
spFRET studies of nucleosome dynamics modulated by histone
modifications, histone variants and neighboring nucleosomes
Buning, R.

Citation
Buning, R. (2015, January 15). spFRET studies of nucleosome dynamics modulated by histone
modifications, histone variants and neighboring nucleosomes. Casimir PhD Series. Retrieved
from https://hdl.handle.net/1887/31477
 
Version: Not Applicable (or Unknown)
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/31477
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/31477


 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/31477 holds various files of this Leiden University 
dissertation. 
 
Author: Buning, Ruth 
Title: spFRET studies of nucleosome dynamics modulated by histone modifications, 
histone variants and neighboring nucleosomes 
Issue Date: 2015-01-15 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/31477
https://openaccess.leidenuniv.nl/handle/1887/1�


spFRET studies of nucleosome dynamics
modulated by histone modifications,

histone variants and neighboring
nucleosomes

PROEFSCHRIFT

ter verkrijging van

de graad van Doctor aan de Universiteit Leiden,

op gezag van Rector Magnificus prof. mr. C. J. J. M. Stolker,

volgens besluit van het College voor Promoties

te verdedigen op 15 januari 2015

klokke 11:15 uur

door

Ruth Buning

geboren te Amsterdam

in 1981



Promotiecommissie

Promotor: Prof. dr. T. Schmidt (Universiteit Leiden)
Co-promotor: Dr. ir. S. J. T. van Noort (Universiteit Leiden)
Overige leden: Prof. dr. E. R. Eliel (Universiteit Leiden)

Dr. D. M. Heinrich (Universiteit Leiden)
Dr. H. van Ingen (Universiteit Leiden)
Prof. dr. H. Schiessel (Universiteit Leiden)
Prof. dr. C. A. M. Seidel (Heinrich-Heine Universität

Düsseldorf)

Casimir PhD Series, Delft-Leiden, 2014-34
ISBN: 978-90-8593-206-2
An electronic version of this thesis can be found at https://openaccess.leidenuniv.nl
Dit werk maakt deel uit van het onderzoekprogramma van de Stichting voor Fundamenteel Onderzoek der
Materie (FOM), die financieel wordt ondersteund door de Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (NWO).



Aan Oma Fien



vi



Contents

Aim and outline of this thesis 1

1 spFRET on nucleosomes 3

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2 The nucleosome . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.1 Nucleosome dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 FRET . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 Reconstitution of nucleosomes . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.4.1 Relation between FRET efficiency and length of unwrapped DNA . 14
1.5 spFRET techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.5.1 Confocal microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.5.2 Widefield TIRF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.5.3 Alternating Laser Excitation . . . . . . . . . . . . . . . . . . . . . . . . 16

1.6 DNA breathing studied with spFRET . . . . . . . . . . . . . . . . . . . . . . . 18
1.7 DNA sequence effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.8 Histone modifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.9 Nucleosome remodeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
1.10 DNA accessibility in nucleosome arrays . . . . . . . . . . . . . . . . . . . . . 27
1.11 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2 Making spFRET experiments with nucleosomes succeed 31

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2 Reconstitution of nucleosomes with FRET pairs . . . . . . . . . . . . . . . . 32

2.2.1 DNA substrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2.2 Nucleosome reconstitution . . . . . . . . . . . . . . . . . . . . . . . . 35

2.3 Nucleosomes in a polyacrylamide gel . . . . . . . . . . . . . . . . . . . . . . 36
2.4 Sample preparation for spFRET . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.4.1 Dilution to single-molecule concentrations . . . . . . . . . . . . . . 37
2.4.2 Buffer conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

vii



Contents

2.4.3 Surface effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.5 Single-molecule fluorescence spectroscopy . . . . . . . . . . . . . . . . . . 40

2.5.1 Confocal setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.5.2 Single-molecule burst selection . . . . . . . . . . . . . . . . . . . . . 42
2.5.3 Caveats in spFRET . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.6 Quantitative comparison of multiple FRET techniques . . . . . . . . . . . 44
2.6.1 Bulk fluorescence spectroscopy . . . . . . . . . . . . . . . . . . . . . 44
2.6.2 PAGE and spFRET . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3 Genetic acetylation defines H3 K56Ac effects 53

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.2.1 Production of site-specifically acetylated histones . . . . . . . . . . 57
3.2.2 H3 K56Ac does not affect salt-dependent nucleosome stability . . . 59
3.2.3 H3 K56Ac increases DNA breathing in mononucleosomes . . . . . 60
3.2.4 Formation of higher-order chromatin structure in nucleosome ar-

rays is unaffected by H3 K56Ac . . . . . . . . . . . . . . . . . . . . . . 64
3.2.5 The effect of H3 K56Ac on chromatin remodeling . . . . . . . . . . . 66

3.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.4 Experimental procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.4.1 Expression and purification of acetylated histones . . . . . . . . . . 70
3.4.2 Single-molecule FRET . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4 H2A.Z containing nucleosomes with spFRET 73

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.2.1 Preparation of DNA constructs . . . . . . . . . . . . . . . . . . . . . . 78
4.2.2 Preparation of histone octamers . . . . . . . . . . . . . . . . . . . . . 78
4.2.3 Nucleosome reconstitution . . . . . . . . . . . . . . . . . . . . . . . . 80
4.2.4 Polyacrylamide gel electrophoresis . . . . . . . . . . . . . . . . . . . 80
4.2.5 spFRET sample preparation . . . . . . . . . . . . . . . . . . . . . . . . 80
4.2.6 Single-molecule fluorescence microscopy . . . . . . . . . . . . . . . 81
4.2.7 Single-molecule data analysis . . . . . . . . . . . . . . . . . . . . . . . 81

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.3.1 Gel electrophoresis reveals near 100 % reconstitution yield . . . . . 82
4.3.2 spFRET in gel shows H2A.Z-nucleosomes are more stable . . . . . . 84
4.3.3 FRET distributions are temperature independent . . . . . . . . . . . 84
4.3.4 spFRET measurements on nucleosomes depend critically on slide

passivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

viii



Contents

4.3.5 H2A.Z nucleosomes are more stable during extended periods of
storage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.3.6 Xenopus H2A.Z nucleosomes also more stable . . . . . . . . . . . . 89
4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5 Breathing in dinucleosomes 97

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.2.1 Preparation of DNA constructs . . . . . . . . . . . . . . . . . . . . . . 102
5.2.2 Nucleosome reconstitution . . . . . . . . . . . . . . . . . . . . . . . . 102
5.2.3 Polyacrylamide gel electrophoresis . . . . . . . . . . . . . . . . . . . 102
5.2.4 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.2.5 Single-molecule fluorescence microscopy . . . . . . . . . . . . . . . 104
5.2.6 Single-molecule data analysis . . . . . . . . . . . . . . . . . . . . . . . 106

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.3.1 Gel electrophoresis of (di)nucleosome reconstitutions . . . . . . . . 108
5.3.2 FRET distributions of mononucleosomes . . . . . . . . . . . . . . . . 110
5.3.3 Linker DNA increases DNA breathing . . . . . . . . . . . . . . . . . . 110
5.3.4 DNA breathing is affected by neighboring nucleosomes . . . . . . . 112

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
5.4.1 Sample handling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
5.4.2 Sample heterogeneity . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
5.4.3 Linker DNA increases breathing in mononucleosomes . . . . . . . . 117
5.4.4 Dinucleosomes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

References 121

Summary 131

Samenvatting 135

List of publications 143

Curriculum Vitae 145

Dankwoord 147

ix



x



Aim and outline of this thesis

The principle of encoding genetic information in DNA is common in all living organ-
isms and is very elegant in its simplicity. Yet the translation from genetic code to a func-
tioning living organism that reacts to its environmental conditions is tremendously
complex and far from understood. At the basis of the regulation of the genetic code
(DNA) in eukaryotes1, is its organization into nucleosomes: 10 nm wide structures, in
which ∼ 150 basepairs (bp) of DNA are wrapped around a disk of proteins, the his-
tone octamer. Arrays of nucleosomes are organized in fiber-like structures called chro-
matin, ultimately forming the well-known chromosome, that, in its most compact state
during cell division, can easily be visualized with a normal light microscope. This the-
sis focusses on the smallest units in chromatin, the nucleosomes, and how the physical
nature of these nucleosomes allows for dynamic accessibility of DNA for cellular pro-
cesses.

Nucleosomes realize a huge compaction of the DNA. In humans, the 2 m of DNA
(6 billion bp) present in every cell, forming a coil of ∼ 100 �m in diameter if not con-
densed [1], fits in the cell nucleus of only ∼ 5 �m in diameter. The compaction in the
form of nucleosomes provides the essential ‘tool’ to regulate accessibility of DNA. By
thermal fluctuations, part of the nucleosomal DNA transiently unwraps from the hi-
stone protein core (DNA breathing), making it accessible for the cellular machinery.
Changes in the binding energy between DNA and histones alter the breathing proba-
bility, which is realized in the cell by modifications to the histones or by incorporating
histone variants. The linking of nucleosomes to their neighbors poses constraints on
DNA breathing as well. It is therefore not trivial to understand the regulation of DNA
accessibility in a physical manner.

To distinguish open nucleosomes (where part of the nucleosomal DNA is un-
wrapped) from closed nucleosomes (where the nucleosomal DNA is fully wrapped),
the use of Fluorescence (or Förster) Resonance Energy Transfer (FRET) is a logical
choice. FRET has been used intensively for nucleosome research. Ensemble mea-
surements record the average FRET efficiency of large nucleosome populations. Infor-

1to which all animals, plants and fungi belong
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Aim and outline of this thesis

mation about the conformational heterogeneity or kinetic processes that occur in the
sample can only be revealed with single-pair FRET (spFRET), in which FRET is mea-
sured in individual nucleosomes.

In this thesis, Chapter 1 is a review of experiments that have used spFRET to elu-
cidate single nucleosome dynamics. Such experiments show that nucleosomes are in
general open for tens of milliseconds and for 10 % of the time. We investigated the
influence of modulations of the histone proteins and the presence of linker DNA and
neighboring nucleosomes on DNA breathing with spFRET. Several challenges we ex-
perienced in spFRET with nucleosomes are described in Chapter 2, along with sug-
gestions how to deal with them. In Chapter 3 we show that specific acetylation of
the histone octamers at H3K56 enhances unwrapping of nucleosomal DNA. In Chap-

ter 4, nucleosomes containing either the canonical histone H2A or the variant H2A.Z
are investigated. We reveal that nucleosomes containing H2A.Z are more stable than
their H2A-containing counterparts and thus can act as an accessibility switch for nu-
cleosomal DNA. Finally, in Chapter 5 we show that electrostatic interactions between
linker DNAs and nucleosomes, and interactions between neighboring nucleosomes,
enhance DNA breathing.
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