociation threshold, did not retain
proper nucleosome folding, excluding dilution e�ects to be the cause. It is known that H2A-
H2B histone dimers can spontaneously be exchanged from the protein core [20], which in our
case would result in a transient loss of FRET. However, we found the same amount of disas-
sembled nucleosomes upon immobilization when the octamer protein core was crosslinked
by dialysis against 0.05% glutaraldehyde in 1 mM EDTA. We con�rmed that the crosslinking
itself did not dissociate nucleosomes with bulk �uorescence experiments. �is suggests that
not the histone protein core dissociates, but rather that the wrapped DNA loosens or signi�-
cantly rearranges itself around the protein core. We con�rmed that mononucleosomes in free
solution (in the same bu�er used for single-molecule experiments) remain stable for hours at
room temperature using bulk �uorescence measurements. �erefore we consider the disso-
ciation of the nucleosomes described here to be associated with their immobilization to the
functionalized cover glass. As an alternative immobilization strategy we performed experi-
ments with biotinylated BSA-functionalized cover glasses instead of PEGs. Biotinylated BSA
is o�en used for single-molecule studies involving nucleic acids, whereas PEGs are o�en used
for studies involving DNA-protein complexes [21]. Biotinylated BSA yielded even less intact
nucleosomes.�e exact nature of the interactions of the nucleosomes with the modi�ed cover
slides remains unclear, but the destabilizing e�ect of the surface forms a hurdle for obtaining
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Figure 3.4: Single molecule FRET traces from individual mononucleosomes. �e top panels
in a) and b) show the intensity time traces of donor and acceptor for green excitation; the
middle panel shows the intensity time traces of donor and acceptor for red excitation, which
were acquired in alternationwith the green excitations.�e bottom panels show the calculated
FRET e�ciency.�e �uctuations between high and low FRET states featured perfect correla-
tion with the corresponding acceptor intensity traces excited at 636 nm. c) Histogram of the
FRET e�ciencies of multiple single molecule traces. d) Histogram of the FRET e�ciencies of
a single trace.�e spread in FRET e�ciency was larger between di�erent traces than within a
single trace.

large datasets of spFRET measurements. On the 10% immobilized mononucleosomes show-
ing FRET, irreversible loss of FRET was only found a�er photobleaching, implying that their
nucleosomal structure remained intact a�er immobilization.

3.3.3 Single-molecule �uorescence footprint of individual nucleosomes

Example intensity time-traces of intact single nucleosomes are shown in �gure 3.4.a and b.
Donor and acceptor intensity were clearly anti-correlated, indicative of their FRET interac-
tion.�e intensity of a single donor (Cy3) was 1.4 ± 0.3 ⋅ 103 counts/10 ms at a signal to noise
ratio (SNR) of 5. When the donor was quenched by FRET, both the intensity and SNR de-
creased. �e intensity of an acceptor (Cy5) excited via FRET was 0.9 ± 0.2 ⋅ 103 counts/10
ms at a SNR of 3. A�er ~4 s of continuous illumination at ~0.6 kW/cm2 either donor or ac-
ceptor photobleached, limiting the observational window to a few seconds.�e total number
of emitted photons until bleaching from a FRET pair was ~105 (calculated with gain G = 33
counts/photon, detection e�ciency ηA and ηD ~ 15%).�e observed average FRET e�ciency
of the high FRET level was 0.5 ± 0.13, slightly lower than the values measured in the bulk.
From the traces where donor bleaching takes place a�er acceptor bleaching, we estimated the
correction factor γ for photophysical parameters of Cy3/Cy5 to be 0.7 ± 0.3 (see eq.(3.5)).�e
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corrected FRET e�ciency was then 0.6 ± 0.3, in good agreement with values obtained from
bulk measurements. We found that the standard deviation in FRET e�ciency of the high
FRET state of the entire population (0.13) was larger than the standard deviation within indi-
vidual traces (0.06), as shown in the histograms in �gures 3.4.c and d. �is observation can
be accounted for either by di�erent nucleosome populations with slight variations in FRET
e�ciency, or by local di�erences in rotational freedom of the dyes due to immobilization.

3.3.4 Acceptor blinking is the dominant source of spFRET dynamics

�e FRET traces shown in �gure 3.4.a and b are highly dynamic and �uctuate between a high
FRET state (E ~ 0.6, lifetime 2.5 s) and a low FRET state (E ~ 0.1, lifetime 0.13 s). Interest-
ingly, the characteristics of these �uctuations, i.e. both on and o� time, and the low FRET
level, are remarkably similar to those observed by Tomschik et al. [10] who performed anal-
ogous experiments.�is similarity however, is remarkable in view of the completely di�erent
FRET-label location. Tomschik et al. labeled the nucleosome opposite to the dyad axis and
probed the DNA at the most internal position of the nucleosome, whereas our substrate has
labels at the most exterior position. Polach and Widom have previously shown that the en-
zymatic accessibility of the DNA inside a nucleosome strongly reduces as the DNA is more
internal in the nucleosome [7], suggesting a higher frequency of unwrapping events in our
experiments. Because of the nearly complete absence of acceptor emission, we investigated
the nature of these �uctuations in order to exclude reversible transitions of the acceptor to
an inactive state (acceptor blinking, resulting in a Förster radius of e�ectively zero [22]) as
the origin of these events. By alternating donor excitation with direct acceptor excitation we
could directly monitor the acceptor condition as shown in �gure 3.3.b. A�er deinterleaving
the data into two time-traces, one for green excitation and one for red excitation, it became
obvious that the �uorescence intensity of the acceptor upon direct excitation correlated per-
fectly with the enhanced emission of the acceptor due to FRET.�us, the low FRET state must
be attributed to blinking, due to a dark-state level of the acceptor. Further evidence that these
�uctuations were caused by acceptor blinking was provided by experiments with alternative
acceptor dye (ATTO647N, emission spectrum similar to Cy5). Alternating excitation of the
acceptor dye revealed a strong positive correlation between sensitized emission of the accep-
tor and direct excitation of the acceptor. In this case the low FRET state was also present, but
with a much shorter lifetime of 0.046 s. In conclusion, our data con�rm that the �uctuations
between a high and a low FRET state re�ect photophysical processes in the acceptor dye rather
than nucleosome conformational changes.
We further analyzed the single-molecule FRET traces for dynamics other than blinking.

�erefore we �ltered out blinking events by the application of a threshold on low FRET e�-
ciencies (≤~0.1-0.2, dependent on the noise in themeasurement). Although careful inspection
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did occasionally reveal anticorrelated features of donor and acceptor channel, these features
had a lifetime below the time resolution of our measurements. To con�rm that we did not
overlook any dynamics, we analyzed the �uorophore intensity noise in the high FRET state,
which in the absence of dynamics should be limited by shot noise. �e theoretical noise σtot

in the measurement was estimated by [23]:

σtot =
√
G2F2SΦ +G2F2D + σR , (3.6)

where G is the multiplication gain factor, F is the excess noise factor due to the multiplication
gain register, S is the number of photons that reach the camera, Φ is the camera quantum yield,
D is the dark count, and σR is the readout noise.�e �rst contribution represents photon shot
noise a�ermultiplication, the second contribution represents the camera dark noise a�ermul-
tiplication, and the third the ADC converter electronic noise. Readout noise and dark noise
were calculated from the standard deviation of an area of the chip that was not illuminated by
�uorescence to be 130 counts/10 ms. �e actual noise σ in the single-molecule �uorescence
traces was estimated by the standard deviation of the measured �uorophore intensity. �e
measured and calculated noise were tested for equality with an F-test:

Fα ,ν1,ν2 ≥ σ 2

σ 2tot
(3.7)

where α is the signi�cance level at which the test was performed (0.05), and ν1 , ν2are the de-
grees of freedom used to calculate σ and σtot respectively. We found that the total measured
noise was signi�cantly (typically 1.5 times) higher than that predicted by photon statistics and
camera noise only.�is implied that the traces contained dynamic events that cannot be fully
resolved, originating from either photophysical processes (short blinking events, or intersys-
tem crossing), or fast nucleosome dynamics. Hence, to accurately capture these events, blink-
ing had to be further suppressed, and the sampling frequency had to be increased.

3.3.5 Suppression of blinking

In order to suppress blinking, we �rst tested a di�erent acceptor dye (ATTO647N), which was
reported to have superior photochemical stability compared to Cy5 [24]. Asmentioned before,
this acceptor dye showed blinking as well, as seen in the example traces and histograms of
�gure 3.5.a and b. Although a small fraction of molecules did not show any dynamics in FRET,
the majority signi�cantly blinked. In the case of Cy5 93% of all acceptors excited via FRET
showed signi�cant blinking, with a lifetime of 0.13 ± 0.05 s, and lifetime of the high state of
0.8 ± 0.1 s. In the case of ATTO647N, 94% of all acceptors excited via FRET showed blinking,
with a lifetime of 0.046 ± 0.02 s, and lifetime of the high state of 1.2 ± 0.2 s. In conclusion, the
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Figure 3.5: Fluorophore blinking in spFRET traces obtained from mononucleosomes. In the
presence of βME, nucleosomes labeledwith Cy5 (a) or ATTO647N (b) both show severe blink-
ing in 95% of the traces. Example traces (top) and blinking lifetime histograms (bottom) are
shown. In the presence of an alternative triplet quencher, Trolox, blinking of both dyes is sig-
ni�cantly suppressed, (c, d).�e example traces (top) show the absence of blinking in 90% of
the traces, while the blinking lifetime histograms (bottom) show a small but �nite amount of
fast blinking still present in ~ 10% of the traces.
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use of a di�erent dye did not suppress blinking to the required level, but just yielded di�erent
blinking statistics. Recently a di�erent approach to reduce blinking was described by Rasnik
et al. [25].�ey replaced the triplet quencher βME in the oxygen scavenger system by a water-
soluble analog of vitamin E, Trolox. Using this approach, Cy5 blinking in single-molecule
FRET measurements on DNA constructs was eliminated. We tested the e�ect of Trolox in
the imaging bu�er on blinking of FRET pair labeled mononucleosomes. Results are shown in
example traces and histograms in �gure 3.5.c and d. For bothCy5 andATTO647Nblinkingwas
dramatically suppressed in the presence of 1 to 2mMTrolox: over 90% of the traces showed no
observable blinking. Noise analyses of the intensity �uctuations in most of these traces were
fully accounted for by camera noise and photon statistics (shot noise) only. �us, within our
time resolution (10 ms), no e�ect of short time scale blinking, or inter system crossing, was
detected. Surprisingly, less than 10% of the observed FRET pairs still showed some extent of
blinking indicated by fast excursions into a FRET state below0.2, with a typical o� time of 14 ± 1
and 13 ± 1ms respectively, as shown in the histograms in �gure 3.5.c and d. Because the lifetime
of these blinking events was on the order of the smallest sampling time used, blinking events
were not identi�ed by alternating excitation of the acceptor dye, but only by FRET e�ciencies
below the noise threshold. Direct excitation of the acceptor did only reveal some occasional
blinking in the acceptor traces, with the same lifetime of 13-14 ms. To con�rm that a small but
�nite amount of fast blinking still occurred in the presence of Trolox, we performed spFRET
measurements on a FRET pair that was separated by 11 basepair duplex DNA.�is construct
does not exhibit structural changes that a�ect the FRET intensity. In this case we also observed
a small, but �nite amount of blinking in a number of traces (data not shown), with a lifetime
similar to that measured on mononucleosomes.

3.3.6 A fraction of the immobilized nucleosomes shows dynamics clearly
distinct from blinking

�e suppression of blinking �nally allowed us to unambiguously identify non-blinking dy-
namic events in the FRET traces. From a sample of 236 mononucleosomes that showed FRET,
we found that over 95% of the traces essentially show stable FRET e�ciency, as illustrated in
�gure 3.6.a and b; all anti-correlated features in the FRET e�ciency were short-lived and fall
within the noise of themeasurement.�us, the upper limit for dynamic events that could have
been missed in this population was 10 ms (the sampling time used). Interestingly, 3% of the
traces showed dynamic events clearly distinct from blinking (examples shown in �gure 3.6.c
and d), as judged by the following criteria: 1) the acceptor signal of a low FRET event was
signi�cantly higher than zero. 2) No correlated change in acceptor intensity was detected us-
ing alternating excitation. 3) Events persisted for at least two data-points. We found 14 events
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Figure 3.6: A fraction of the immobilized nucleosomes showed dynamics clearly distinct from
blinking. a) and b) A�er suppression of blinking with Trolox, over 95% of the FRET traces
do not show FRET dynamics. �e theoretical photon and instrument noise is approximately
indicated by the grey bars. c) and d) ~ 3% of the intensity traces (top panels) showed FRET
�uctuations (bottom panels) clearly distinct from blinking: the acceptor intensity was signif-
icantly higher than zero, and events persisted multiple data points (see insets). �ese �uc-
tuations clearly exceeded the noise. e) Histogram and cumulative distribution plot (f) of the
lifetime of the dynamic events. An exponential �t to the data gave an average lifetime of 120
ms.
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with an average FRET change△E of -0.23 and an average dwell time of 120 ± 5 ms, as summa-
rized in the histogram and cumulative distribution function in �gure 3.6.e and f respectively.
�e lifetime was determined by �tting a cumulative exponential distribution to the data, in-
dependent of binning and therefore a more accurate way of determining the lifetime when
using small datasets (�gure 3.6.f) than �tting a distribution to binned data.�e lifetime of the
high FRET state could not be determined accurately, due to the short time window that was
available due to photobleaching. Since we explicitly checked the vitality of both �uorophores,
we ruled out photodynamics and we could unambiguously attribute the observed features to
DNA breathing dynamics.

3.4 Discussion and conclusion

Time-traces of spFRET microscopy on single reconstituted mononucleosomes revealed two
types of dynamics: acceptor blinking and intramolecular rearrangements. Intramolecular re-
arrangements became only apparent a�er suppression of blinking. Both Cy5 and ATTO647N
showed severe blinking in a deoxygenated bu�er in the presence of 2% βME. Replacing the
triplet quencher βME with Trolox e�ectively eliminated most blinking e�ects.�e lifetime of
DNA unwrapping that we obtained a�er rigorous elimination of blinking events (~120 ms)
was comparable to the 150-180 ms obtained by Tomschik et al. [10], despite the very di�er-
ent location of the labels in the nucleosome, and probably less important, the di�erent DNA
sequence and origin of the histones. However, we observed a very similar lifetime (~130 ms)
for Cy5 blinking under comparable bu�er conditions (2% βME).�e FRET e�ciency of the
open states in our experiments was signi�cantly above the detection threshold, so we can ex-
plicitly exclude photophysics as the origin of the observed changes in FRET e�ciency. Our
single-molecule measurements revealed at least three subpopulations in the reconstituted and
immobilized nucleosome sample: 90% of the �uorophores represented dissociated nucleo-
somes or donor only species, 10% represented intact nucleosomes. Of these, 97% remained
stable on time-scales ranging from 10 ms to 10s of seconds, while 3% showed intervals with
reduced FRET e�ciency and a lifetime of 120 ms clearly distinct from blinking. Why most
nucleosomes dissociate upon immobilization to the cover slip remains unknown. Immobi-
lization of the molecules is necessary for extension of the available observation time.�e time
limit is given by photobleaching, one of the key advantages of this method with respect to, for
example, Fluorescence Correlation Spectroscopy. However, the close proximity to the surface
provides ample opportunity for interactions with it. Surface induced nucleosome dissociation
has been reported before in Atomic Force Microscopy (AFM) studies. Using AFM in liquid,
Nikova et al. observed an unwrapping of ~25 nm of DNA from nucleosomes absorbed to a
mica surface [26].�is unwrapping was attributed to a depletion of H2A-H2B histone dimers
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induced by the high surface charge of the mica, resulting in unwrapping of DNA. Although
PEGs are neutral polymers that are commonly used to reduce non-speci�c surface binding of
proteins, they may a�ect nucleosomes in di�erent ways: PEG molecules have been reported
to interact strongly with unfolded proteins [21], and could therefore possibly interact with his-
tone tails. Furthermore, histone proteins are known to be adhesive to glass or plastic [27].
�e large fraction of dissociated nucleosomes we report here was not observed by Tomschik et
al. [10]. Because of the internal position of the labels they used, at least 50 bp of DNA had to be
detached from the histone core before FRET was completely lost. We labeled the DNA at the
very end of the histone bound part, and accordingly a detachment of 10-20 bp of DNA would
already result in complete loss of FRET. Furthermore, the exterior part of the DNA is largely
constrained by the mobile H2A-H2B dimer, whereas the labeled part of the DNA in the nu-
cleosomes used by Tomschik et al. is mostly constrained by the more stable H3-H4 tetramer.
A labeling strategy by Li et al. [8, 9], who end-labeled a 601 nucleosome positioning element
together with either histone H3 or H2A, provides a more comparable construct. Based on
stopped-�ow FRET and FCCS experiments they deduced an unwrapping rate of 4 s-1 and an
unwrapping lifetime of 10-50ms.�e 3% of our traces that showed dynamics typically featured
multiple unwrapping events before photobleaching.�ough photobleaching obstructs quan-
ti�cation of the unwrapping rate, it is of the same order of magnitude as observed by Li et al.
�e lifetime of the unwrapped state we observed is 5 to 10 times larger.�is discrepancy may
in part be explained by di�erences in experimental conditions and nucleosome constructs; we
can however not exclude the possibility that we overlook short-lived unwrapped states, biasing
our data to a longer lifetime.�e absence of observations of DNA unwrapping in the majority
of the intact nucleosomes reported in this study is in strong contrast with the extent of DNA
breathing dynamics found by Li et al. [8, 9]. Two possible explanations could account for this
di�erence: 1)�e most frequently occurring DNA unwrapping occurs at a rate that exceeds
the time resolution of our experiment.�e rare dynamics (3%) that we observe would re�ect
the release of multiple histone-DNA contacts, a process that would occur less o�en and on
longer time scales than unwrapping of only the �rst DNA-octamer. However, unwrapping of
10-20 bp of DNAwould induce a more dramatic reduction in FRET e�ciency than the reduc-
tion we observed, which is consistent with unwrapping of 10 bp or less. 2)�e immobilized
nucleosomes did not undergo breathing dynamics. It should be kept in mind that because of
the disruption of 90% of the nucleosome upon immobilization, we only probed a subset of
nucleosomes that do not dissociate upon immobilization.�ese nucleosomes could either be
resistant to unwrapping of the DNA, or immobilized in such a way that DNA dynamics are in-
hibited due to interactions with the surface, while still retaining proper folding. In either case,
immobilization is expected to have major impact on nucleosome dynamics, emphasizing the
need for a more inert immobilization than point attachment to a PEG coated surface. Our
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�ndings demonstrate that experimental conditions can have a profound impact on the data
obtained when probing nucleosome structure and conformational dynamics. Immobilization
e�ects and blinking dynamics have to be accounted for, and where possible suppressed in or-
der to extract biologically relevant data from spFRET experiments. We have shown that DNA
breathing kinetics obtained from carefully optimized spFRET experiments approaches values
obtained from bulk experiments, opening the way to more complex single-molecule studies
of chromatin dynamics.
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Chapter 4

Nucleosome Immobilization
Strategies for Single-Pair FRET
Microscopy1

Abstract All genomic transactions in eukaryotes take place in the context of the nucleosome,
the basic unit of chromatin, which is responsible for DNA compaction. Overcoming the steric
hindrance that nucleosomes present for DNA-processing enzymes requires signi�cant confor-
mational changes.�e dynamics of these have been hard to resolve. Single-pair Fluorescence
Resonance Energy Transfer (spFRET) microscopy is a powerful technique for observing con-
formational dynamics of the nucleosome. Nucleosome immobilization allows the extension
of observation times to a limit set only by photobleaching, and thus opens the possibility of
studying processes occurring on timescales ranging from milliseconds to minutes. It is cru-
cial however, that immobilization itself does not introduce artifacts in the dynamics. Here we
report on various nucleosome immobilization strategies, such as single point attachment to
polyethylene glycol (PEG) or bovine serum albumin (BSA) coated surfaces, and con�nement
in porous agarose or polyacrylamide gels. We compared the immobilization speci�city and
structural integrity of immobilized nucleosomes. A crosslinked star polyethylene glycol coat-
ing performed best with respect to tethering speci�city and nucleosome integrity, and enabled
us for the �rst time to reproduce bulk nucleosome unwrapping kinetics in single nucleosomes
without immobilization artifacts.

1�is chapter is based on: W. J. A. Koopmans, T. Schmidt, and J. vanNoort, Nucleosome Immobilization Strategies
for Single-Pair FRET Microscopy. ChemPhysChem 9, 2002-2008 (2008)
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4.1 Introduction

Nucleosomes form the basic unit of DNA organization in eukaryotic nuclei. A nucleosome
core particle comprises 147 base pairs (bp) ofDNAwrapped 1.7 turns around a histone octamer
protein core [1]. �is tight compaction makes most of the nucleosomal DNA inaccessible to
proteins involved in processes such as transcription, replication, and repair. However, several
pathways that provide accessibility to nucleosomal DNA [2] have been identi�ed, including
transient DNA unwrapping [3], thermal and ATP-driven enzymatic nucleosome reposition-
ing [4], and histone exchange [5].�ese processes occur on various time scales, ranging from
milliseconds for DNAunwrapping tominutes or hours for thermal nucleosome repositioning.
Single-pair Fluorescence (or Förster) Resonance Energy Transfer [6] (spFRET) microscopy
has the potential to reveal these mechanisms in individual nucleosomes with unprecedented
detail, since it is sensitive to conformational changes of 2-10 nm. In recent spFRET experi-
ments on nucleosomes, energy transfer was detected from short bursts of �uorescence as sin-
gle nucleosomes di�used through a small confocal detection volume [7–9]. Since the average
di�usion time was on the order of 1 ms, it was not possible to resolve slow (>10 ms) confor-
mational dynamics with this approach, limiting the applications to only a small subset of the
anticipated conformational changes. Sample immobilization can provide the extended ob-
servation time needed for directly observing slow dynamics as demonstrated by two spFRET
studies on nucleosomes tethered to a surface. Tomschik et al. placed a FRET pair far inside
the nucleosome, thereby targeting major disruptions of nucleosomal structure [10]. How-
ever, reevaluation of their data led to the conclusion that the observed FRET dynamics was
dominated by photoblinking of the dyes [11]. In a slightly di�erent approach, we performed
spFRETmicroscopy, under conditions that suppressed blinking, on immobilized mononucle-
osomes that were labeled at the dyad axis and the nucleosome exit [12]. We observed DNA
unwrapping dynamics in only 3% of the nucleosomes. We found however that the vast major-
ity of nucleosomes was disrupted, resulting in an absence of FRET. Furthermore, the observed
kinetics were much slower than anticipated based on bulk experiments by Li et al. [13] From
these e�ects we concluded that both nucleosome structure andDNA breathing dynamics were
in�uenced by immobilization of nucleosomes to the surface. In this study we explore a num-
ber of immobilization strategies that were successful in other single-molecule assays for their
ability to reduce surface artifacts. �e physical properties of nucleosomes require a tailored
solution to provide an inert local environment. �e high level of bending of the nucleoso-
mal DNA e�ectively renders the nucleosome to be a loaded spring [14]. Nucleosomes rapidly
dissociate to form sub-stoichiometric DNA-histone complexes [15, 16] at the 10-100 pM con-
centrations needed for single-molecule detection. Furthermore, the pronounced charge distri-
bution on the nucleosome surface, with negatively charged DNA bound to positively charged
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histones, makes the nucleosome a highly salt-sensitive structure [17]. Finally, histone proteins
are known to stick to many types of glass and plastic surfaces [18].�us, nucleosomes provide
a magni�cent challenge to be immobilized such, that they don’t interact non-speci�cally with
the surface, and that they retain their canonical structure. In single-molecule �uorescence
microscopy several immobilization schemes have been employed successfully (reviewed by
Rasnik [19]), such as speci�c tethering to BSA-biotin [20] or polyethylene glycol (PEG) [21]
coated surfaces, encapsulation in lipid vesicles [22], and immobilization in the aqueous pores
of polyacrylamide (PA) [23] or agarose gels [24]. Although each immobilization scheme has
its own merits, a universal strategy does not exist: for example, BSA surface coatings were
too adhesive for studies involving Rep helicase protein [21] but PEG coated surfaces provided
a good alternative. In a di�erent study however, it was shown that RNaseH denatured when
immobilized to PEG coated surfaces [25]. �us, each DNA-protein complex requires a tai-
lored immobilization strategy for single-molecule �uorescence microscopy studies. In order
to �nd an optimal strategy for immobilizing complex multi-subunit DNA-protein assemblies
like the nucleosome, we systematically tested several immobilization procedures on �uores-
cently labeled nucleosomes: immobilization in PA and agarose gels, and speci�c tethering to
BSA-biotin or PEG coated surfaces. We used total internal re�ection �uorescence (TIRF) mi-
croscopy and alternating excitation [26] (ALEX) to identify donor- and acceptor-only species,
and to resolve bleaching and blinking events. Both gel immobilization procedures resulted in
unacceptable signal-to-noise ratios (SNR). We subsequently characterized surfaces for their
resistance to non-speci�c binding of nucleosomes, and the e�ect of the surface on nucleosome
structural integrity, as judged by the FRET e�ciency of individual nucleosomes. A crosslinked
star PEG coating [27] performed best with respect to tethering speci�city and nucleosome in-
tegrity, and enabled us to reproduce the nucleosome unwrapping kinetics determined by Li et
al. [13] using bulk �uorescence methods, in single nucleosomes.

4.2 Results and Discussion

Mononucleosomes were prepared on a �uorescently labeled, biotinylated DNA construct as
schematically shown in �gure 4.1. As determined by absorption measurements, the labeling
e�ciency of the primer DNA was 70% for the acceptor and 90% for the donor, despite HPLC
puri�cation a�er primer synthesis. Upon reconstitution with stoichiometric amounts of hi-
stone proteins, the 601 nucleosome positioning sequence [28] places the donor and acceptor
at the nucleosome dyad axis and exit respectively. �e average FRET e�ciency of the nucle-
osome sample in solution was 0.3, as determined by bulk �uorescence measurements (�gure
4.1.b). In previous single molecule experiments wemeasured the FRET e�ciency of single nu-
cleosomes with dyes at the same locations to be 0.6. Accordingly, taking incomplete labeling
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Figure 4.1: Overview of the tested nucleosome immobilization strategies. a) Schematic of the
nucleosome construct.�e label positions of donor and acceptor are indicated with circles, a
biotinmodi�cation at theDNA end is indicated with a triangle. b) Bulk �uorescence spectrum
of reconstituted nucleosomes. �e distinct acceptor emission peak is indicative of reconsti-
tuted nucleosomes. c) Gel immobilization, by trapping nucleosomes in the aqueous pores of a
polyacrylamide or agarose gel matrix. d)-f) Surface immobilization, by tethering nucleosomes
to a glass slide with (d) a BSA-biotin coating, (e) a linear PEG coating, or (f) a crosslinked star
PEG coating, through biotin-neutravidin-biotin linkage.

of the primers into account, 33% of the DNA molecules were properly reconstituted into nu-
cleosomes and showed e�cient FRET, while another 33% was doubly-labeled free DNA.�us,
when nucleosome integrity is not a�ected by immobilization we expect a maximum yield of
nucleosomes with e�cient spFRET of 33%. We tested �ve nucleosome immobilization strate-
gies, as illustrated in �gure 4.1. First, we studied con�nement in the aqueous pores of (i) PA gel
or (ii) agarose gel matrices (�gure 4.1.c). Both agarose and polyacrylamide gel electrophoresis
are routinely employed to separate and isolate nucleosomes from freeDNA. Since nucleosomes
migrate in sharp bands and retain their proper folding in native gel electrophoresis assays, we
reasoned that agarose and PA gels are relatively inert to nucleosomes. Alternatively, we studied
nucleosome tethered to (iii) BSA-biotin coatings (�gure 4.1.d), (iv) linear PEG coatings (�g-
ure 4.1.e), and (v) crosslinked star PEG coatings (�gure 4.1.f), which all have been successfully
employed in single-molecule �uorescence experiments[19].

4.2.1 Immobilization through con�nement in gels

Polyacrylamide gels In PA, gel formation occurs due to polymerization and crosslinking
reactions betweenmonomers. At the conditions chosen, i.e. 8% PA, the average pore diameter
was ~8 nm [29], su�ciently small to immobilize the 11x6 nm sized nucleosomes. Indeed, we
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Figure 4.2: Immobilization in PA gels. a) Fluorescence image of 100 pM Cy3-ATTO647N
labeled nucleosomes in an 8% PA gel. �e �uorescence intensity was reproducibly low, and
o�en either donor or acceptor was already bleached (inset). b) Bulk �uorescence emission
spectrum of Cy3-labeled DNA in water, in a 6.7% acrylamide solution, and in a 6.7% PA gel.
Fluorescence emission was quenched in acrylamide gels, and auto�uorescence was observed
at ~700 nm.

observed many immobilized �uorophores, as depicted in �gure 4.2.a. We found however that
only a small fraction of the molecules was doubly labeled when immobilized in PA. Most of
the �uorescence originated from donor-only (45%) or acceptor-only (25%) species, as deduced
by alternating excitation (ALEX).�erefore 40% of the donor and 40% of the acceptor were
absent in the gel, probably due to bleaching by free radicals that catalyze the polymerization
process. Next to the degradation of the dyes, the observed signal intensity from a single �u-
orophore was low (0.9 ± 0.4 ⋅ 103 counts), as compared to the background noise of 0.2 ⋅ 103
counts, leading to signal-to-noise ratio (SNR) of 2 and signal-to-background ratio (SNB) of 5.
In comparison, at similar excitation intensity (0.75 kW/cm2) and illumination time (40 ms),
the intensity of either donor or acceptor from individual nucleosomes immobilized to a coated
surface was 2.2 ± 0.3 ⋅ 103 counts, resulting in a SNR and SNB of 8 and 11, respectively. �e
reason for the low SNR and SNB in single-molecule experiments was inferred from bulk �u-
orescence experiments on Cy3-labeled DNA oligomers immobilized in 6.7% PA (�gure 4.2.b).
We found a 30% decrease of �uorescence intensity for Cy3 in 6.7% acrylamide (AA), which is
a known �uorescence quencher [30]. Upon polymerization into PA, the �uorescence intensity
dropped an additional 20%. Furthermore a broad band of auto�uorescence around 700 nm
emerged.�is auto�uorescence was also observed in gels without immobilized �uorophores,
and should therefore be attributed to the PA gel itself. In conclusion, we observed an increase
in donor-only and acceptor-only species, a decrease in �uorescence intensity and a low SNR
and SNB due to a combination of bleaching by free radicals, quenching by unpolymerized AA
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and background auto�uorescence from the PA gel. How does this compare to previous stud-
ies using the same methodology? We did not obtain a high SNR as obtained by Dickson et
al. for Nile red in a 18% PA gel [23] or GFP in a 15% PA gel [31]. However, nile red probably
showed an acceptable SNR because of its high quantum yield (0.7), in combination with the
high excitation intensity (5 kW/cm2) and long exposure time (100 ms) used by Dickson et al.
Due to rapid photobleaching under these illumination conditions, the observation time was
limited to ~10 data points however. In the case of GFP, bleaching by free radicals or quenching
by unpolymerized AA is unlikely to occur, because the �uorophore is protected by a protein
barrel. In summary, nucleosome immobilization in PA gels is not productive because of the
low SNR and the loss of doubly labeled molecules.

Agarose Gels Alternatively, we immobilized nucleosomes in 3% agarose gels [24]. Unlike
polymer gels like PA, where gel formation occurs by chemical polymerization and crosslink-
ing reactions between monomers, agarose forms a physical gel upon cooling below the gelling
temperature (~35 °C for low melting agarose). Furthermore, agarose is not known to quench
�uorescence. Using epi�uorescence we imaged number of immobilized nucleosomes in the
agarose gel.�e SNR (~3) and SNB (~4) were poor however compared to TIRF imaging, and
did not improve with longer exposure times. We attribute this to out-of-focus �uorescence
emission from nucleosomes in the agarose gel, and from the bu�er layer, where freely di�us-
ing nucleosomes accumulated. Using TIRF, we observed that the agarose gel did not adhere
to the cover slide, resulting in a 1-2 µm layer of bu�er between the glass and the agarose gel.
Nucleosomes could freely di�use in this layer.�is gap was always present, even when we pre-
pared the agarose �lm using spincoating, or with thin intermediate coatings such as methyl-
cellulose, poly-D-lysine, or sigmacote (Sigma). TIRF imaging of immobilized nucleosomes in
the gel was therefore not possible, since the evanescent excitation �eld only extended a few
100 nm into the bu�er. On top of the accumulation of free nucleosomes between the gel and
the surface we did not achieve su�cient protein immobilization in agarose gels to allow for
extended imaging times using epi�uorescence, unlike Lu et al. [24]. Immobilization by con-
�nement alone however is unlikely in a 1% gel with an average pore diameter of ~140 nm, as
noticed by Gai et al, who also reported a bu�er layer between the gel and the cover slide [32].
Kelbauskas et al. con�rmed, using FCS, that nucleosomes embedded in a 3% agarose gel show
reduced di�usion only by a factor of 10-100 slower [9]. In conclusion, for various reasons gel
immobilization did not work for studying long term dynamics of nucleosomes, and alternative
immobilization strategies, such as immobilization to a surface, are needed.
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Figure 4.3: Nucleosome binding speci�city. Fluorescence image of 100 pM Cy3-ATTO647N
labeled nucleosomes bound non-speci�cally to BSA (a), linear PEG (b), or star PEG (c) coated
cover slides, when neutravidin incubation was omitted. Non-speci�c binding was quanti�ed
through a comparison with the amount of �uorescent spots when the same concentration of
nucleosomes was bound to BSA (d), linear PEG (e), or star PEG (f) coated slides a�er incu-
bation with neutravidin. Non-speci�c binding of 100 pM Cy3-ATTO647N labeled DNA or
100 pM BSA-TMR was negligible on all surface coatings.
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4.2.2 Surface immobilization: binding speci�city

We immobilized biotinylated nucleosomes to BSA, linear PEG, or star PEG treated glass cover
slides through biotin-neutravidin-biotin attachment. We exposed these surfaces to 100 pM�u-
orescently labeled nucleosomes, and imaged the �uorescence. �e speci�city of immobiliza-
tion was tested by quanti�cation of non-speci�c adhesion of nucleosomes to surfaces prepared
without neutravidin. �e resulting single- molecule �uorescence images are shown in �gure
4.3.a-c.�e large number of �uorescent spots shows that nucleosomes readily adhere to BSA-
coated glass (�gure 4.3.a).�e linear PEG coating prevented non-speci�c adsorption to some
extent (�gure 4.3.b). Star PEG coatings however were superior, and showed negligible nucle-
osome binding when the neutravidin incubation was omitted (�gure 4.3.c). We quanti�ed the
amount of non-speci�c adhesion by counting the number of �uorescent spots in each image
(�gure 4.3.d-f), and normalized this to the amount of binding observed on surfaces whichwere
incubated with neutravidin. For BSA we found no signi�cant di�erence between neutravidin
treated and untreated surfaces. For linear PEG coatings we found that ~40% of the molecules
were immobilized non-speci�cally, while for star PEG coatings this was less than 10%. We re-
peated these experiments for neutravidin treated surfaces with non-biotinylated nucleosomes,
to test whether nucleosomes interacted non-speci�cally with the neutravidin.�e same trend
was observed: nucleosomes showed signi�cant binding to the BSA (~1 /µm2), limited binding
to the linear PEG (~0.2 /µm2), and negligible binding to the star PEG (~0.03 /µm2) coated
glass. �erefore, non-speci�c binding should be attributed to the surface rather than to the
neutravidin. To resolve nucleosome-speci�c properties of these surface coatings and to re-
late these previous reports [19] we tested them for preventing DNA and BSA adsorption (�g-
ure 4.3.d-f). Non-speci�c binding of the DNA construct alone was negligible on all surfaces.
None of the surface coatings showed any �uorescence when exposed to �uorescently labeled
BSA.�us, though all tested surfaces prevented non-speci�c interactions with DNA and BSA-
protein, only star PEG coatings provided su�cient resistance to nucleosome adsorption. Since
no DNA binding was observed, nucleosome adhesion to bare glass, BSA coatings, and PEG
coatingsmust bemediated through the histone proteins in the octamer core. BSA coatings did
not prevent nucleosome adsorption at all: the number of �uorescent spots was comparable to
that of nucleosomes on bare glass. It is known that physisorbed BSA coatings are inhomoge-
neous [25]. It is therefore possible that parts of the glass surface were still exposed, resulting in
nucleosome adsorption. BSA itself is negatively charged and could interact with the positively
charged histone proteins as well. Interactions with DNA are e�ectively screened though, pre-
sumably through electrostatic repulsion. An excess of BSA was always present in the bu�er,
which explains why all non-speci�c interactionswith labeled BSA-TMRwere blocked.�e lin-
ear PEGcoating showed a strong reduction in non-speci�c interactionswith nucleosomes.�e
covalently attached PEGs form a ~1 nm thick polymer brush that prevents protein adsorption
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to the glass surface. Indeed, �uorescently labeledDNA, BSA and streptavidin (data not shown)
did not bind non-speci�cally to the PEG surface. However, 40% of the nucleosomes were at-
tached non-speci�cally, pointing at interactions between the histones and the PEG polymers.
Although PEG surfaces are inert for many protein interactions, they have been reported to in-
teract strongly with unfolded proteins [19].�e unstructured histone tails that protrude from
the nucleosome core are likely to mediate similar interactions. Furthermore, nucleosomes can
undergo large conformational �uctuations under the chosen conditions (H2A-H2B dimer ex-
change, DNA unwrapping), which may transiently expose the histone proteins. �is could
facilitate hydrophobic interactions between the PEG chain ends and the histone proteins, re-
sulting in persistent non-speci�c adsorption [25]. Star PEG coatings however showed almost
no non-speci�c binding of nucleosomes.�is exceptional blocking of protein adsorption has
been demonstrated before with a number of small proteins [27, 33]. Crosslinking of the PEG
extremes results in a higher gra�ing density of the PEG chains, which blocks the underlying
glass surface to a greater extent than linear PEG coatings. Furthermore, crosslinking results
in an increased layer thickness and a lower density of PEG chain ends, which may result in a
more inert surface coating. In summary, the nucleosome binding speci�city was poor on BSA,
fair on the linear PEG, but excellent on the star PEG coated surfaces.

4.2.3 Surface immobilization: nucleosome integrity

In order to study intrinsic nucleosome conformational �uctuations, it is necessary that nucle-
osomes maintain their structural integrity when bound to the surface. With the nucleosome
labeling strategy described, we could perform spFRET experiments to test whether nucleo-
somes remained properly folded upon surface immobilization. With the acceptor positioned
at the exit point in the nucleosome any conformational change of the nucleosome, be it DNA
unwrapping, dimer dissociation ormore rigorousmechanisms, will result in a loss of FRET.We
used ALEX [26] to distinguish donor- and acceptor-only species from doubly labeled species.
For each molecule on the surface we calculated the FRET e�ciency E

E = I514A
I514A + I514D

, (4.1)

and the label stoichiometry S

S = I514A + I514D

I514A + I514D + I636A
, (4.2)

where I514D is the donor intensity when excited at 514 nm, and where I514A and I636A are the
acceptor intensities when excited at 514 nm and 636 nm respectively. Properly folded nucleo-
somes labeled with both donor and acceptor can be identi�ed by having both high E is high
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Figure 4.4: Nucleosome structural integrity. 2D scatter plots of the label stoichiometry S versus
the FRET e�ciency E for nucleosomes bound to BSA (a), linear PEG (b) and star PEG (c)
coated cover slides. Each data point represents the average E and S value for a trace until
either donor or acceptor bleached. We identi�ed donor-only (S = 1), acceptor-only (S=0) and
doubly labeled species (S ~ 0.5). A fraction of the doubly labeled species showed FRET (E >
0.2).�is fraction was used as an indicator of nucleosome structural integrity on each surface
coating.�e relative size of all fractions are summarized in pie-charts (bottom panels)
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and S approaching 0.5, assuming comparable quantum yields, absorption cross sections and
detector e�ciencies for donor and acceptor.�e resulting scatter plots of S vs. E for the entire
population of nucleosomes are shown in �gure 4.4. Each point represents the time averaged
E and S value of a �uorescent spot up to either donor or acceptor bleached. We classi�ed
�uorescent spots into four categories: canonical nucleosomes with both labels present and
showing FRET (0.2<E<1.2 and 0.2<S<0.8); unfolded nucleosomes and bare DNA with both
labels present but not showing FRET (E<0.2 and 0.2<S<0.8); donor-only species (0.8<S); and
acceptor only species (S<0.2). �e thresholds between the di�erent categories were based
on separate measurements (data not shown) of single molecule �uorescence intensity time
traces from doubly labeled bare DNA that did not show FRET: from traces where the accep-
tor bleached �rst we deduced that S>0.8 for donor-only species; from traces where the donor
bleached �rst we deduced that S<0.2 for acceptor-only species; from traces before bleaching
of either �uorophore, we deduced that E<0.2 for bare DNA, since background �uorescence,
direct excitation of the acceptor, and crosstalk of donor emission into the acceptor channel
never resulted in apparent FRET e�ciencies above 0.2 for doubly labeled, bare DNA. On all
surfaces the donor-only and acceptor-only populations amounted to ~25% and ~10% respec-
tively, which agreed well with the stoichiometry deduced from bulk absorptionmeasurements
on theDNA construct.�e population of properly folded nucleosomes, with both labels show-
ing FRET, was 9% for the BSA surface (a), 17% for the linear PEG surface (b) and 25% for the
star PEG surface (c), while the population showing no FRET was 61%, 51% and 41% respec-
tively. From the bulk measurements, we estimated that 32% of the molecules were doubly
labeled and properly folded. �us all surfaces featured a destabilization of nucleosomes by
the surface.�e star PEG surface prevented disassembly of the nucleosomes better than BSA
or linear PEG, with 78% of the initial nucleosomes intact. It is known that nucleosomes can
be destabilized at low concentrations, presumably due to disassembly of the histone octamer
core [15, 16, 34]. �is might explain the observed loss in FRET, since the experiments were
carried out a low (100 pM) nucleosome concentration in order to get a low enough density
of �uorescent spots to resolve individual nucleosomes. However, when the labeled nucleo-
somes were mixed in a bu�er containing 10 nM unlabeled nucleosomes, we found a similar
loss in FRET. Consistent with this, we found pronounced di�erences in nucleosome integrity
on the di�erent surface coatings. �us, surface immobilization, rather than dilution, caused
the observed nucleosome disassembly.�e linear PEG surface performed better than the BSA
coating, but still induced nucleosome destabilization. Conformational changes upon binding
to a linear PEG coated surface have been observed before: Heyes et al. observed a denaturing
of RNaseH when immobilized to a PEG 5000 surface [25].�ey attributed this to the �exible
PEG chains interacting with the hydrophobic interior of the protein, and/or interactions with
the underlying amino functionalized surface. In the case of nucleosomes, these mechanisms
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could play a role as well, as demonstrated by the correlation between non-speci�c adhesion,
and a loss of nucleosome integrity. Compared to our previous work [12] using linear PEGs,
using star PEGs increased the yield of intact nucleosomes by a factor of 5. �e results of our
comparison of various nucleosome immobilization strategies are summarized in Table 4.1 on
page 62. Since star PEG coatings showed little non-speci�c binding of nucleosomes and al-
lowed the majority of the nucleosomes to retain their structural integrity, this should put us in
a good position to measure nucleosome dynamics without interference of the surface.

Table 4.1: Comparison of various nucleosome immobilization strategies.
Strategy Immobilization

(observation time (s))
SNR Speci�city Integrity

PA Gel ~1 2 - -
Agarose Gel ~0.1 3 - -
BSA-biotin >10a 8 2% 28%
Linear PEG >10a 8 60% 53%
Star PEG >10a 8 90% 78%

a limited by photobleaching

4.2.4 Nucleosome breathing dynamics

Spontaneous unwrapping of nucleosomal DNA was previously reported by Li et al. [13], who
performed FRET based stopped-�ow, protein association, and �uorescence correlation spec-
troscopy experiments on nucleosomes labeled at the histone octamer surface and the DNA
exit, probing similar DNAmechanics as in our constructs. From these combined experiments
with nucleosomes in solution, on and o� times of 250 ms and 10-50 ms respectively could be
deduced. Our spFRET experiments allow for direct observation of such DNA breathing in
individual nucleosomes, but up to now we could not reproduce the kinetics [12]. To capture
all breathing dynamics we performed fast spFRET microscopy (10 ms time resolution) and
analyzed the �uorescence intensity traces of nucleosomes immobilized to star PEG coated sur-
faces. From the traces that showed FRET (25% of the total number of spots), we rejected the
traceswhich had a low SNR (20%), showed photoblinking (5%), uncorrelated intensity changes
(10%), or traces with crosstalk from a neighboring FRET pair (8%). In this �ltered dataset, we
can exclude photoblinking and attributed all FRET dynamics to nucleosome breathing (�gure
4.5.a). �e FRET e�ciency �uctuated reversibly between a high FRET state (E=0.55), origi-
nating from a fully wrapped nucleosome, and a distinct low FRET state (E=0.2) originating
from an unwrapped state of the nucleosome. A photon and instrument noise analysis [12] en-
abled us to discriminate between noise and opening events. �e lifetime of the closed state
was 280 ms, and the lifetime of the open state was 25 ms (�gure 4.5.b).�ese lifetimes are ap-
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Figure 4.5: Dynamics of nucleosomes immobilized to a star PEG coated surface. a) Fluores-
cence intensity time trace (top) and corresponding FRET e�ciency time trace (bottom).�e
FRET e�ciency �uctuated between a high and a low FRET state, corresponding to a closed
and an open nucleosome conformation, respectively.�e grey bar indicates a 96% con�dence
interval for the theoretical photon and instrument noise. b) Histograms of the lifetime of the
open and closed (inset) state.�e solid lines are exponential �ts to the data, yielding lifetimes
of 25 ms for the open state and of 280 ms for the closed state.
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proximately 5 times faster than the dynamics we observed on linear PEG coated surface (1.5 s
closed state, 120 ms open state) but agree perfectly with the nucleosome breathing kinetics of
nucleosomes in solution [13].�us, nucleosomes can be speci�cally immobilized on star PEG
coatings, while maintaining their structural integrity and their dynamic nature.

4.3 Conclusion

We tested various immobilization strategies for time resolved spFRET microscopy on nucle-
osomes. Imaging nucleosomes immobilized in polyacrylamide gels was not possible, because
of �uorescence quenching, �uorophore bleaching, and auto�uorescence. Agarose gels showed
limited reduction of di�usion and accumulation of free nucleosomes between the gel and
the glass slide, demonstrating the limited applicability of gel immobilization. Surface immo-
bilization allows unlimited observation times but requires a surface tailored to the physical
properties of nucleosomes. BSA surfaces were too adhesive, and most nucleosomes disassem-
bled upon immobilization. Linear PEG coatings showed less non-speci�c adsorption than
BSA coatings, but still a large fraction of the nucleosomes disassembled upon immobilization.
Crosslinked star PEG coatings however prevented non-speci�c adsorption and reduced nu-
cleosome disassembly signi�cantly. Using this strategy we were able for the �rst time to follow
DNA breathing dynamics in single nucleosomes yielding the same kinetics as observed for
nucleosomes in solution. �is opens opportunities to reveal the mechanisms of more com-
plex nucleosomal conformational changes in real time and at the single-molecule level us-
ing spFRET. For example assessment of the e�ect of nucleosome-nucleosome interactions,
ATP-dependent remodelers and/or posttranslational modi�cations on nucleosome stability
will provide insight in the physical aspects of gene regulation.

4.4 Experimental Section

Preparation of DNA and nucleosomes Mononucleosomes were reconstituted on a �uo-
rescently labeled 177 basepair (bp) DNA template containing a 601 nucleosome positioning
sequence as described [12]. Brie�y, the template DNA was prepared by PCR and was labeled
with biotin, Cy3 (donor) and ATTO647N (acceptor) by incorporation of �uorescently labeled,
HPLC puri�ed primers (IBA GmbH). PCR primers were as follows: forward primer 5’-biotin-
TTTGAATTCCCAGGGAATTGGGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCC-
GC-3’ (acceptor labeled nucleotide is underlined). Reverse primer: 5’-ACAGGATGTATAT-
ATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGG-
GGGACAGCGCGTACG-3’ (donor labeled nucleotide is underlined. In the DNA template
donor and acceptor were located 81 bp (24 nm) apart. Nucleosomes were reconstituted by salt
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gradient dialysis with recombinant histones. A�er reconstitution, donor and acceptor were
folded at the dyad axis and nucleosome exit respectively, approximately 4 nm apart, resulting
in e�cient FRET.

Cover slide preparation Glass cover slides (Assistant, Germany) were sonicated in 1% RBS-
50 anionic detergent at 90 °C for 15 minutes, rinsed with milliQ water, sonicated for 1 hour in
ethanol (96%), rinsed with milliQ water, dried over a �ame, and �nally cleaned with a UVO
UV ozone cleaning device (Jelight, USA). Slides cleaned in this way showed no detectable
residual �uorescence.

Con�nement in polymer gels Beaded low melting temperature agarose (BMA, Rockland,
ME, USA) was suspended in 1X TE at a 3% w/v ratio. �e agarose suspension was melted at
90 °C, and cooled down to 50 °C. Nucleosomes (~100 pM �nal concentration) were added to
themelted gel.�emixturewas poured on a cover slide and formed a gel upon cooling to room
temperature. In an 8% polyacrylamide gel nucleosomes were immobilized following Dickson
et al. [23]. Nucleosomes were added to a 8% 29:1 acrylamide:bisacrylamide solution in 1X TE
(10 mM Tris.HCl pH 8, 1 mM EDTA), to a �nal concentration of 100 pM. Polymerization was
initiated by adding tetramethylenediamine (0.2% �nal concentration) and ammonium persul-
fate (0.05% �nal concentration).�e solution was pipetted on a cover slide, and spread evenly
on the slide by covering it with a second slide. Polymerization was complete a�er 5 minutes.

Surface passivation and functionalization:

BSAcoatings Cleaned slideswere exposed to biotinylatedBSA (0.1mg/ml, Sigma) for 5min-
utes, and rinsed with milliQ water.

LinearPEG Cleaned glass slideswere amino functionalizedwith poly-D-lysine (0.01mg/ml,
Sigma), and subsequently incubated for 4 hours with an amine reactive poly ethylene glycol
(PEG) mixture: 20% mPEG-succinimidyl propionate (MW 5 kDa, NOF) and 0.2% biotin-
PEG-n-hydroxysuccinimide (MW 3.4 kDa, Nektar�erapeutics) in sodium carbonate bu�er
(0.1 M, pH 8.2).

Star PEG Six arm NCO PEG stars (MW 12 kDa) were dissolved in tetrahydrofuran (THF)
at a concentration of 20 mg/ml, and diluted in milliQ water to a concentration of 2 mg/ ml.
Biocytin (Sigma) was added to a �nal concentration of 1 µg/ml. Five minutes a�er mixing, the
solution was �ltered through a 0.22 µm syringe �lter (MilliQ), onto the amino functionalized
cover slide. When the substrate was fully covered, the slide was spincoated for 45 seconds at
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2500 rpm.�e slides were incubated at room temperature overnight to complete the crosslink-
ing reaction and were stored in the dark for up to 1 week.

Neutravidin incubation Biotinylated slideswere incubatedwith neutravidin (2 µg/ml, Pierce)
for 5 minutes, and were rinsed with milliQ water.

Bu�ers Experiments were performed in a bu�er containing Tris (10 mM, pH 8.0), NaCl
(50 mM), and NP-40 (0.03%). For non-speci�c binding and nucleosome integrity experi-
ments, MgCl2 (2 mM), and BSA (0.1 mg/ml) were added. In some experiments we included
unlabeled nucleosomes (10 nM) in the bu�er. For nucleosome dynamics measurements, an
oxygen scavenger system (glucose oxidase (0.2 mg/ml, Sigma), catalase (0.04 mg/ml, Roche),
glucose (4% w/v), and Trolox [35](2 mM)) was added to the bu�er, to minimize photobleach-
ing and –blinking.

Single-molecule �uorescence microscopy Single-molecule �uorescence experiments were
performed on a setup as described before [12]. Brie�y, molecules were imaged on a CCD
camera (Cascade 512B, Roper Scienti�c) through a home-built inverted total internal re�ection
microscope with an oil immersion objective (100X, 1.45 NA, NIKON). Alternating excitation
was achieved by switching between 514 nm and 636 nm laser lines through an AOTF (A.A.
Opto-Electronic). Donor and acceptor �uorescence were imaged simultaneously on separate
areas of the CCD chip using a dichroic mirror wedge [36].
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Chapter 5

spFRET using ALEX and FCS
reveals Progressive DNA
Unwrapping in Nucleosomes1

Abstract Accessibility to DNA wrapped in nucleosomes is essential for nuclear processes
such as DNA transcription. Large conformational changes in nucleosome structure are re-
quired to facilitate protein binding to target sites within nucleosomal DNA. Transient un-
wrapping of DNA from nucleosome ends can provide an intrinsic exposure of wrapped DNA,
allowing proteins to bind DNA that would otherwise be occluded in the nucleosome. �e
molecular details underlying these mechanisms remain to be resolved. Here we show how
DNA unwrapping occurs progressively from both nucleosome ends. We performed single-
pair Fluorescence Resonance Energy Transfer (spFRET) spectroscopy with Alternating Laser
Excitation (ALEX) on nucleosomes either in free solution or con�ned in a gel a�er PAGE sep-
aration. We combined ALEX-spFRET with a correlation analysis on selected bursts of �uores-
cence, to resolve a variety of unwrapped nucleosome conformations.�e experiments reveal
that nucleosomes are unwrapped with an equilibrium constant of ∼ 0.2 − 0.6 at nucleosome
ends and ∼ 0.1 at a location 27 basepairs inside the nucleosome, but yet remain stably asso-
ciated. Our �ndings, obtained using a powerful combination of single-molecule �uorescence
techniques and gel electrophoresis, emphasize the delicate interplay between DNA accessibil-
ity and condensation in chromatin.

1�is chapter is based on amanuscript accepted for publication in Biophysical Journal: W.J.A. Koopmans, R. Bun-
ing, T. Schmidt, and J. vanNoort, spFRETusingAlternating Excitation and FCS reveals ProgressiveDNAUnwrapping
in Nucleosomes. Biophysical Journal (2009)
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5.1 Introduction

DNA-protein complexes are transient by nature. To understand the reaction mechanisms that
control DNA metabolism it is important to relate the association and dissociation kinetics of
these complexes to the conformational changes that are associated with DNA binding. All
transactions involving eukaryotic DNA occur in the context of the nucleosome, the ubiqui-
tous DNA-protein complex that forms the fundamental unit of chromatin organization. A
nucleosome core particle consists of 50 nm of DNA wrapped in nearly two turns around a
histone-octamer core [1]. Since nucleosomes sterically hinder enzymes that bind the nucleo-
somal DNA, they play an important role in gene regulation [2]. Large conformational changes
in nucleosome structure are required to accommodate enzymatic processes such as transcrip-
tion, replication, and repair. A variety of mechanisms that promote accessibility to nucleo-
somal DNA has been identi�ed [3, 4], such as nucleosome repositioning, transient DNA un-
wrapping or breathing, and exchange of histone dimers between nucleosomes. However, the
molecular mechanisms underlying these processes remain to be resolved.

Fluorescence Resonance Energy Transfer (FRET) is ideally suited to studying nucleosome
structure and dynamics, since it is sensitive to conformational changes of 2-10 nm [5]. Li and
Widom used ensemble FRET experiments to demonstrate that under physiological conditions
the end of nucleosomal DNA transiently unwraps and rewraps from the histone core with an
equilibriumconstantKeq of 0.02−0.1 [6].�e dynamic opening and closing of the nucleosome
ends is termed DNA breathing. With additional �uorescence correlation spectroscopy (FCS)
and stopped-�ow FRET experiments, Li et al. measured the unwrapping and rewrapping rates
of the DNA breathing process [7]. Due to the ensemble nature of their experiments, Li et al.
could not resolve whetherDNAunwraps in a single step as assumed in theirmodel, or through
multiple intermediate states, as speculated by Anderson et al. [8].

On the single-molecule level, single-pair FRET (spFRET) has the power to probe the con-
formational distribution and dynamics of an ensemble ofmolecules, and other heterogeneities
with unprecedented detail [9]. In recent years, spFRET experiments provided valuable infor-
mation on nucleosome destabilization and disassembly, and partially resolved structural het-
erogeneity in the nucleosome sample [10–14]. However, these studies used single-wavelength
excitation, and therefore FRET populations attributed to dissociated nucleosomes could not
be discriminated from incompletely labeled donor-only or free DNA molecules, which dis-
play identical FRET. Also, it remained unclear whether the DNA unwraps symmetrically from
both nucleosome ends, and whether intermediate states exist in this process. Finally, it is not
straightforward how to relate the irreversible nucleosome disassembly studied in the latter
experiments to the reversible nucleosome breathing kinetics observed by Li et al. [6]. �ere-
fore, a comprehensive study of DNA dynamics in nucleosomes should both discriminate sub-
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stoichiometric labeling and nucleosome disassembly.
Many of the uncertainties in the analysis described in the previous paragraph are resolved

by applying Alternating Laser Excitation (ALEX) [15]. ALEX complements the applicability of
spFRET by simultaneously reporting on �uorophore stoichiometry (S) and FRET e�ciency
(E) of the molecule of interest.�is additional information is obtained by rapidly alternating
donor and acceptor excitation. ALEX also allows the determination of correction factors for
the detection e�ciencies and quantum yields of donor and acceptor, needed for accurate FRET
measurements [16]. �us, using ALEX it is possible to further disentangle the heterogeneity
that is inherent in nucleosome studies.
In previous studies, we observed and quanti�ed DNA breathing dynamics on individual

immobilized nucleosomes imaged with wide�eld TIRF microscopy [17, 18]. We employed
ALEX to separate photoblinking and photobleaching artifacts from true conformational dy-
namics, and obtained unwrapping and rewrapping rates similar to Li et al. [7]. Despite careful
optimization of sample immobilization and surface passivation, we found that nucleosome
immobilization a�ected the conformational distribution and disrupted a large fraction of the
nucleosomes [18].
Here, we prevent immobilization artifacts by measuring ALEX-spFRET on free, di�using

nucleosomes using confocal microscopy. Because the observation time is limited to the dif-
fusion time of a nucleosome in the confocal volume, it is necessary to acquire statistics over
a large number of di�erent molecules. �is inevitably results in mixing di�erently wrapped
DNAmolecules, despite ALEX selection. To both separate properly folded nucleosomes from
substoichiometric histone-DNAassemblies, and increase the di�usion time, allowing for longer
observation time and better statistics of each molecule, we observed nucleosomes in a poly-
acrylamide gel a�er electrophoresis. Using this strategy, we compared equilibrium constants
of DNA breathing at di�erent locations within the nucleosome, and studied a variety of nucle-
osome conformations with a correlation analysis on selected bursts.

5.2 Materials and methods

Preparation of DNA and nucleosomes Mononucleosomes were reconstituted on a �uores-
cently labeled 155 (bp) DNA template containing a 601 nucleosome positioning sequence as
described [17]. Brie�y, the template DNA was prepared by PCR and was labeled with Cy3B
(donor) and ATTO647N (acceptor) by incorporation of �uorescently labeled, HPLC puri�ed
primers (IBAGmbH, Göttingen, Germany). PCR primers were as follows (modi�ed dT or dC
underlined): Cy3B labeled forward primer: 5’-TTGGCXGGAGAATCCCGGTGCCGAGGC-
CGCYCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGZACGCGCTG-3’;
ATTO647N labeled reverse primer 5’-biotin-TTGGAZAGGATGTATATATCTGACACG-
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TGCCTGGAGACTAGGGAGTAAYCCCCTTGGCGGTTAAAACGXGGGGGACAGC-3’.
We generated three DNA templates with a FRET pair (Cy3B-ATTO647N, R0~ 5.5 nm) at ei-
ther of the nucleosome extremes (labels at position X, or at position Z), and a position 27 base
pair (bp) from one nucleosome end that we refer to as internally labeled in this work (labels
at position Y), as shown in �gure 5.1.a. In all DNA templates donor and acceptor were located
~80 bp (24 nm) apart. Nucleosomes were reconstituted by salt gradient dialysis with chicken
erythrocyte histones as described [17]. A�er reconstitution donor and acceptor were approxi-
mately 4 nm apart, resulting in e�cient FRET, as con�rmed by bulk �uorescence spectroscopy.
Native gel electrophoresis, as described below, was used to determine the reconstitution yield,
which were 70%, 90%, and 85% for reconstitutions X, Y, and Z respectively.

Sample preparation Nucleosomes in free solution were diluted to a concentration of 100-
200 pM in a bu�er containing 10 mM Tris.HCl (pH 8), 0.1 mg/ml BSA, and 0.03 % NP-40.
Reliable experiments could only be performed in the presence of 0.03% NP-40 anionic deter-
gent, similar to the conditions established by�åström et al. [19]. If the NP-40was omitted, no
reproducible data could be taken andwe observed a decrease in the number of bursts over time
that we attributed to precipitation. For most experiments 2 mM Trolox (Sigma, Zwijndrecht,
�e Netherlands) was added to the bu�er [20]. A drop of 50 µl was placed on a glass cover
slide (#1.5, Menzel, Braunschweig, Germany), and imaged as described below. Unless stated
otherwise, experiments in this work were performed with nucleosomes labeled at position Y
(see �gure 5.1.a).
Nucleosomes in gel were imaged at single molecule concentration by excising the desired

band from the gel. �e gel slice was placed on a glass cover slide. A drop of 20 µl bu�er was
used to match the refractive of the gel and to prevent drying of the gel during the experiment.

Poly-acrylamide gel electrophoresis Nucleosome reconstitutions were analyzed with 5%
native poly-acrylamide gel electrophoresis (PAGE). A sample of 0.1-1 pmol was loaded on the
gel (29:1 bis:acrylamide, 0.2X TB).�e gel was run at 19 V/cm at 4 ºC for 80 min to separate
nucleosomes from free DNA.�e �uorescence was imaged with a gel imager (Typhoon 9400,
GE, Waukesha, WI, USA).

Single molecule �uorescence microscopy Single nucleosomes were imaged with a home-
built confocal microscope equipped with a 60X water-immersion microscope objective (NA
= 1.2, Olympus, Zoeterwoude,�e Netherlands), as schematically depicted in �gure 5.1.b. A
515 nm diode pumped solid state laser (Cobolt, Solna, Sweden) and a 636 nm diode laser
(Power Technology, Little Rock, AR, USA) were used as excitation sources. �e lasers were
alternated at 20 kHz by analog modulation, either directly (636 nm) or with an AOM (515 nm;
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Isomet, Spring�eld, VA, USA).�e beams were spatially �ltered with a single-mode �ber, and
focused 25 µm above the glass-bu�er interface by the objective. �e confocal volumes were
1.5 � and 2.0 � for 515 nm and 636 nm excitation respectively, as determined from �uores-
cence correlation spectroscopy (FCS) calibration experiments on 100 nm tetraspeck �uores-
cent beads (Invitrogen, Breda,�e Netherlands).�e excitation power was 80 µW for 515 nm
excitation, and 50 µW for 636 nm excitation. �e collected �uorescence was spatially �ltered
with a 50 µm pinhole in the image plane, and was split into a donor and an acceptor channel
by a dichroic mirror (640dcxr, Chroma, Rockingham, VT, USA).�e �uorescence was �ltered
with emission �lters (hq570/100m for the donor channel, hq700/75m for the acceptor chan-
nel, Chroma, USA) to minimize crosstalk, and was imaged on the active area of single photon
avalanche photodiodes (SPCM AQR-14, Perkin-Elmer (EG&G), Waltham, MA, USA). �e
photodiodes were read out with a TimeHarp 200 photon counting board (Picoquant GmbH,
Berlin, Germany). In a typical experiment, data was collected for 10min and 1000-5000 bursts
of �uorescence were detected.

Data-analysis Photon arrival times in the donor and acceptor channel were sorted accord-
ing to excitation period, resulting in four photon streams: ID515, donor emission during green
excitation; IA515, acceptor emission during green excitation; ID636 , donor emission during red
excitation; IA636, acceptor emission during red excitation. Example data is shown in �gure 5.1.c.
�e total �uorescence emission was analyzed with a burst detection scheme [21]. A burst was
detected if a minimum of 100 photons arrived subsequently, with a maximum interphoton
time of 100 µs. For each burst we calculated the apparent FRET e�ciency E (also known as
proximity ratio):

E = NA
515

NA
515 + γND

515
, (5.1)

and the apparent label stoichiometry S:

S = NA
515 + γND

515

NA
515 + γND

515 + NA
636
, (5.2)

where ND
515, NA

515, and NA
636 are number of photons in the burst from the di�erent photon

streams, and γ = ΦAηA
ΦDηD

is a parameter to correct for photophysical properties of the dyes. ΦA

and ΦD are acceptor and donor quantum yield, and ηA and ηD are acceptor and donor detec-
tor e�ciency respectively. Since we only compared relative changes, γ was set to unity. �e
excitation powers were chosen such that NA

515 + γND
515 ≈ NA

636 for doubly labeled molecules,
resulting in S ∼ 0.5. E and S were not corrected for donor crosstalk to the acceptor channel
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(11%) and direct excitation of the acceptor �uorophore (<2%). �e relative size of a certain
population was determined from the number of bursts matching de�ned E , S-thresholds.�e
equilibrium constant Keq for DNA unwrapping was calculated as

Keq = unwrapped f raction
wrapped f raction

. (5.3)

Correlation curves G (τ)

G1,2 (τ) = ⟨I1 (t) I2 (t + τ)⟩
⟨I1 (t) I2 (t)⟩ − 1, (5.4)

where I1 (t) , I2 (t) are the photon streams of interest, and τ is the lag time, were computed
with themulti-tau algorithmdescribed byWahl et al. [22].�e correlation curveswere smoothed
by averaging out the periodic contribution that comes from alternating excitation, and were
corrected for a�erpulsing as described [23]. Correlation curves were constructed from pho-
tons during 515 nm excitation, selected from bursts matching de�ned E , S criteria. Although
in principle any auto- or cross correlation (e.g. (I1 = I2 = IA615) or (I1 = IA515 , I2 = ID515)) curve
can be computed from the selected photons, we used a particular autocorrelation function
(I1 = I2 = ID515 + IA515).�is ensures that bursts are weighted based on their intensity and not on
their FRET e�ciency, facilitating a comparison of the correlation of di�erent E-species.

5.3 Results

5.3.1 ALEX-spFRET resolves nucleosome sample heterogeneity

To characterize label stoichiometries and determine appropriate thresholds between di�er-
ent species, we used �uorescently labeled DNA samples that served as donor-only (D-only),
acceptor-only (A-only), and doubly labeled species (D+A, no FRET).�e corresponding 2D
E , S-histograms revealed a single dominant population for each sample with the predicted E , S
signature (�gures 5.2.a-c and table 5.1). Considerable D-only and A-only species were present
in the doubly labeled sample, e�ects of photobleaching. We used these results to determine
the following thresholds for the experiments on nucleosomes: D-only: S > 0.8, and A-only:
S < 0.2; free DNA and unwrapped nucleosomes without FRET: E < 0.25; wrapped nucleo-
somes with signi�cant FRET: E > 0.25. Since the number of molecules with E , S-values close
to the thresholds was small, the number of bursts in each fraction was only marginally depen-
dent on the position of the threshold.

�e 2D E , S-histogram obtained from reconstituted nucleosomes labeled at position Y are
shown in �gure 5.2.d and summarized in table 5.1. We observed a distinct, dominant pop-
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Figure 5.2: E , S footprint of nucleosomes and reference samples. a) Donor-only ssDNA b)
Acceptor-only ssDNA c) Donor and acceptor labeled dsDNA used in reconstitutions. d) Re-
constituted nucleosomes, label position Y. e) FRET histogram of all bursts (grey) and of doubly
labeled bursts (black). �e low FRET population is reduced considerably by �ltering out D-
only species. f) D-only �ltered E-histograms for label positions X,Y, and Z in the nucleosome.
Note the considerable population at intermediate FRET e�ciency.
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Table 5.1: E , S signature of the dominant populations in �gure 5.2.a-d.
Sample E (mean±σ) S (mean±σ) fraction size
Donor-only 0.11 ± 0.06 1.00 ± 0.03 100%
Acceptor-only 0.6 ± 0.6 0.02 ± 0.02 100%
Doubly labeled DNA 0.11 ± 0.07 0.56 ± 0.28 80%
Reconstituted nucleosomes 0.63 ± 0.22 0.45 ± 0.17 78%

ulation of doubly labeled and fully wrapped nucleosomes (78%), with E = 0.63 ± 0.22, and
S = 0.45± 0.17.�ree other populations could be clearly resolved: doubly labeled unreconsti-
tuted DNA or unwrapped nucleosomes (8%), and photobleached or partially labeled D-only
(8%) and A-only (6%) populations,.�ese single-molecule characteristics agree well with re-
sults obtained from separate bulk experiments (data not shown): using UV-VIS absorption
spectroscopy, bulk �uorescence spectra, and PAGE we deduced that the sample consisted of
~80% doubly labeled reconstituted nucleosomes with E = 0.75, ~8% doubly labeled unrecon-
stituted DNA, and incompletely labeled species (~5% for D-only or A-only). �ese results
demonstrate a powerful advantage of combining spFRET with ALEX: a single experiment is
su�cient to resolve the heterogeneity in the sample.

5.3.2 ALEX selection resolves DNA breathing in nucleosomes

In the FRET histogram constructed from all detected bursts (similar to the case of single-
wavelength excitation), 16% of the bursts falls in the E < 0.25 (low FRET) population, as shown
in �gure 5.2.e. When only bursts are selected that contain both donor and acceptor labels, 9%
fall in this population that we can attribute to free DNA or unwrapped nucleosomes present
in the sample.

�is D-only correction enabled us to characterize and compare nucleosome reconstitu-
tions at di�erent label positions X,Y, and Zwithin their 1D E-histograms, una�ected by bleach-
ing and labeling artifacts which amounts to 40% of the low FRET population. We compared
the resulting selected FRET histograms shown in �gure 5.2.f. �e results are summarized in
table 5.2. For each reconstituted nucleosome (X,Y and Z) the size of the low FRET population
agreed well with the observed fraction of unreconstituted free DNA in PAGE experiments.
Each wrapped nucleosome population showed a clear peak, with slightly di�erent FRET e�-
ciencies that re�ect the di�erent label attachment positions for the FRET pairs on the di�erent
DNA templates. Importantly, each distribution showed a pronounced tail extending from the
peak towards intermediate FRET values. �e histogram could not be �tted with a sum of
two Gaussian distributions, indicating the presence of a third population of considerable size.
�ese intermediate FRET values cannot be explained by the simultaneous transit of multiple
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Table 5.2: Comparison of FRET characteristics and high (E > 0.4), intermediate (0.25 < E <
0.4), and low (E < 0.25) FRET populations of end-labeled (X,Z) and internally labeled (Y)
nucleosome reconstitutions, based on the FRET histograms in �gure 5.2.f.

Nucleosome E < 0.25 0.25 < E < 0.4 E > 0.4 Keq E of main population
X 36% 19% 45% 0.37 0.53 ± 0.3
Y 8% 6% 86% 0.07 0.63 ± 0.22
Z 17% 13% 70% 0.19 0.61 ± 0.27

species through the detection volume, since the concentration is low enough (100-200 pM)
that the presence of more than a single molecule in the spot is highly improbable. Control
measurements at 20 pM concentration showed the same intermediate FRET population. Here
we assign the tails in the FRET distribution to molecules in which spontaneous unwrapping
or rewrapping of DNA [6] occurred during their transit through the excitation volume. �e
observed intermediate FRET value corresponds to ~10 bp unwrappedDNA fromnucleosomes
X and Z, and ~35 bp from nucleosome Y.�e smaller fraction in Y this suggests that the �rst
~10-35 bp of the nucleosomal DNA progressively unwrap, starting from either end. It must
be noted that the amount of unwrapped DNA mentioned here is a rough estimate, given the
many assumptions needed to convert a FRET e�ciency to a distance (e.g. freely rotating dyes,
γ = 1, the conformation of the unwrapped DNA). We used di�erent label positions to monitor
the unwrapping of nucleosomal DNA in order to avoid this complexity for the most part.

�e size of the distribution allowed us to determine the equilibrium constant for DNA
unwrapping. �e equilibrium constants we observed were Keq = 0.19 − 0.37 for end-labeled
nucleosomes Z and X, and Keq = 0.07 for internally labeled nucleosomes Y.�e value of the
equilibrium constant was only marginally dependent on the thresholds between the di�erent
populations, or on the thresholds used for burst detection: the number of bursts close to the
thresholds E , S-values was small, and the relative size of the populations only changed a few
percent when using di�erent burst detection criteria (50 instead of 100 photons per burst, or
150 instead of 100 µs interphoton time).

5.3.3 Monovalent salt promotes DNA unwrapping and nucleosome disas-
sembly

Although the low FRET population agrees well with the fraction of unreconstituted DNA, it
may also indicate dissociation of the nucleosomes in the sample, as reported before [10]. Kel-
bauskas et al. [13] reported that nucleosomes are less stable at physiological conditions that
contain >100 mM NaCl than at the low salt concentrations used in many studies of nucle-
osome dynamics [7, 13]. To follow the structural integrity of the nucleosomes, we analyzed
E , S-populations for di�erent salt concentrations in time. We quanti�ed the number of bursts
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Figure 5.3: Nucleosome disassembly kinetics for several salt concentrations in time.�e frac-
tion of intact nucleosomes (E > 0.25) in time for di�erent monovalent salt concentrations,
bu�ered with 10 mM Tris.HCl (pH 8). �e lines are linear (0 mM NaCl) or exponential (50
and 100 mM NaCl) �ts to the data. Inset �e fraction of doubly labeled (0.2 < S < 0.8)
molecules in time. For each salt concentration tested, this fraction is constant over time.

in each population for 30 s bins and compared the relative size of each fraction as a function of
time.�e fraction of intact nucleosomes was monitored by evaluating the ratio of the number
of E > 0.25 to all doubly labeled molecules, as shown in �gure 5.3.
In 10 mM Tris.HCl the fraction of intact nucleosomes was constant over time, and was

equal to the reconstitution yield as determined with PAGE (90%). In contrast, at 50 and
100 mM NaCl (both + 10 mM Tris.HCl) we observed pronounced nucleosome disassembly:
the fraction of intact nucleosomes decreased exponentially with a decay time of 200 ± 30 s
a�er the addition of NaCl. At 100 mM NaCl only 10% of the nucleosomes remained folded,
whereas 30% was retained in 50 mM NaCl. �e disassembly process was irreversible upon
subsequent lowering of the salt concentration. A comparison of the FRET distributions for
0 mM and 50-100 mM NaCl was not straightforward, because of this instability.�e fraction
of bursts with intermediate E compared to those with high E was on average higher (15%) at
50-100 mM than at 0 mM NaCl (7%), indicating that breathing dynamics was promoted at
higher salt conditions.�e fraction of doubly labeled species did not change over time for all
salt concentrations, as shown in �gure 5.3 (inset).�is indicates that photobleached species did
not accumulate near the detection volume, but were continuously redistributed by di�usion.

In summary, 50-100 mMmonovalent salt promotes both reversible nucleosome breathing
kinetics and irreversible nucleosome disassembly processes at low nucleosome concentration.
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Figure 5.4: Correlation curves (inset: Unscaled correlation curves) of selected bursts in a nucle-
osome sample, and of a free DNA sample.�e nucleosomes show an increased di�usion time
compared the DNA. Nucleosome fraction can only be separated based on FRET; the di�usion
time in free solution is una�ected by conformational changes within the nucleosome.

5.3.4 Fluorescence correlationanalysis of selectednucleosomepopulations
shows unwrapping at low FRET

Byperforming�uorescence correlation spectroscopy (FCS),ALEX-spFRETallowedus tomon-
itor the conformation of nucleosomes. FCS was applied to selected bursts to determine the
di�usion time, which is directly related to the hydrodynamic radius of the nucleosomes in the
selected population. We �rst mapped out the composition of the sample with ALEX, and only
included particular bursts of �uorescence selected on both E and S value in FCS-analysis. To
characterize the hydrodynamic radius of a population matching de�ned criteria in E and S,
we performed FCS on doubly labeled bursts in a de�ned E-range to characterize their dif-
fusion behavior. We calculated the auto-correlation curve G (τ) from all photons from both
detection channels during green excitation, and separated three populations: E > 0.25 (all nu-
cleosomes), E < 0.25 (free DNA or unwrapped nucleosomes) and 0.25 < E < 0.4 (partially
unwrapped nucleosomes), shown in �gure 5.4.

�e individual correlation curves showed a qualitatively similar decay as FCS di�usion
curves reported in literature [24] that were not composed of selected E , S-bursts. In the limit
of small correlation times τ,G was constant with an amplitude that was inversely related to the
number of bursts (see inset in �gure 5.4). For larger lag times, G decreased at τ = 1 ms towards
its �nal value G = 0. We determined the time lag at half amplitude (τ 1

2
) as the characteristic
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di�usion time from an FCS curve from selected bursts. Uncertainties were estimated from the
change in τ 1

2
corresponding to a change of one standard deviation in the initial amplitude of the

correlation curve. �e standard deviation in the amplitude was calculated using a bootstrap
method, i.e. by dividing one measurement in smaller data packages analogous to Wohland et
al. [25]. �e characteristic times were τ 1

2
= 1.2±0.1 ms, τ 1

2
= 1.3±0.2 ms, and τ 1

2
= 1.4±0.3 ms

for E > 0.25, E < 0.25 and 0.25 < E < 0.4 respectively. �e obtained values were the same
within the statistical uncertainty, andhence the three populationswere indistinguishable based
on di�usion. Control measurements on a DNA template sample yielded τ 1

2
= 0.84 ± 0.04 ms,

signi�cantly shorter than any of the populations in the nucleosome sample. �is shows that
the E < 0.25 fraction in the nucleosome sample does not only contain unreconstituted DNA,
but also a signi�cant amount of unwrapped nucleosomes with larger hydrodynamic radius.

�e correlation curves of the nucleosome species did not follow a simple di�usion model
typically �tted to FCS curves. We further noted that the selection process results in reduced
data-sets that produce a smaller signal-to-noise ratio (SNR).�e bene�ts of selecting speci�c
species in a heterogeneous sample may in certain applications outweigh the reduced SNR as-
sociated with the combination of ALEX-spFRET-FCS. In summary, using FCS on selected
populations, we deduced that the low FRET population contains a signi�cant amount of un-
wrapped nucleosomes, apart from the unreconstituted DNA.

5.3.5 Gel separated nucleosomes are transiently unwrapped in a progres-
sive way from both nucleosome ends

To better resolve di�erence in nucleosome conformation, we used native PAGE to separate
nucleosomes from DNA. Nucleosomes con�ned in a gel are expected to di�use slower, result-
ing in a longer observation time, better photon statistics, and enhanced sensitivity to molec-
ular conformation. An additional advantage of this approach is that virtual E , S-sorting is
supplemented by sorting based on gel separation [26]. �is results in a well-de�ned nucle-
osome band, not contaminated with free, unreconstituted DNA and nucleosome aggregates,
two species that cannot be separated based on S alone.
Low resolution �uorescence images of the gel are shown in �gure 5.5.a-d (le� panels). All

lanes with the nucleosome reconstitutions showed a sharp band of nucleosomes which mi-
grated slower through the gel than the free DNA band.�e ratio of nucleosomes to free DNA
was 8:1 for the reconstitution at label positionX, and 9:1 for the reconstitutions at label positions
Y and Z.�e nucleosomes migrated in a sharp band, indicating that dilution driven dissocia-
tion was not occurring during gel electrophoresis (~3h), despite the elevated ionic strength of
40 mM in the gel. Trace amounts of �uorescence were detected outside these two bands, in-
dicating that aggregation or formation of non-nucleosomal particles was small, and that these
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Figure 5.5: ALEX-spFRET spectroscopy on gel separated nucleosomes a) X, b) Y, c) Z and d)
DNA from template Z. Le� panels Fluorescence image (acceptor excitation) of PAGE analysis
of reconstituted nucleosomes and the corresponding DNA templates. N: nucleosome band, D:
DNA band. Middle panels E , S-histograms of ALEX-spFRET experiments in gel in the nucle-
osome bands, andDNA band Z depicted. A low FRET peak can be observed in all nucleosome
bands, which points at progressive DNA unwrapping from the nucleosome ends. Right panels
Burst-wise FCS analysis on nucleosome populations in gel. For nucleosomes X and Z, a clear
di�erence in correlation time can be seen for di�erent FRET e�ciencies, re�ecting di�erent
conformations. For nucleosome Y, the di�erence is smaller. All nucleosome populations dif-
fuse signi�cantly slower than the DNA.
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were successfully separated.

�e �uorescence images allow for a quantitative measurement of the FRET e�ciency of
puri�ed nucleosomes. However, transient nucleosome conformations cannot be resolved in
these images. To detect these, we applied ALEX-spFRET experiments in excised gel bands
of interest. �e corresponding 2D E , S histograms are shown in the middle panels in �gure
5.5.a-d. We observed a clear high FRET population in all nucleosome bands, with the same
characteristic E and S values as those observed in free solution. Surprisingly, in all nucleo-
some bands we observed a rather large fraction of bursts with S = 0.5, E < 0.25, amounting
to 38% for the end labeled nucleosomes X and Z, and 10% for internally labeled nucleosome
Y a�er correction for D-only species (see �gure 5.6 and table 5.3). �is fraction could not
originate from free DNA and sub-stoichiometric histone-DNA complexes, since these result
in di�erent bands in the gel. Even though the ionic strength of the bu�er was 40 mM we did
not observe irreversible nucleosome disassembly during the experiment (10 min per gel band,
~1h in total) in the time evolution of the E , S-histograms, in contrast to similar experiments in
free solution.�erefore, this fraction probably re�ects the nucleosomes that temporarily lose
FRET by transient unwrapping.�e unwrapped fractions had the same size for nucleosomes
X and Z, indicating that DNA unwrapping is symmetric from both ends. Since also a con-
siderably smaller unwrapped fraction was observed in internally labeled nucleosomes Y, we
conclude that DNA unwrapping occurs progressively with a lower probability as the DNA is
located further in the nucleosome. We again observed a signi�cant fraction with intermediate
FRET values (20% for X and Z, 10% for Y), that we assigned to either partially unwrapped nu-
cleosomes, or transient unwrapping and rewrapping events during the di�usion through the
confocal excitation volume.

In all gel experiments, A-only and D-only populations (12% and 20% respectively) were
more pronounced than in free solution (8% and 10% respectively). Since nucleosomes di�use
slower in the gel, the attached FRET pair is longer exposed to the excitation light, increas-
ing the probability that either �uorophore bleaches. ALEX allows a label stoichiometry based
sorting, and hence the presence of such bleached species did not interfere with the detection
of correctly labeled low FRET species.

In order to gain more insight into the underlying molecular conformations, we analyzed
the di�usion characteristics of the various fractions (E > 0.25 and E < 0.25) with an FCS anal-
ysis on selected bursts. �e results are shown in �gure 5.5 (right panels), and summarized in
table 5.3.�e correlation times for nucleosomes were approximately three times longer in gel
than in free solution, re�ecting a slower di�usion process. Furthermore, the bursts in the nu-
cleosomes bands showed considerably longer correlation times, showing that gel-based FCS
has a larger resolving power than solution-based FCS. For all nucleosomes (i.e. X, Y, and Z),
the unwrapped nucleosomes di�used slower than nucleosomes with E > 0.25.�is is consis-
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Figure 5.6: D-only corrected E-histograms for nucleosomes X,Y, and Z in in gel. A low FRET
population can clearly be observed at all three labeling positions.�e low FRET population is
38% for X and Z, and 10% for Y, indicating progressive and pronounced nucleosome unwrap-
ping from both ends.

tent with the predicted larger hydrodynamic radius of unwrapped nucleosomes as compared
to the more compact fully wrapped nucleosomes, schematically depicted in the cartoons in
�gures 5.5.a-c (right panels). We note that nucleosomes that show FRET can still represent a
heterogeneous population: although the FRET pair only reports on unwrapping at the side
where it is located, X and Z feature symmetric unwrapping behavior. �erefore, in terms of
hydrodynamic radius it can be expected that a fraction of nucleosomes is unwrapped on either
side. How unwrapping of one end of the nucleosome a�ects the DNA at the other end remains
an open question, however. Nucleosomes Y with E > 0.25 were anticipated to be partially
unwrapped from the nucleosome end in 28% of the bursts, resulting in a more open struc-
ture and larger hydrodynamic radius, and therefore in slower di�usion than for completely
wrapped end-labeled nucleosomes. �e observed di�erence in di�usion time is comparable
to the uncertainty however, and better statistics are needed to con�rm whether this di�erence
is signi�cant. Nucleosomes Y with E < 0.25 are unwrapped for at least 30-40 bp in 10% of
the bursts (Keq ∼ 0.1). Nucleosomes X and Z without FRET are unwrapped in 38% of the
bursts (Keq ∼ 0.6), and must therefore be either unwrapped for 10-20 bp (28%, Keq ∼ 0.4) or
for 30-40 bp (10%, Keq ∼ 0.1). Surprisingly, this fraction showed the slowest di�usion of all
fractions tested, even though the suggested conformation from the FRET signature does not
correspond to the most unwrapped and extended state of the nucleosome.�e di�erences in
correlation times between nucleosome fractions can probably bemore completely understood
in the light of gel-retardation studies [27].

In conclusion, the combined PAGE-ALEX-spFRET-FCS data resolve an even more acces-
sible set of conformations than obtained in solution.
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Table 5.3: Correlation analysis of nucleosome populations in gel
Wrapped fraction Unwrapped fraction

Sample τ 1
2
(ms) Fraction size τ 1

2
(ms) Fraction size Keq

X 2.7 ± 0.3 61% 4.5 ± 0.8 39% 0.6
Y 3.1 ± 0.3 90% 3.5 ± 1.2 10% 0.1
Z 2.7 ± 0.3 62% 4.7 ± 0.8 38% 0.6
DNA - - 0.90 ± 0.05 98% -

5.4 Discussion and Conclusion

Combining PAGE, ALEX-spFRET and FCS To resolve the intrinsic dynamic heterogene-
ity of nucleosomes, it was necessary to combine PAGE-ALEX-spFRET and FCS in a single
experiment. Each technique complements the others and here we show that the techniques
can be performed simultaneously on the same sample. �e combination ALEX-spFRET has
proven itself capable of accurately mapping stoichiometric heterogeneity, allowing for exclu-
sion of the unwanted D-only fraction from data-analysis (see e.g. Kapanidis et al. [28]). Here,
we used ALEX to exclude a photobleachedD-only fraction from data-analysis to allow for cor-
rect observation of low FRET populations. �is D-only correction is even more essential for
the experiments in gel because of increased photobleaching due to slower di�usion. ALEX-
spFRET allowed us to strengthen the evidence for earlier conclusions obtained by others. We
con�rmed that breathing is enhanced at higher salt concentrations [6], that disassembly is
promoted at higher salt and picomolar nucleosome concentration [12], that nucleosome ends
are less stable than internal regions [14], and that broadening of the FRET histogram is indica-
tive of nucleosome dynamics [11]. Our new �ndings reveal that nucleosomes are unwrapped
with a higher equilibrium constant than demonstrated earlier [6], but yet remain stably asso-
ciated. Pronounced breathing does not directly result in disassembly of the nucleosome into
sub-stoichiometric DNA-histone complexes.

PAGE-ALEX-spFRET is a new and powerful combination of techniques whose potential
has only recently been pointed out by Santoso et al. [26]. We successfully used it to remove
unreconstituted DNA, which interferes with a correct observation of unwrapped nucleosomes
with low and intermediate FRET characteristics, from our data-analysis. Optimized reconsti-
tution protocols and titration reactions can minimize but never fully remove all free DNA;
in the work presented by Gansen et al. [10] and in our work, a fraction of ~10% free DNA is
mentioned. Reconstitution reactions can be further puri�edwith for example sucrose gradient
ultracentrifugation [6], or PAGE with gel elution [29]. �is complicates sample preparation
and does not necessarily result in a 100% pure nucleosome sample as the conditions for puri�-
cation may result in disassembly itself [29].
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FCS analysis can be includedwithALEX-spFRET spectroscopy andPAGE separationwith-
out any modi�cations of the experimental setup, since it only requires a correlation analysis of
the detected photon streams to report on the di�usion behavior. Although photon selection
criteria are common practice in FCS (e.g. based on lifetime for time-gated FCS [30], or based
on detection channel for a standard cross-correlation), the correlation analysis on selected
bursts presented here has not been reported before. By using bursts from a selected nucle-
osome population for FCS analysis, a di�usion time can be recovered that is directly related
to the hydrodynamic radius of the population, which in turn depends on its conformation.
Here we quantitatively compared correlation curves based on the τ 1

2
, avoiding �tting of the

curves with an analytical expression. Amodel that describes the correlation curve would need
to encompass i) how the burst-selection algorithm a�ects the photon streams and how this
in�uences the shape of the curve, ii) anomalous di�usion of nucleosomes in gel [24], as well as
iii) an accurate description of DNA breathing conformational changes including its kinetics.
A comprehensive analysis of these contributions is beyond the scope of this study, but could
potentially uncover more details.

�e application of this combined PAGE-ALEX-spFRET-FCS approach is not limited to
the study of nucleosomes, but can in principle be exploited to study a variety of heterogeneous
systems. Any process involving transient DNA-protein conformations, such as the action of
ATP-dependent remodeling enzymes on nucleosomes, is dynamic and heterogeneous in na-
ture. Only a single set of experiments is needed to extract a wealth of information about the
conformational distribution and dynamics underlying such DNA-protein interactions.

Progressive nucleosome unwrapping �e combined data for end-labeled and internally la-
beled nucleosomes, both in free solution and in gel, indicate that transient DNA unwrapping
occurs progressively from both nucleosome ends. �is is consistent with the DNA breathing
model, where transient DNA release initiates at the nucleosome end and proceeds inward [31].
Progressive unwrapping fromboth ends implies that even in a homogeneous nucleosome pop-
ulation a variety of nucleosome conformations exists simultaneously.�is was con�rmed here
based on di�usion times determined with FCS.�ough the 601 DNA sequence used for nucle-
osome reconstitutions in this work is not palindromic, we did not observe sequence dependent
DNA unwrapping from the nucleosome ends.
Our single-molecule observations of DNA breathing show much more pronounced un-

wrapping (Keq ∼ 0.1 − 0.6) than studies where DNA site exposure for di�erent positions in
the nucleosome was monitored using classical enzyme binding assays (Keq = 0.02 − 0.1 at the
nucleosome ends [6, 8]). �is di�erence may in part result from di�erences in experimen-
tal conditions and nucleosome constructs. In particular, at the subnanomolar nucleosome
concentrations used in this work, nucleosomes are known to be less stable due to weakened
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interactions with the H2A-H2B histone dimer that binds the region close to DNA ends [32],
which is preceded by DNA breathing.

Unwrapping and rewrapping rates obtained by Li et al. [7] and by our previous work on
immobilized nucleosomes [17, 18] suggest that the lifetime of the unwrapped state is 10-50 ms.
Fluctuations on this timescale cannot be resolved with our current approach, since the di�u-
sion time is an order of magnitude smaller (~1 ms) than the predicted �uctuations. Fluctua-
tions caused by nucleosome dynamics will a�ect the FRET value and the width of the distribu-
tion for di�erent populations in an E-histogram.�e latter information can be used to extract
information about how the breathing rates compare to the di�usion time [33]. For example,
since the experiments in gel reveal a clear low FRET population of unwrapped nucleosomes in
the histogram, we deduce that no conformational �uctuations that broaden this peak occurred
during di�usion through the confocal volume.�is yields a lower limit (~4.5 ms in gel) for the
lifetime of the unwrapped state.

Disassembly of nucleosomes into sub-stoichiometric histone-DNA complexes is increas-
ingly recognized as a relevant process in chromatin structural maintenance [34]. It vastly
complicates the analysis of the nucleosome sample, because of the large number of possible
conformations. Despite the pronounced DNA unwrapping far into the nucleosome, we did
not observe irreversible nucleosome disassembly at low salt conditions or in the gel: the frac-
tion of nucleosomes at low salt concentration in free solution experiments was the same as
the fraction obtained from bulk experiments (within experimental error), and a sharp, stable
band of nucleosomes in gel indicated that irreversible disassembly was absent. Nucleosome
disassembly can be prevented by using high concentrations of unlabeled nucleosomes, as was
demonstrated by Gansen et al. [10]. �is allowed us to perform experiments at physiologi-
cal salt conditions in free solution (data not shown). In the experiments reported here, a gel
matrix prevents dilution-driven nucleosome disassembly, possibly due to crowding. Crowded
conditions may very well be physiologically relevant, since they closely resemble the situation
in the cell nucleus.

In conclusion, our results show that the nucleosome is transiently unwrapped, but yet the
histone proteins and the DNA remain stably associated.�e nucleosome is more accessible to
binding of regulatory proteins on the nucleosomal DNA than was shown previously [6]. Our
�ndings, obtained using a powerful combination of single-molecule �uorescence techniques
and gel electrophoresis, emphasize the delicate interplay between DNA accessibility and con-
densation in chromatin. �e method presented here is not restricted to the study of nucle-
osomes, but can be exploited to resolve the dynamics of other heterogeneous DNA-protein
complexes as well.
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Summary

Nucleosomes form the �rst level of DNA compaction in eukaryotic nuclei. Nucleosomes ster-
ically hinder enzymes that bind the nucleosomal DNA, and hence play an important role in
gene regulation. In order to understand how accessibility to nucleosomal DNA is regulated,
it is necessary to resolve the molecular mechanisms underlying conformational changes in
the nucleosome. �is thesis presents the results of an experimental study of nucleosome dy-
namics, using single-pair Fluorescence Resonance Energy Transfer (spFRET) as a reporter of
nucleosome conformation at the single-molecule level. Each chapter was written as a separate
research article focusing on speci�c aspects of nucleosome conformational changes and the
experimental methodology used to study these.

Chapter 2 gives a detailed overview of the procedures that were established to reconsti-
tute nucleosomes with a FRET pair exactly at the desired location, and to analyze them with
ensemble and single-molecule techniques: we generated a DNA template containing a 601 nu-
cleosome positioning sequence. Donor and acceptor were incorporated at speci�c locations
in the DNA using a polymerase chain reaction (PCR) with �uorescently labeled primers. We
reconstituted mononucleosomes from the template DNA and histone octamer proteins with
salt dialysis.�e reconstitution yieldwas approximately 90%, as observedwith polyacrylamide
gel electrophoresis (PAGE). Using wide�eld Total Internal Re�ection Fluorescence (TIRF)mi-
croscopy on immobilizedmolecules, we observed and quanti�edDNAbreathing dynamics on
individual nucleosomes. Alternatively, �uorescence microscopy on freely di�using molecules
in a confocal detection volume allowed a fast characterization of nucleosome conformational
distributions.
In Chapter 3 we applied spFRET microscopy for direct observation of intranucleosomal

DNA dynamics. Mononucleosomes, containing a FRET pair at the dyad axis and at the exit of
the nucleosome core particle, were immobilized through a 30 bp DNA tether on a polyethy-
lene glycol (PEG) functionalized slide and visualized using TIRFmicroscopy. FRET e�ciency
time-traces revealed two types of dynamics: acceptor blinking and intramolecular rearrange-
ments. Both Cy5 and ATTO647N acceptor dyes showed severe blinking in a deoxygenated
bu�er in the presence of 2% β-mercaptoethanol (βME). Replacing the triplet quencher βME
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with 1 mM Trolox eliminated most blinking e�ects. A�er suppression of blinking three sub-
populations were observed: 90% appeared as dissociated complexes; the remaining 10% fea-
tured an average FRET e�ciency in agreement with that found in intact nucleosomes. In 97%
of these intact nucleosomes no signi�cant changes in FRET e�ciency were observed in the
experimentally accessible time window ranging from 10 ms to 10s of seconds. However, 3% of
the intact nucleosomes showed intervals with reduced FRET e�ciency, clearly distinct from
blinking. �ese �uctuations with a lifetime of 120 ms, could unambiguously be attributed to
DNA breathing. �e �ndings in this chapter illustrate the merits but also typical caveats en-
countered in single-molecule FRET studies on complex biological systems.
Because we observed that many immobilized molecules appeared as dissociated nucleo-

somes, we further explored the issue of nucleosome immobilization inChapter 4. Immobiliza-
tion has several advantages: it allows the extension of observation times to a limit set only by
photobleaching, and thus opens the possibility of studying processes occurring on timescales
ranging from milliseconds to minutes. It is crucial however, that immobilization itself does
not introduce artifacts in the dynamics or a�ects nucleosome structure. We tested various nu-
cleosome immobilization strategies, such as single point attachment to PEG or bovine serum
albumin (BSA) coated surfaces, and con�nement in porous agarose or polyacrylamide gels.
We compared the immobilization speci�city and structural integrity of immobilized nucle-
osomes for these strategies. A crosslinked star-PEG coating performed best with respect to
tethering speci�city and nucleosome integrity, and enabled us for the �rst time to reproduce
bulk nucleosome unwrapping kinetics in single nucleosomeswithout immobilization artifacts.
InChapter 5we chose a complementary approach to prevent immobilization artifacts and

show howDNA unwrapping occurs progressively from both nucleosome ends. We performed
spFRET spectroscopy with Alternating Laser Excitation (ALEX) on nucleosomes either in free
solution or con�ned in a gel a�er PAGE separation. We combined ALEX-spFRET with a
Fluorescence Correlation Spectroscopy (FCS) analysis on selected bursts of �uorescence to
resolve a variety of unwrapped nucleosome conformations. �e experiments revealed that
nucleosomes are transiently unwrapped with an equilibrium constant of ∼ 0.2 − 0.6 at nu-
cleosome ends, and ∼ 0.1 at a location 27 basepairs inside the nucleosome. �e DNA and
histones yet remain stably associated. Our �ndings, obtained using a powerful combination
of single-molecule �uorescence techniques and gel electrophoresis, emphasize the delicate in-
terplay between DNA accessibility and condensation in chromatin.
In conclusion, we resolved nucleosome dynamics by carefully applying single-pair �uores-

cence resonance energy transfer spectroscopy in two di�erent microscope setups. We showed
that nucleosomal DNA is frequently unwrapped, allowing for interactions with other DNA
binding proteins.�e versatile techniques presented in this thesis can further be exploited to
study the dynamics of other heterogeneous DNA-protein complexes than the nucleosome.
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Samenvatting

NucleosoomDynamicaOntrafeldmetEnkel-PaarFluorescentieResonantie
Energie Overdracht Spectroscopie

Het nucleosoom is de eerste stap van DNA condensatie in de celkern. Nucleosomen vormen
obstakels voor enzymen die het opgevouwen DNA binden, en spelen om die reden een be-
langrijke rol in genregulatie. Om te begrijpen hoe de toegankelijkheid tot nucleosomaal DNA
wordt gecontroleerd, is het noodzakelijk omdemoleculairemechanismen te ontrafelen die ten
grondslag liggen aan vormveranderingen van het nucleosoom. Dit proefschri� doet verslag
van een experimentele studie over de dynamica van nucleosomen, uitgevoerd met behulp van
enkel-paar Fluorescentie Resonantie Energie Overdracht Spectroscopie (single-pair Fluores-
cence Resonance Energy Transfer, ofwel spFRET). Met spFRET is het mogelijk de structuur
van het DNA in een enkel nucleosoom te volgen in de tijd. Elk hoofdstuk van dit proefschri�
werd als losstaand onderzoekartikel geschreven en gee� een andere inkijk in nucleosoom dy-
namica of in de experimentele methodes die we hebben toegepast.

Hoofdstuk 2 beschrij� in detail de procedures die we hebben gebruikt om nucleosomen
te maken met een FRET paar op de gewenste locatie, en hoe we deze nucleosomen met en-
semble technieken en enkel-molecuul technieken hebben bestudeerd. We genereerden een
kunstmatig stuk DNA op basis van de 601 sequentie, die een zeer hoge a�niteit voor de his-
ton octameer hee� en daardoor een nucleosoom op één goed gede�nieerde plek vormt. De
donor en de acceptor �uorofoor werden op een speci�eke plek in het DNA ingebouwd met
behulp van PCR met �uorescente primers. Nucleosomen werden geassembleerd uit dit DNA
en losse histon eiwittenmet behulp van zout dialyse. De opbrengst van deze reconstitutie reac-
ties was ongeveer 90%, volgens metingen met polyacrylamide gel elektroforese (PAGE). Door
middel van Totale Interne Re�ectie Fluorescentie (TIRF) microscopie op geïmmobiliseerde
moleculen, hebbenwij de dynamica vanhet ontwinden vanDNA innucleosomenwaargenomen
en gekwanti�ceerd. Ook hebbenwemet een confocale �uorescentiemicroscoop de statistische
verdeling van de verschillende conformaties van deze nucleosomen in kaart gebracht, terwijl
ze vrij di�underen in het confocaal detectievolume.
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In Hoofdstuk 3 hebben we spFRET microscopie toegepast om de dynamica van DNA in
nucleosomen rechtstreeks te observeren. Mononucleosomen, met een FRET paar bij de dyade
en de uitgang van het nucleosoom, werden geïmmobiliseerd door zemet een 30 bp lange streng
DNA vast te binden aan een microscoopglaasje dat was gefunctionaliseerd met een coating
van polyethyleen glycol (PEG). De moleculen werden vervolgens geobserveerd met TIRF mi-
croscopie. Het FRET signaal van enkele moleculen als functie van de tijd liet twee soorten
dynamica zien: tijdelijke onderbrekingen in de �uorescentie van de acceptor en vormveran-
dering in het nucleosoom. Zowel een Cy5 als ATTO647N acceptor �uorofoor vertoonde "fo-
toknipperen" in een zuurstofarme bu�er met 2% β-mercaptoethanol (βME). Het vervangen
van de triplet-afvanger βME door 1 mM Trolox verhielp dit e�ect. Na het onderdrukken van
fotoknipperen werden drie sub-populaties waargenomen: 90% van demoleculen was gedisso-
cieerd DNA-eiwit complex; de resterende 10% had een gemiddelde FRET e�ciency die past bij
intacte nucleosomen. In 97% van deze intacte nucleosomen vonden we geen signi�cante ver-
anderingen in de FRET e�ciency, en dus geen DNA dynamica op een tijdschaal tussen 10 ms
en tientallen seconden. Echter, in 3% van de intacte nucleosomen namen we kortstondige in-
tervallenmet een verminderde energie overdracht waar. Deze �uctuaties, met een gemiddelde
levensduur van 120 ms, waren duidelijk anders dan "fotoknipperen" en konden ondubbelzin-
nig toegeschreven worden aan het "ademen" van nucleosomaal DNA - het tijdelijk loskomen
en terugvouwen vanDNAvan de uiteinden van het nucleosoom. De bevindingen in dit hoofd-
stuk illustreren de verdiensten van spFRET microscopie, maar ook de valkuilen waar men op
beducht moet zijn bij onderzoek aan complexe biologische systemen.

Omdat wij waarnamen dat veel geïmmobiliseerde nucleosomen waren gedissocieerd, heb-
ben we het onderwerp van nucleosoom immobilisatie verder uitgediept inHoofdstuk 4. Im-
mobilisatie hee� een aantal voordelen: het staat het verlengen van observatietijden toe tot aan
een limiet die slechts door photobleken wordt bepaald. Dit opent de mogelijkheid om pro-
cessen te bestuderen die plaatsvinden met een tijdschaal tussen milliseconden en minuten.
Het is wel essentieel dat immobilisatie zelf de dynamica of structuur van het nucleosoom niet
beïnvloedt. Daarom hebben wij diverse strategieën voor het immobiliseren van nucleosomen
getest, zoals speci�eke verankering aan een oppervlakmet een coating vanpolymeren (PEG) of
eiwitten (BSA), en het opsluiten van nucleosomen in de waterige poriën van agarose of poly-
acrylamidegels. Voor elk van deze strategieën vergeleken we hoe speci�ek de immobilisatie
was, en hoeveel geïmmobiliseerde nucleosomen intact bleven. Een coating van stervormige
PEG ketens die een netwerk vormen presteerde het best op deze twee aspecten. Deze coating
stelde ons in het staat om kinetiek, zoals die was geobserveerd in een ensemble van nucleo-
somen, te reproduceren op het niveau van een enkel molecuul, terwijl we immobilisatiearte-
facten uit konden sluiten.

In Hoofdstuk 5 hebben we gekozen voor een andere wijze om immobilisatieartefacten te
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verhinderen. Wij pasten spFRET spectroscopie toe met Alternerende Laser Excitatie (ALEX)
op nucleosomen in vrije oplossing, of opgesloten in een gel na zuivering met poly acrylamide
gel elektroforese (PAGE). Daarnaast hebben we ALEX-spFRET gecombineerd met een Fluo-
rescentie Correlatie Spectroscopie (FCS) analyse op geselecteerde reeksen van �uorescentie,
waardoor we een verscheidenheid aan ontvouwde nucleosomen wisten te ontrafelen. Op die
manier hebben we laten zien hoe het openvouwen van DNA voortschrijdt vanaf beide uitein-
den van het nucleosoom. De experimenten laten zien dat het DNA kortstondig losvouwt van
de eiwitkern, met een evenwichtsconstante van ∼ 0.2 − 0.6 bij de uiteinden en ∼ 0.1 op een
plek 27 bp van het uiteinde in het nucleosoom, terwijl DNA en histonen toch op de lange ter-
mijn stabiel aan elkaar verbonden blijven. Onze bevindingen, die we hebben verkregen met
een krachtige synthese tussen enkel-molecuul �uorescentie technieken en gelelektroforese,
benadrukken de subtiele wisselwerking tussen toegankelijkheid en condensatie van DNA in
chromatine.
Samenvattend, wij hebben nucleosoom dynamica bestudeerd door spFRET spectroscopie

zorgvuldig toe te passen. We hebben laten zien dat DNA frequent loskomt van de histon
kern, waardoor nucleosomen intrinsiek toegankelijk zijn voor enzymen op biologische rele-
vante tijdschalen. De veelzijdige technieken die in dit proefschri� worden beschreven kunnen
verder worden benut om de dynamica te bestuderen van andere heterogene DNA-eiwitcom-
plexen dan het nucleosoom alleen.
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