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Summary

1 Summary

Nuclear architecture is a biological field of research that studies the spatio-temporal
organization of the components within cell nuclei. Since nuclei are the organelles
that harbor the genome and epigenome, they are the place where most of the genetic
processes like replication, transcription, splicing, gene-regulation, DNA repair, re-
combination etc. are carried out.

In the presented doctoral thesis modern 4D live-cell microscopy in combination
with laser or jon microbeam irradiation (to label or damage chromatin, respectively)
was used to study nuclear architecture in living cells over extended periods of time at
the single cell level.

The results presented in this thesis can be partitioned into three main parts:
(a) chromatin dynamics in cycling cells, (b) adaptation of the ion micro beam facil-
ity SNAKE to the needs of live-cell observation (including first experiments) and
() exploring spatio-temporal dynamics of DNA repair proteins after laser micro ir-
radiation.

(A) Chromatin dynamics in cycling cells

Distribution of interphase chromosomes within cell nuclei has been found to be non-
random with respect to gene density and chromosome size. Changes in nuclear orga-
nization have been reported in several disorders and diseases. To which extent relative
chromosome positioning is conserved through mitosis in cycling cells and whether
certain chromatin domains are able change their relative position dramatically in the
interphase nucleus has been the subject of various mechanistic models and contro-
versial discussions. In 1909 German biologist THEODOR BOVERI was the first one to
comment on this topic in his publication: “Die Blastomerenkerne von Ascaris mega-
locephala und die Theorie der Chromosomenindividualitit” (included as an appendix
to this thesis). In order to test BOVERI'S hypotheses, 4D live-cell observations were
carried out on a modern spinning disc confocal microscope using a human cell line
that possesses photoactivatable chromatin. In experiments that used photoactivation
and photobleaching of chromatin, it could be demonstrated that — as stated by Boveri
— chromatin proximity relationships are in general not conserved through mitosis but
destroyed during early prometaphase by the mechanics of mitosis. Other experiments
showed that nuclear rotations in a conveyer-belt-like manner are able to bring initially
distant chromatin domains into close proximity in a matter of a few minutes.

(B) Adaptation of the SNAKE micro beam facility to the needs of live-
cell microscopy (including first experiments)

Since ordinary irradiation sources lack the ability to perform targeted micro irradia-
tion at the micrometer scale and laser micro irradiation produces an artificial mix of
various DNA damages, the ion microbeam SNAKE represents an interesting tool to
explore the dynamics of repair proteins in a spatio-temporal context. In the course
of a collaboration project the ion microbeam was adapted to the needs of long-term
live-cell microscopy. These adaptations and first live-cell experiments performed at

the refurbished ion micro beam are described in this part of the results.
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(C) Exploring spatio-temporal dynamics of DNA repair proteins after
laser micro irradiation.

Mutation of genetic information can cause serious harm to a cell or even a whole or-
ganism. DNA repair serves to protect and clean the genome from undirected poten-
tially hazardous changes. Compared to the wealth of information which is available
about DNA repair at the molecular level only little attention has been payed to it in
context of nuclear architecture. In the last part of the results cells stably expressing
GFP tagged versions of the repair proteins MDCI, Rad52 and 53BP1 were damaged
by laser micro irradiation and imaged over extended periods of time. It could be de-
monstrated that at the used damage induction conditions most of the cells show only
minor changes with respect to localization of damage signals, kinetochores and nu-
cleoli pattern over time. Furthermore, disappearance of spontaneous 53BP1-GFP foci
in favor of protein recruitment to damaged chromatin and mutual exclusion between
kinetochore signals and Rad52-GFP damage foci could be observed. In a few U20S
Rad52-GFP nuclei DNA damage foci disappeared simultaneously after a dramatic
phase in which the total number of foci drastically increased — even adjacent to the
laser damaged chromatin.
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Introduction

2 Introduction
“A picture tells more than a thousand words.”

This quote which is accredited to an early emperor of the x1a dynasty in China about
4000 years ago emphasizes the power of a visual impression compared to a linear
sequence of information (like this text). However although a picture of something
is well-suited for displaying geometric or spatial properties, it is sometimes difficult
to use it for expressing temporal information. Exploring dynamic processes in which
geometric properties change within time, an ordered sequence of pictures represen-
ting each a different point in time-point might be an adequate solution. So one could
say — analogous to the introductory quote — “A movie tells more than a thousand
pictures”.

You might wonder why a doctoral thesis with focus on nuclear architecture opens
with rather general philosophical reflections about how reality can be described in the
most efficient way? But since these introductory words easily demonstrate the advan-
tage of “live-cell confocal microscopy” — the main method used in this thesis — over
“conventional” approaches that provide information for only one point in time, it is
rather useful to start making this point right from the beginning.

The past decades were accompanied by an enormous increase of knowledge in the
life-sciences and during this development a lot of different methods emerged to an-
swer specific questions. With respect to the field of nuclear architecture methods like
immunofluorescence, 3D-FISH and the chromatin conformation capturing (to name
only a few) have and had a big impact on our todays knowledge. But one property
that all of the methods mentioned above have in common and which impairs them in
their explanatory power is that the information they provide origins from fixed cells
and represents only a snapshot of the moment when they were fixed.

Evaluating a population of fixed cells under the microscope is somehow like look-
ing at an old painted picture showing a scene with many people. Although each per-
son on the picture can be described and evaluated for every thinkable visible property
it remains unclear what has led e.g. to a certain expression on some person’s face or
e.g. what will result from the situation shown in this picture. It is even worse when we
look at methods often applied in molecular biology. Here the situation reminds less
of a picture but more of a survey that is given to a large number of people. Although
it is possible to access discrete information about several distinct properties — the ex-
perimental output however is somehow limited to only a small number of properties
per experiment that is given with respect to a whole cell population.

One advantage of those methods over an observation of individual cells in space
and time is that they give fast access to a plethora of information that often might
not be accessible by imaging methods. Although the evaluated properties might vary
to some extent within different cell populations, the use of high sample numbers and
statistics can put the conclusions drawn from these onto a solid fundament.

In contrast to experiments that use fixed cells, the method of choice used in this
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thesis is live-cell microscopy. This method allows to create 3 dimensional images ob-
tained from serial light optical sections over time of individual, living cells. Although
this method (at least in the set-up used here) is not appropriate for high-throughput
approaches including the observation of thousands of cells, it has been well suited to
successfully approach general questions in nuclear architecture that haven’t properly
solved yet and that have been a matter of controversial discussions for a long time.

In particular the main topics of this thesis are:

e the dynamics of chromosomes in cycling
mammalian cells (testing the Boveri-Hypoth-
esis)

e spatiotemporal changes in the nuclear archi-
tecture after induction of DNA damage using

laser and ion-micro beam irradiation.

To motivate the field and for a better understanding of the techniques used in this
thesis the next paragraphs will give the reader a small introduction into:

e the cell-nucleus and its components

» the different stages of mitosis

e Theodor Boveri’'s hypotheses and the con-
troversy about them

e DNA damage repair

e the history of microscopy and its latest de-
velopments

* the benefits and problems of live-cell micro-
scopy

* fluorophores that can be used in live cell mi-

Croscopy

2.1 The Nucleus

The nucleus is a cellular compartment that is surrounded by a double-membrane
structure called the nuclear envelope. The outer membrane (towards the cyto-
plasm) passes into the rough endoplasmic reticulum and is often coated with ri-
bosomes. Inner and outer nuclear membranes meet at the nuclear pores that act
as import and export gates for exchanging cellular materials between cytoplasm
and the nucleus. Recent studies report that the nuclear pore complex functions as
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Nuclear |nterchromatin

speckle compartment Nuclear

Nuclear
envelope

Fig. 2-1: Schematic drawing focus-
sing on the components within an
eukaryotic cell nucleus. Apart from
the nucleolus other nuclear bodies
like nuclear speckles (blue), cajal- (or-
ange) and PML bodies (red) can be
found in the interchromatin space
between the chromosome territories.
The nuclear envelope and the lamina
represent the outer barriers that en-
compass the inner compontens of
the nucleus (modified from LANCTOT ET
AL., 2007)

Cajal
body

a transcriptionally permissive nuclear neighborhood to facilitate expression (AKHTAR
AND GASSER, 2007; RUAULT ET AL., 2008). The peripheral nuclear lamina is located
at the lumen side of the the nuclear envelope and consists to a big extent of lamins
A/C and B (class V intermediate filaments) (DECHAT ET AL., 2008). Other proteins
that can be found in the lamina are the lamin-B-receptor (LBR) and proteins contai-
ning the SUN and the LEM domains (HEESSEN AND FORNEROD, 2007). The lamina
is thought to play a role in regulating and maintaining nuclear envelope structure
and anchoring/tethering interphase chromatin at the nuclear periphery. Although
the inner nuclear matrix and the peripheral nuclear lamina are reported to define a
transcriptionally repressive compartment (REDDY AND SINGH, 2008) (which is quite
feasible since they harbor centromeres and other heterochromatic sequences that can
easily be seen in a fluorescence microscope using a DNA counterstain) other studies
report about transcriptionally permissive microdomains in this region (Kumaran
AND SPECTOR, 2008).

The interphase chromosomes are organized into chromosome territories (CTys)
which reside in the nuclear space, (CREMER AND CREMER, 2010). Active genes are
expected to be located all over the surface of the loosely packed subchromosomal do-
mains which is referred to in some studies as perichromatin region (PR) (CmARKO
ET AL., 1999; CMARKO ET AL., 2003; SOLIMANDO ET AL., 2009). According to the CT-
IC (chromosome territory-interchromatin) model (ALBIEZ ET AL., 2006), which in
this thesis is the preferred model, the chromosome territories form a network of chro-
matin domains which is interspersed by a network of channels and lacunae that are
virtually chromatin free (interchromatin compartment) and harbors the non-chro-
matin nuclear bodies. In this model it is assumed that chromatin domains consist of
IMb domains (replicon clusters) and have a sponge-like surface with channels to the
inside. At the surface of the territories many small loops of sizes between 30-200 kb
are expected (perichromatin region) where the active genetic processes (e.g. replicaton
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transtription and repair) may happen.

Genes looping out several microns of their CT in protrusions (so called “Giant
Loops”) can sometimes be observed in nuclei (CHAMBEYRON ET AL., 2005; KUPPER
ET AL., 2007; VOLPI ET AL., 2000). Whether these structures can transiently be estab-
lished by a directed mechanism upon stimulation bringing co-regulated or co-tran-
scribed genetic sequences spatially in close proximity or whether even whole chromo-
some territories can change their position significantly during interphase (Hu ET AL.,
2008; LIN ET AL., 2009; MEHTA ET AL., 2010) is a very controversially discussed topic
since several years and one of the questions examined in this thesis.

It has been found that the spatial distribution of CTs within nuclei is not com-
pletely random. While in round cell nuclei of most cell types a preference of gene rich
chromosomes and transcriptionally active chromatin domains could be found to-
wards the interior, gene poor chromosomes and transcriptionally inactive chromatin
were preferentially detected towards the nuclear periphery (KUPPER ET AL., 2007). In
flatly shaped nuclei, territories of large chromosomes were mostly found at the nuclear
rim, while small chromosomes had a preference for the center of the nucleus (BorLzer
ET AL., 2005). A recent study by SOLOVEI ET AL., (2009) reported an exception to this
rule. In rod cells of some nocturnal mammals transcriptionally inactive heterochro-
matin could be found in the interior of the nucleus whereas transcriptionally active
euchromatin was located close to the lamina.

Chromosomes contain several functional elements. Every chromosome contains
centromeres — which are covered with special proteins to form the kinetochores
(the place where the microtubules attach to the chromosomes during mitosis and
where the chromatids are torn apart in anaphase) and telomeres that are located at
the ends of the linear chromosomes to stabilize them and prevent the ends from be-
ing detected as double strand breaks. Other functional sites are the NORs (Nucleolar
Organizing Regions) which contain rRNA sequences that have the ability to form
the nucleolus. Although not functional regions but whole highly condensed chromo-
somes the Barr-bodies (LyoN, 1962) represent inactivated X-chromosomes in female
mammalian cells which are in the context of dosage compensation epigenetically
silenced in favor of only one active X-chromosome.

The chromosomes are composed of DNA, proteins and RNA which is called chro-
matin. Although secondary structures of chromatin (10 nm fiber “beads on a string”,
30 nm fiber (solenoid structure)) have been found in electron microscopic prepara-
tions, no bigger stable higher order chromatin structure could be doubtlessly charac-
terized, yet.

During the past years epigenetic modifications of the chromatin — primarily DNA
methylation, nucleosome positioning, histone variants and histone modifications
(like acetylation, phosphorylation, methylation, ubiquitination, biotninylation, etc.)
— have moved into focus of many studies because of their big impact on gene and ge-
nome regulation (SEGAL AND WiIDOM, 2009). Though not changing the sequence of
the genomic DNA, these modifications/variants add information to the chromatin
that can persist over many cell generations (GLUCKMAN AND HANSON, 2004).

Inside the nucleus several nuclear bodies were found which will be introduced briefly
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here (SPECTOR, 2006): The nucleolus, the most prominent nuclear body that is al-
ready visible in the light microscope, is the site of rRNA synthesis, rRNA proces-
sing, and assembly of ribosomal subunits. It disappears during the condensation of
the chromosomes in mitosis and reappears again in telophase. Nucleoli contain the
rDNA of different chromosomes possessing a NOR and thereby take a big influence
on nuclear architecture (SCHWARZACHER AND WACHTLER, 1983). They belong to the
most dense structures within living cells (1,35g/cm?) (KLEINIG AND SITTE, 1999). In
many cell types, heterochromatin (to a big extent genetically inactive, dense chro-
matin) is found associated with the nuclear lamina and the nucleoli. Apart from that,
accumulation of heterochromatin can also be found in form of PcG bodies in more
central nuclear regions (BERNARDI AND PANDOLFI, 2007). Nuclear speckles which
consist of pre-mRNA splicing factors are approx. 25-50 small nuclear bodies being
diffusely distributed throughout the nucleoplasm (LAMOND AND SPECTOR, 2003).
Other nuclear bodies related to transcription and processing of nascent RNA are the
OPT domains (appear in G -phase, where they are often located next to nucleoli,
and disappear during S-phase) (SPECTOR, 2006), the Cajal bodies, previously called
coiled bodies, the perinucleolar compartment (PorLLock AND HuaNg, 2009) and
the PML-bodies (BERNARDI AND PANDOLFI, 2007). After introduction of DNA da-
mage repair-foci consisting of many then thousands repair proteins appear around
the damaged site. These foci will be discussed more in detail in a later section.

2.2 Mitosis

For rotatable 3D reconstructions of the respective mitotic stages please click on fig.
2-2 in the 3D-PDF version on the enclosed DVD.

2.2.1 Prophase

Chromatin condensation starts at the onset of prophase (Greek mpo meaning before)
and generates highly ordered structures, called the mitotic chromosomes. All of these
structures consist of two sister chromatides which represent two identical copies of
a chromosome that has been replicated during the preceding S-phase. These sister
chromatids are held together at the centromeres until the end of metaphase.

Centrosomes are organizing centers for microtubules that dupicate in G,-phase and
consist of a pair of centrioles that are situated in close proximity of the nucleus. In
early prophase, myosin dependent cortical movements (ROSENBLATT ET AL., 2004)
and molecular motor proteins (dynein) then push the centrosomes apart from each
other. Together with the microtubules, the two centrosomes form the mitotic spindle.
Microtubules grow from the centrosomes which form the spindle poles by polymer-
izing soluble tubulin. Centrosomes are not essential and can be subsituted by other
microtubule organizing centers in many fungi and plants (which don’t even have
centrosomes) to form the mitotic and meiotic spindle (LLoyp anD CHAN, 2006;
VARMARK, 2004)
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A B C

Fig. 2-2: Different phases of mitosis. a: prophase, b: prometaphase ¢c: metaphase, d: anaphase and e: telophase.
chromosomes / chromatin are shown in red (DAPI), kinetochores in green (a-CREST antibody), centrosomes in yel-
low (a-pericentrin antibody) and microtubules (o-tubulin antibody)

2.2.2 Prometaphase

In prometaphase the nuclear envelope breaks down. Microtubules can thus access
the space containing the condensed chromosomes. At the centromeres of each chro
matid a complex protein structure is formed which is called the (outer) kinetochore.
Kinetochores are the structures that connect the chromosomes to the kinetochore
microtubules. Non-kinetochore microtubules growing from different centrosomes
and interacting with each other form the mitotic spindle. For further information see
(CHALY AND BROWN, 1988) and (ALEXANDER AND RIEDER, 1991).

2.2.3 Metaphase

During prometaphase the microtubules connect to kinetochores and the chromoso-
mes line up to form the metaphase plate or equatorial plane, (in the middle between
the two centrosomes and perpendicular to connection line they are forming). In this
phase the chromosomes are arranged for optimal chromatid separation in anaphase.
Meta (ueta) is the Greek word for ,,in-between®.
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2.2.4 Anaphase

After all kinetochores are positioned perfectly within the metaphase plate for chro-
matid separation, the cell is ready to switch into anaphase (avar Greek for “up”). For
initiation of anaphase two major events have to take place: Cleavage of the proteins
that connect the sister chromatids and separation of the sister chromatids. The latter
is performed by decreasing the lenth of the kinetochore microtubules and moving the
chromatids towards the respective centrosomes to which they are tethered. After that,
the centrosomes are pushed further apart from each other by elongation of the non-
kinetochore microtubules. In this phase the condensed chromosomes are showing
the RABL orientation as a consequence of the mechanics that are involved — meaning
that the centromeres are located proximal to the centrosomes on one side and the
telomeres distal to the centrosomes on the other side.

2.2.5Telophase

In telophase (tehog Greek meaning “end” or ,destination) the events of prophase
and prometaphase seem to occur in the opposite order. The nuclear envelope forms
again around the nascent daughter nuclei by recycling fragments of the nuclear enve-
lope that fromally belonged to the mother cell and nucleoli re-emerge. The chromo-
somes decondense again into interphase chromatin. Completion of telophase marks
the end of mitosis.

2.2.6 Cytokinesis

Cytokinesis — although actually not a real phase of mitosis since it is absent in some
syncytia — is necessary for completing cell division. A contractile ring emerges in ani-
mal cells in-between the nascent nuclei in order to physiologically separate them from
each other. In plant cells separation of the two nuclei is accomplished by assembling a
plate at the center of the former mother cell, which later turns into a cell wall.

After cytokinesis the genome of the mother cell has been partitioned to equal parts
into two independent daughter cells.
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2.3 Theodor Boveri’s Hypotheses

Cytogenetics was established in the early 20" century with the BovERI-suTTON theo-
ry of chromosomal heredity. THEODOR BOVERI (1862-1915) (fig. 2-3) and WALTER s.
SUTTON (1877-1916) explained the genetic segregation discovered by GREGOR MENDEL
(1822-1884) with chromosomes as bearers of a hereditary molecular architecture. This
theory explained not only Mendelian ratios but,
as BOVERI proudly stated in his seminal publica-
tion from 1909, all the facts known about cer-
tain numbers, sizes, forms and arrangements of
chromosomes in normal and abnormal cases, in-
cluding the fact of the reduction of chromosome
number in germ cells (BoveRi, 1909) (for review
see CREMER AND CREMER, 2006). In his search
for a link between Mendelian genetics and the
behavior of chromosomes BOVERI studied em-
bryos of the horse roundworm Parascaris equo-
rum (or Ascaris megalocephala as the worm was
called in BOVERT's days) (fig. 2-4) during the first
two post-zygotic cell cycles. Cells of Ascaris me-
galocephala univalens contain two chromosomes,
while Ascaris megalocephala bivalens contains

four chromosomes during this early embryonal
Fig. 2-3: Theodor Heinrich Boveri 12.10.1862 _
Bamberg - 15.10.1915 Wirzburg stage (fig. 2-4).

Although the cytologist cARL RABL (1853-
1917) was the first who argued that chromosomes occupy defined nuclear subregions
in nuclei of Salamandra maculata (Rasr, 1885) (for review see (CREMER AND CRE-
MER, 2006), it was THEODOR BOVERI who coined the term chromosome territory
(CT) in his 1909 publication'. Boveri compared CTs to a sponge which is formed by
a reticulum of interconnected chromatin bundles and separated by a chromatin free
space and he envisioned the formation of a CT by comparison with the formation of
pseudopodia by a rhizopode. When the interphase nucleus is formed, he speculated,
chromatin appendages expand from all directions of each participating chromosome.
Appendages from a given chromosome anastosome with each other but not with ap-
pendages from neighboring chromosomes forming the chromatin recticulum of a

given CT.

The central tenet of BOVERI'S model of nuclear architecture was the prediction that
chromosomes — despite their substantial structural changes during M—G, and G,-M
transitions — maintain their individuality throughout cell generations. At his time
this prediction stood in stark contrast to the then prevailing view that chromosomes

dissolve into chromatin particles during interphase and reaggregate only at the begin-
1 Die Anschauung, daf§ im ruhenden Kern der héheren Tiere und Pflanzen eine Anzahl von Territorien beste-
hen, deren jedes aus einem bestimmten Chromosoma der vorhergehenden Mitose entstanden ist und bei der nichsten
Mitose wieder zu einem bestimmten Chromosoma sich zusammenzieht, diese Anschauung hat, seit sie zuerst ausges-
prochen worden ist, durch vielfiltige und sehr verschiedenartige Studien im Tier- und Pflanzenreich immer neue und
kriftigere Stiitzen gewonnen.
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Fig. 2-4: Pictures of mitotic stages in early Parascaris equorum embryos taken from histological sec-
tions. The upper panel displays the stages of the first embryonic cleavage of Parascaris equorum
univalens the lower the same for Parascaris equorum bivalens. Observations like these formed the
base of THeopor Boveri’s theory of chromosome individuality. Sections from the ovaries of Parascaris
equorum univalens and bivalens were stained with iron hematoxylin. (Pictures were taken from old
samples found in the zoological archive of the Biocenter (own work)).

rometaphase

ning of the next mitosis. Since BOVERI was not able to prove the presence of CTs in
Parascaris nuclei directly, his whole argument in favor of CTs as persistent structural
counterparts of mitotic chromosomes was based on indirect evidence. In present ter-
minology this argument runs as follows:
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As long as individual chromatids can be
distinguished, they show strikingly similar
positions in the two sets of chromatids at
the very end of the first mitosis of the zygote
(hg. 2-4).

In the emerging daughter nuclei each chro-
matid is transformed into a CT at the nu-
clear region, where it was last observed at
telophase.

BOVERI predicted that each individual chromo-
some, which enters the nucleus at the beginning
of interphase, emerges at the next prophase as
the same individual chromosome and at the
same site despite the fact that it has duplica-
ted in the meantime. This bold hypothesis was
supported by studies of fixed two- and four-cell
Parascaris embryos, where BOVERI compared
the arrangements of chromosomes just before
they became invisible in daughter cell nuclei at
the end of the first mitosis with the arrange-
ments of prophase chromosomes at the onset
of the second mitotic division. These still mi-
totic chromosome arrangements were strikingly
similar within studied pairs but showed much
inter-pair variation.

BOVERTS studies of CT arrangements in in-
terphase nuclei were hampered by the fact that

Life cycle of the Parascaris equorum

(Ascarids)

Adult Pascaris equorum
{in the small One-celled eggs
intestine) {in feces)
1-2
3 months weeks
Infective
Migrating larvae eggs containing
{through liver, lungs; second stage larvae
coughed up and swallowed) (feces, soil, stable, walls,

mangers, etc.}

4— Horse ingests eggs

PARASITIC STAGE = FREE-LIVING STAGE

Fig. 2-5: (upper picture) adult stage of two Par-
ascaris equorum worms that are 15-50 cm in size
(© universidad de cordoba). (lower picture) life-
cycle of Parascaris equorum.

he could not directly observe CTs. In an attempt to overcome this deficit to the best
possible extent, BOVERI took advantage of a structural peculiarity of Parascaris nuclei.
In these nuclei the ends of chromosomes stick out in protrusions of the nuclear enve-
lope. Using the strikingly similar nuclear topography of these protrusions in pairs of
daughter nuclei at all interphase stages as landmarks for the positions of CTs Boveri

made two predictions:

I Each mitotic chromosome reappears at the next prophase in exactly the same nucle-
ar region, where it was transformed into a chromosome territory at the beginning

of interphase.

II. The positions of CTs do not change during interphase.

III.  Studies of embryos of Ascaris megalocephala univalens, however, yielded strong evi-
dence that CT arrangements are stably maintained during interphase, but change
from one cell cycle to the next. In four cell stage embryos Bovert distinguished two
pairs of nuclei. Each pair showed a similar topography of their nuclear protrusions,
while they differed distinctly between the two pairs (fig 2-5). Boveri assumed that:

IV. movements of chromosomes involved in the formation of the metaphase plate often
result in a change of chromosome neighborhood arrangements, whereas



http://www.uco.es/dptos/zoologia/zoolobiolo_archivos/practicas/practica_4/Parascaris_equorum_0811.JPG
http://www.extension.org/mediawiki/files/e/e1/parascaris.gif
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V. 'The similar arrangements of chromosomes at the end of mitosis result from mirror-
like chromatid movements during anaphase and telophase.

Contemporary opponents of BOVERTS theory argued that the observed stability of the
positions of chromosome ends sticking in the protrusions of the nuclear envelope did
not rule out the possibility that other parts of the chromosomes disintegrated into
pieces during interphase and were randomly rearranged into complete chromosomes
only at the onset of the next mitosis. In their imagination mitotic chromosomes were
just random chromatin aggregations which allowed movements by the spindle appa-
ratus. Boveri, in contrast, considered chromosomes in his own words as “individu-
als, I would like to say, as the most elementary organisms” (BoveRrI, 1909; CREMER
AND CREMER, 2006). Yet for him individuality did not mean immutability in every
aspect. He insisted that his theory of chromosome individuality was consistent with
dramatic changes of size, shape, structure and function of chromosomes during cell
cycle and development. Despite these liberal views with respect to genetic persistence
of individual chromosomes (as we may phrase the problem of chromatin persistence
and change in present days scientific language) and all the concession he made to his
contemporary scientific critics, BOVERI stuck categorically to his tenet of chromoso-
me individuality. The reason for his stubborn defense of chromosome individuality
was his realization that the Boveri-Sutton theory of heredity stood or fell with the
validity of this central tenet. A dissolution and mixture of chromosomes at the begin-
ning of interphase was compatible with Mendelian segregation ratios only under the
assumption that all particles belonging to a given chromosome entering the nucleus
possess an afhinity towards each other of such a kind that they come together again
in one chromosome at the end of interphase. If his opponents were correct with their
claim that chromosomes dissolve during interphase, an additional ‘ad hoc” hypothe-
sis was necessary to explain why the disintegrated chromatin pieces do not assemble
into different chromosomes with strikingly different arrangements in the subsequent
prophase.

A territorial organization of interphase
chromosomes is now generally accepted (for
reviews see CREMER AND CREMER, 2010;
MISTELL, 2007; PEDERSON, 2004; TADDEI
ET AL., 2004; ZHAO ET AL., 2009). In this
thesis a new and compelling experimental
evidence in favor of the three other major
predictions of Boveri’s theory of nuclear ar-

a ® chitecture will be presented. CTs maintain
stable neighborhood arrangements during
interphase.

GERLICH et al. studied the positioning of
chromosomes during the cell cycle in live
rat kidn K) carrying chromatin la-
Fig. 2-6: Four cell stage embryo of Parascaris equo- at d €y (NR ) carfying chro at a

rum univalens. Analysing the configuration of the pro- beled in vivo with H2B-CFP and H2B-

truding chromosome ends allows to determine which YFP (CFP cyan ﬂuorescent protein' YFEP
two cells are daughters and which cells are cousins > g >

(Boveri 1909). yellow fluorescent protein) (GERLICH ET AL.,
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2003). Laser-microirradiation (A=514 nm) was used to bleach YFP fluorescence in half
of the nuclear volume or single spots during early prophase, while CFP fluorescence
of the microirradiated chromatin remained unchanged. Differentially labeled chro-
matin was followed through mitosis to G, using a confocal microscope specifically
designed for 4D (space and time) imaging. In addition, computer simulations based
on stochastic movements of individual chromosomes were performed. These simu-
lations predicted randomization of chromosome order in mitosis. In contrast to this
expectation the experimental data argued for the maintenance of a striking order of
chromosomes throughout mitosis.

Independently, a study was designed and carried out at the same time with a HeLa
cell line expressing GFP-tagged H2B by (WALTER ET AL., 2003). This study confirmed
the stability of CT arrangements during interphase, but in agreement with BOVERI’S
model and contrary to the claim of (GERLICH ET AL., 2003) argued that mitosis re-
sults in major changes of CT neighborhood arrangements between a mother nucleus
and its two daughters. Nuclei were photobleached in G, maintaining a contiguous
zone of unbleached chromatin at one nuclear pole. This zone was stably preserved
until the onset of prophase, whereas the contiguity of unbleached chromosome seg-
ments was lost to a variable extent, when the metaphase plate was formed. Accord-
ingly, chromatin patterns observed in daughter nuclei differed significantly from the
mother cell nucleus. A pronounced variability of CT neighborhoods during clonal
growth was further confirmed by chromosome painting experiments. The stability
of large-scale CT arrangements during interphase was tested by two experimental
approaches. In nuclear stripe photobleaching experiments cross stripes or mesh-like
geometrical patterns were bleached into HelLa cell nuclei with GFP-tagged H2B at
different stages of the cell cycle. These patterns disappeared after some hours due to
the replacement of H2B with bleached GFP by new fluorescent H2B-GFP molecules
but as long as the bleached chromatin could be followed the patterns did not change
but were faithfully maintained.

WALTER et al. also used a second, fully independent experimental approach to study
movements of individual CTs in nuclei of living cells (WALTER ET AL., 2003). Cells
were labeled during S-phase with fluorescent nucleotides, such as Cy3-dUTP or Cy5-
dUTP. Replication foci, which replicated during the labeling period, were used as live
cell markers of ~1-Mb chromatin domains.

Both approaches were not able to confirm the findings of (GERLICH ET AL., 2003).
As a fall-out of the publications from (GERLICH ET AL., 2003) and (WALTER ET AL.,
2003) several reviews (WiLLIAMS AND FISHER, 2003) and additional experimental
studies were published both in favor (Essers ET AL., 2005) and against (CvackovA
ET AL., 2009) the faithful inheritance of chromosome order. In the study presented in
this thesis the advances in live-cell microscopy, the usage of photoactivatable chroma-
tin, the comparison between different cell types (including the line that GErRLICH et
al. used) could explain and reproduce the different results observed in (GERLICH ET
AL., 2003, GERLICH ET AL., 2003) and (WALTER ET AL., 2003) by understanding the
mechanics of mitosis.




Introduction

2.4 DNA Repair

Since “omnis cellula e cellula” (every cell is generated by another cell VircHOW, 1858),
the integrity and the maintenance of its genetic information is of crucial importance.
Because deregulations of the cell cycle caused by mutations can result in aging or
severe diseases like cancer, surveillance of the DNA is vital for the whole organism.
DNA damages can be caused by a variety of different influences like ionizing radiati-
on, UV-Light, radicals and alkylating substances to name only a few. Unfortunately
all these different mutagens can cause different kinds of damages to the DNA. For
instance UV-light can cause pyrimidin-dimers, organic substances like Mitomycin C
can lead to DNA inter-strand cross-links and ionizing radiation leads to the formati-
on of single- and double-strand breaks (SANCAR ET AL., 2004).

To counteract these various DNA damages the cell has developed numerous strate-
gies to detect and revert unforeseen changes in the DNA. Fig. 2-7 shows an illustra-
tion which displays some of the information that is already known about the molecu-
lar pathways involved and associated with DNA repair. Already from this simplified
and incomplete scheme, which shows so many protein-species participating in the de-
fense of the cell’s genetic information, one can guess the complexity of this vital task.

The pathways involved in DNA-repair usually comprise proteins that detect and
label the damages, others that recruit repair proteins to damaged sites, and proteins
that communicate with im-
portant cellular regulatory
pathways  (MISTELI ~ AND
SouToGLoU, 2009; SHILOH,
2003). 'These pathways are
e.g. cell cycle control, which
can cease cell cycle progres-
sion until repair is completed,
chromatin remodeling that
can open, repair and finally
restore the epigenetic infor-
mation of the damaged chro-
matin, and finally pathways -~ w8
that decide whether the cell - 0255
will be repaired or if apopto- |
sis has to be initiated.
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-
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In general most of the DNA
damages can be repaired very
efhiciently. The most danger-
ous DNA damages for the
cell are DNA double-strand
breaks (DSBs). Due to the

linear nature of eukaryotic Fig. 2-7: Schematic illustration showing some of the components invol-
ved in DNA repair and their relationship to each other forming a complex

network. (borrowed from Calbiochem).
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DSBs can lead to partial aneuploidy Non-homologous end joining Homologous recombination

(by losing big parts of chromosomes) Break Break
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NHEJ (fig. 2-8 (left)) is the ma- o RADE
jor pathway for repairing non-repli-
cation-associated breaks and occurs
predominantly in G -phase of the cell

CYCIe‘ It is assul:ned t? be crror-prone Fig. 2-8: Comparison between alternative ways to repair DNA
since overlapplng smgle stranded double strand breaks. Left: Non Homologous End Joining

. (NHEJ) which just fuses broken DNA ends together without
DNA is removed at the ends of the verifying them for homology. Right: Homologous Recombina-

breaks and the resulting blunt DNA tion (HR) that restores the initial sequence at the (DSBs) by us-

ends are just fused to ether At sites ing a homologous chromosomes as a template. Picture taken
) & ' from (MisTeL 2009)

of multiple DSBs this can lead to

misrejoined DSBs and thus to chromosome translocations. By contrast, HRR (fig.

2-8 (right)) occurs mainly during late S—G,-phase. And, whereas DSB ends are sim-

ply joined in NHE], HRR uses a sister homologue as a template for repair. This way

of repairing DSBs is assumed to be error-free.

DSB repair starts with the activation of a complex cellular DNA-damage response
(DDR) cascade, which includes sensing the DNA damage, subsequent amplification
and transmission of a damage signal in order to generate a multitude of cellular re-
sponses. DDR pathways are universal and the majority of the involved proteins are
highly conserved from yeast to humans. (M1sTELI AND SouTOGLOU, 2009)

Sites of double strand breaks are detected by the MRN complex. MRN stands
for the involved three proteins MRE11 (a DNA binding protein that possesses 3,5’
-exonuclease activity, as well as an endonuclease activity that cleaves DNA hairpins),
Rad50 (forms homodimers that associate with two MREI11 molecules allowing this
structure to form bridges between free DNA ends or between sister chromatids) and
NBS1 (NBS1 expression is required for optimal phosphorylation of ATM substrates
in damaged cells) (ABRAHAM AND TIBBETTS, 2005). Like many nuclear proteins, DNA-
repair proteins diffuse rapidly within the nucleus and are then recruited to DNA lesions
where they bind and thus have an increased residence time (MISTELI AND SOUTOGLOU,
2009). The MRN complex is crucial for the recruitment and for activation of the kinase
ATM, an important player in DSB repair that phosphorylates the histone H2A vari-
ant H2AX at the Serin 137 of its C-terminus (y-H2AX) (Isma1L AND HENDZEL, 2008).
This phosphorylation which usually spreads ca.2 Mb around the region of the dam-

Repair

Repair
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aged chromatin is an epigenetic marker that is responsible for the recruitment of
many other proteins like MDCI1, 53BP1 and proteins that decondense the chromatin
around the break. Interestingly many proteins of the DDR and some members of the
homologous pathway (if this pathway is chosen) aggregate in such high copy numbers
around the damaged DNA (repair-foci), that they can even be visualized by micro-
scopic methods (Lukas ET AL., 2005). This suggests that the repair of DSBs takes
place in a special chromatin microenvironment.

While a lot of information about DNA-repair could already obtained using mo-
lecular biology techniques, some of its topological aspects require spatio-temporal
imaging methods. Since live-cell 4D microscopy allows the recording of selected cells
expressing GFP-tagged proteins in space and time, some still open questions about
the spatial properties of DNA-repair are addressed in this thesis.

One of these questions is how the dynamics of different repair-proteins contribute
to the formation of DNA repair foci. The dynamics of accumulation at the DNA
damage might indicate an order of how the foci are assembled. Since some of the
repair-proteins reside within “spontaneous” or “cryptic” nuclear foci before damage
is induced it is interesting to investigate whether these foci have some kind of a stor-
age function and whether repair proteins have a different affinity to these structures
than towards DNA breaks. Comparison between the dynamics of DDR proteins in
different cell types can test wether the dynamics of DDR are the “universal” in all
cell types or not.

Another interesting point to address is the spatial correlation between repair foci
and other nuclear structures like e.g. nucleoli or centromeres.

A third interesting question that will be examined in this thesis is whether ma-
chineries for DNA repair and possibly also for restoration of epigenetic information
are built up directly at nuclear sites, where the damages are located. Alternatively, it
seems possible that repair machineries are first assembled at other places and then
brought the sites of damage — or that damaged DNA/chromatin needs to be moved
to a nuclear compartment favorable for the execution of repair, respectively. Recent
evidence has supported the hypothesis that the perichromatin region (PR) — in ad-
dition to its roles in DNA replication and transcription — serves as the preferential
nuclear compartment for DNA repair (SOLIMANDO ET AL., 2009). These new discov-
eries emphasize the importance to study the topography and kinetics of DNA repair
in space and time (4D) at the ultrastructural level.

In the course of this thesis four expression plasmids coding for GFP-tagged repair-
proteins involved in double strand repair were available. The constructs were kind
gifts of JEROEN ESSERS from the ROELAND KANAAR-Lab (Erasmus MC Rotterdam)
and of GUIDO DREXLER from ANNA FRIEDLS Group (institute for radio biology, LMU).
In the following paragraphs these DNA-repair proteins will be briefly introduced.

2.4.1 MDCH1

MDCI1 (Mediator of DNA-damage checkpoint 1) is a nuclear, 2089 amino acids long
protein, participating in the DDR. It possesses two BRCA1 C-terminal (BRCT) mo-
tifs (that bind to y-H2AX), an N-terminal forkhead domain, and a central domain
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with 13 repeats of an approx. 41-amino acid sequence (GOLDBERG ET AL., 2003). It binds
and accumulates to y-H2AX in repair-foci (STUCKI ET AL., 2005). and amplifies recruit-
ment of the ATM—MRN complex. It is required for activation of the intra-S-phase and
G,/M-phase cell cycle checkpoints in response to DNA damage (GOLDBERG ET AL., 2003).

The GFP expression construct used in this thesis was sequenced and a deletion of one
of the above mentioned 41 bp repeats was found (see Appendix F).

2.4.2 53BP1

P53 binding protein 1 (53BP1) shows a multitude of structural motives on a 1972 amino
acid long polypeptide chain. It contains two Breast Cancer Gene 1 (BRCA1), C-terminal
(BRCT) repeats, multiple PIK kinases and cyclin dependent (CDK) phosphorylation si-
tes, two dynein light chain (LC8) binding sites, a GAR methylation stretch and tandem
Tudor domains (ApAMS AND CARPENTER, 2006). It binds the famous p53 protein which
is sometimes referred to be the “guardian of the genome” via the C-terminal BRCT re-
gion. In >50% of all human cancers P53 is inactivated or defective. In undamaged cells
Mdm?2, an E3 ubiquitin ligase, interacts with the N-terminus of p53 and ubiquitinates it,
thus marking the protein for degradation by the proteasome. ATM phosphorylates p53
in response to DSBs, an event that prevents its Mdm2-mediated degradation and results
in the stabilization and accumulation of the protein (DITULLIO ET AL., 2002; ZGHEIB ET
AL., 2005)(ADAMS AND CARPENTER, 2006). Since 53BP1 binds to histone acetyltransfera-
se (HAT) (which is even required for 53BP1 IRIF-formation) (Murr et al., 2006) and
histone deacytelase complexes (HDACs)(Kao ET AL., 2003) (both co-localize in IRIFs
with 53BP1) it is a strong candidate for participation in both DSB repair and chromatin
remodeling close to the damage. 53BP1 is also involved in the amplification of the DNA
damage response signal by participation in a positive feedback loop (MocHAN ET AL,
2003) and accumulates in IRIFs (BEKKER-JENSEN, 2005). Both y-H2AX and MDCI are
required for the accumulation of 53BP1 to IRIFs. 53BP1 binds to the MDCI using its
BRCT domain.

2.4.3 Rad51

Rad51 is a small 339 amino acid comprising recombinase involved in the homologous
repair of double strand breaks and homologous recombination. It is a highly conser-
ved essential protein and recombination homolog to REC. Rad51 expression is cell
cycle dependent in mammals (YUAN ET AL., 2003) with a maximum in G -phase
and is involved in detection of homology and for strand pairing stages. Proteins of
the RecA/Rad51 family form helical nucleoprotein filaments (GALKIN ET AL., 2006)
on DNA and can interact with the ssDNA-binding protein RPA, p53 and Rad52
(TASHIRO ET AL., 2000).

2.4.4 Rad52

Rad52 consists of 418 residues and binds to single stranded DNA in order to anneal
complementary strands during homologous recombination repair and meiosis. Fur-
thermore it binds to the replication protein A (RPA) and Rad51 (GASIOR ET AL., 1998;
JACKSON ET AL., 2002). In vertebrates its functions can be complemented by Rad51
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paralogs like XRCC3. Rad52 can be phosphorylated during DNA repair (FujimMoRI

ET AL., 2001; L1U AND MAIZELS, 2000).

Electron microscopy (EM) has revealed formation of ring-shaped Rad52 struc-
tures (@ 9-13 nm), and higher-order aggregates. Furthermore Rad52 binds to DNA
ends as an aggregated complex that ranges in size from approximately () 15-60 nm)
(RANATUNGA ET AL, 2001). This binding promotes end-to-end association between
DNA molecules and stimulates the ligation of both cohesive and blunt DNA ends
(RANATUNGA ET AL., 2001, SHINOHARA ET AL., 1998).

2.5 Microscopy - past, present and future

Compared to the relatively young disci-
pline of molecular biology, cytology looks
back on a much longer history. It can be
traced back to the days of renaissance and
since then it is inseparably connected to
the enhancement and development of new
microscopes. Giving visual access to the
formally invisible structures of the micro-
cosmos and describing the components of
life paved the way for a better understan-
ding of how life is organized at its common
basic level — the cell.

As shown in fig. 2-9(a & b) the discover-
ies in cell biology and the successful im-
plementation of cutting edge technology
into microscopes went seamlessly hand in
hand. Some milestones to mention in mi-
croscopy development were the invention
of achromatic lenses, photographic acquisi-
tion of pictures, oil-immersion, contrasting
methods like phase contrast and DIC and
of course electron microscopy. During the
last 30 years fluorescence microscopy has
become a more and more important tool
of cell biology allowing to specifically stain
certain structures of interest within cells.
The constantly enhanced techniques of la-
beling proteins and nucleic acids demanded
the construction of more and more power-
ful microscopes. The development of con-
focal laser scanning microscopes which can
reduce the off-focus light from other parts
of the observed sample using two pin-holes

Micrographiais
published
(Hooke).

Compound
microscope invented
by Hans and Zacharias
Jansen, Dutch
spectacle makers.

Achromatic
microscope lens
developed by
Giovanni Amici.

Motion of bacteria and
the cytoarchitecture of
skeletal muscle
described (van
Leeuwenhoek).

Cell theory
proposed
(Schleiden and
Schwann).

Nicol prism for
polarized-light
microscopy
developed by
William Nicol.

One of the first
shutters for a camera
invented by
Eadweard Muybridge.

Qil-immersion
technique introduced
to microscopy by
Giovanni Amici.

Theory of resolution
in microscopes
formulated by
Emst Abbe.

Movements of cells
within living
organisms observed
(Metchnikoff).

The cinematographe
developed by Auguste
and Louis Lumi re.

Tissue culture
invented
(Harrison).

Phase-contrast microscope

invented (Zemike).

Immunofluorescence
technique introduced
(Coons and
colleagues).

Electron microscope

developed by Emst Ruska.

) Fig. 2-9a: Timeline on the developments in microsco-
in the beam-path (CREMER AND CREMER, py (inspired by Dunn £T AL. 2004).
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Differential
interference
contrast (DIC)
invented
(Nomarski).

First videotape
recorder
developed by
Charles Ginsburg.

Confocal scanning
microscope invented
(Minksy).

Interference reflection
microscopy (IRM)
developed (Curtis).

Epi-illumination
cube designed
(Ploem).

Actin filaments in
non-muscle cells
visualized (Lazarides
and Weber).

Laser-scanning
confocal microscope
patented (White).

Fluorescence recovery
after photobleaching
(FRAP) demonstrated
(Axelrod and
colleagues).

Green fluorescent protein
(GFP) shown to fluoresce
when expressed in other
cells (Prasher and
colleagues).

Caged
fluorochromes
developed (Mitchison
and colleagues).

Development of the SMI
microscope (C. Cremer)

Fig. 2-9b: Timeline on the developments in micros-

ATT microscopy (Hell)

SPDM microscopy
developed (Bornfleth)

STED microscopy
(Stefan Hell)
PALM microscopy
(Betzig)!

Photoactivatable GFP
developed (Patterson
and Lippincott-
Schwartz).

(C. Cremer)

Vertico SMI developed

Structure illumination

copy part Il (inspired by Dunn ET AL., 2004)

dmin

microscopy (Gustavson)

1978) currently define the state of the art
equipment of every modern cell biological
institute (for review see DUNN AND JONES,
2004). These instruments are able to image
microscopic samples in 3D and allow to ex-
plore the kinetics within a living cell or a cell
nucleus. At present, the calls for higher spa-
tial resolution are getting louder and louder.

While electron microscopes have a much
higher resolution than light microscopes
they are limited in other properties making
them sometimes difficult to use in cell biol-
ogy. Since electron beams can only be used
in a vacuum, biological specimens have to
be prepared in very thin fixed dehydrated
serial sections to look e.g. inside of cells. In
contrast to light microscopy that can use
colors to discriminate different structures,
electron microscopic samples in general have
to be treated with electron dense stains or
antibody-bound metal (gold) nano-particles
in order to label specific structures or to in-
crease the otherwise weak contrasts.

Recent developments in electron micros-
copy allow 3D reconstruction at an ultra-
structural level by progressive ablation of the
sample using a diamond knife or a particle
beam (ROUQUETTE ET AL., 2009; SCHROED-
ER-REITER ET AL., 2009).

Until now light microscopes were limited to
a resolution down to 200 pm. Although elec-
tron microscopes are able to show much smaller
structures than that, it is much harder to obtain
3D data with differently labeled structures us-
ing this kind of microscopy and live cell imag-
ing cannot be performed with this method at
all. Recently new revolutionary methods were
developed to circumvent the Abbe limit in light
microscopy. The ABBE limit:

~2.NA

is a physical equation formulated by ERNsST ABBE in 1873 describing how light-optical
resolution (d__ ) is limited by the dependencies between wavelength A, and the nume-
rical aperture of the object lens (NA). These new approaches will be briefly mentioned

in the next paragraphs.
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2.5.1 4Pi Microscopy

The 4Pi microscope is a confocal laser scanning microscope that uses two objective
lenses to illuminate a point on the sample. By superposition of the excitation light
axial (z)-resolution is increased (up to 7 fold) (HELL, 2007) whereas the resolution in
x and y does not differ from a conventional confocal microscope. The microscope was
built 1994 by sTEPHAN HELL but the principles were developed in the early seventieth
by THOMAS CREMER and CHRISTOPH CREMER.

2.5.2 PALM (Photoactivation Localization Microscopy)

This method uses the fact that fluorophores, even if their distance is below the optical
resolution limit, can be separated if they emit light at different times. The fluoropho-
res are first excited into a state of blinking and then the their stochastic light emissi-
on is recorded over time. After computation of the intensity centers of the recorded
fluorescence events these are then compiled into an image. Like other superresolution
approaches (e.g. STED) the improvement in resolution is only achieved in the (x,y)-
plane but not on the z-axis (BETZIG ET AL., 2006).

2.5.3 Vertico SMI

The Vertico SMI is an instrument combining the PALM technique with a technique
called Spatially Modulated Illumination (SMI) that allows the excitement of fluoro-
chromes only at locally constraint planes in z — which are located in the maxima of
a standing light wave (the Vertico SMI has two opposing objectives that encompass
the sample). Combining the PALM and the SMI technique can lower the resolution
to approx. 10 nm in (x,y) and ca. 30 nm in z (GUNKEL ET AL., 2009).

2.5.4 SIM (Structured lllumination)

This approach increasing the resolution below the Abbe limit uses a normal fluo-
rescence widefield microscopic set-up. The illumination here is carried out by lasers
projecting different geometric patterns onto the sample. The pictures of the recorded
illumination pattern are then combined by a complex mathematical computation
into a picture that has a resolution of down to 100 nm in x and y (2 fold better then
a conventional widefield) fluorescence microscope. Axial resolution is reduced as well
down to 100 nm when recording image stacks (even 5 fold better) (GUSTAESSON ET
AL., 2008; SCHERMELLEH ET AL., 2008).

2.5.5 STED (Stimulated Emission Depletion)

This approach uses the illumination of an area on the sample by a laser beam (like in normal
confocal microscope) followed by a second beam with the wave-length of the fluorescent
emission line resulting in destructive interference that anihilates all light except the light
in a very small central area. Using the fluorescent light emitted by this small area in (xy)
combined with the knowledge of its position allows to generate pictures with a resolution
increasement in (x;y) up to 12 fold (< 20 nm) better compared to a normal confocal micro-
scope (DONNERT ET AL., 2006). However this approach doesn’t enhance resolution in z.
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Fig. 2-10: Confocal and STED-Images (single section) of replication labeled U20S cells (own work). The cells were
labeled by scratch labeling (see 3.3.4) using dUTP-Atto 647N and then incubated for several replication and division
cycles. It is clearly visible that the replication foci recorded by a conventional confocal set-up (la and lla) are about
200 nm in size as predicted by the Abbe limit. STED imaging of the same object demonstrates the enhancement in
resolution showing even distinct foci in cases where the signals recorded by the conventional confocal mode can’t
be separated from another. Further Ib and Ilb also show signals that are not spherical as they appear in the confocal
images.

2.6 Live-cell fluorescence microscopy

2.6.1 Advantages and disadvantages of live-cell microscopy

Whereas the advantages in microscopy of fixed samples, which somehow represent
a snapshot in time of a cell population, lie within the relative simple experimental
requirements, preparations and long-term stability of the samples, live-cell microsco-
py is able to provide information about the temporal development and the order of
processes e.g. morphological changes in the nucleus of individual cells. These benefits
unfortunately go hand in hand with much higher demands with respect to experi-
mental conditions, instrumentation, required data space and planning,.

The following paragraphs will give an overview of the many requirements which
have to be met when successful live-cell microscopy is desired.

When it comes to the observations of living cells the first and most important
point of all is the choice of the right cells. While since the development of cell-culture
in 1907 (HARRISON, 1907) a lot of different cultured cell lines are available from
many different species, tissues and tumors, the right choice of cell type can be crucial
for the success of an experiment. Since many experiments in biochemistry or molecu-
lar biology address to metabolic or general genetic questions, established tumor cell
lines may be an adequate choice as they grow fast, are easy to handle and only have
little demands with respect to culture conditions. Although these cell lines — like the
cancer line HelLa — may be optimal e.g. for metabolic research they might be inap-
propriate for many other experiments since tey are derived from tumors and so do not
reflect the properties of original tissue in a living, healthy organism. The HeLa cell
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line serves as a good example for a cell line that has been taken into culture since a
long time and that has meanwhile diversified into different sub-strains and has opted
for the growth in incubators.

Secondly, working with adherent cells that are growing on an optical glass slide im-
plies the choice of an inverse microscope (that watches the cells from below). When
looking at cells that contain fluorescence tags or when looking at small-scale structu-
res it is recommended to use immersion objectives (e.g. oil, glycerol or water), since —
given a high numerical aperture — they provide the highest possible optical resolution
and allow to collect the most of the emitted light. The microscope should also be
equipped with a flawlessly working auto-focus system which compensates for small,
thermally caused, axial movements of the substrate at which the cells are growing
and an acquisition software that at least runs stable within the observation period. If
no adequate auto-focus system is available, then thermal fluctuations in the system
should be minimized in order to guarantee observation of the same focal plane in z
over time.

Despite the benefits of high optical resolution provided by the use of high numeri-
cal aperture oil immersion objectives, they should only be taken to observe structures
that are not too far away from the optical substrate they are mounted on (like e.g.
adherent mono-layer cell-cultures growing on a cover slip). If tissues or cell types that
can grow in hight (e.g. embryonal stem-cells) have to be imaged, other objectives like
glycerol immersion objectives might considered since the depth at which oil immer-
sion objectives can provide still acceptable image quality is limited to 20 pm away
from the cover slip (or other optical substrates).

Third — illumination and signal detection are other big issues that mustn’t be neg-
lected. The choice of the illumination source is an extremely critical point in terms
of cell viability, when using fluorescence-live-cell microscopy. Since in this case the
objective lens serves as objective and condenser at the same time — the illumination
intensity at the observed cells increases with the magnification power of the used ob-
jective lens and its numerical aperture. Since illumination sources like mercury lamps
(that have their highest emission peak within the ultra violet spectrum at around 360
nm) are very frequently used in fluorescence microscopes it is very important to rule
out that any DNA-damaging ultraviolet light is getting into contact with living cells.
To avoid this scenario which can add enormous bias to your experimental observation
(CHUANG ET AL., 2006) it is strongly recommended to use an alternative light source
e.g. a laser, a monochromator or simply a 12 V 100 W Halogen lamp in combination
with a 450 nm longpass (LP) filter (since ordinary fluorescence filters don’t cover the
whole visible and UV-spectrum as one might assume). Using light emitting diodes
(LEDs) for excitation of the fluorophores is a relatively new but very promising and
inexpensive technical development which recently appeared on the market.

However since radicals emerge during the illumination of the sample even with
intensive visible light, the time intervals between image acquisitions are still critical
to the cells, even when using the least toxic illumination sources and filter sets. To
decrease photo toxicity caused by long exposure times a very sensitive camera or pho-
tomultiplier can be helpful.
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Fourth — it is necessary to generate adequate culture conditions for the observed cells
at the microscopic stand which are at least similar to those existing in the a normal
incubator (although these are far from being optimal compared to the conditions that
exist in the original organism). This requires the use of a suitable cell-chamber which
is controlled by a heating-unit and a temperature-controller. Usually mammalian
cells are cultivated at a physiological pH level (pH 7.2). In an ordinary cell incubator
this is achieved by an amount of 5% CO, in a saturated humid atmosphere and the
presence of a NaCO, buffer system in the medium. Stable pH conditions can be
generated at the microscope either by controlled influx of CO, into the observation
chamber (using an extra device) — or by adding a HEPES-buffer to the medium that
keeps the pH constant independently of the carbonate-buffer-system (mind correc-
ting for the osmolarity!).

During live-cell observations (especially when using fluorescence) it is recommend-
ed to use phenol-red free medium since phenol-red might produce radicals that are
cytotoxic during the observation. Reducing the damaging effects of radicals can be
optimized by the use of scavengers, like Trolox (vitamin E derivative), that integrate
into the cell’s membrane-system and should be added approximately 12 h prior to
observation.

When observing cells for longer time periods, evaporation of the medium can
change the concentrations of the medium’s ingredients and osmolarity. This can
strongly change the experimental conditions and bias the results. To prevent that,
make sure that evaporation of the medium is minimized by sealing the live-cell-
chamber with a piece of para-film or the use of a humidifier.

Fifth — long-term observations of living cells (especially if you are recording 4D data
sets of multiple positions) require a lot of data storage space and powerful computers
and computer programs to analyze them.

Last but not least and different from the microscopy of fixed specimen the avail-
able en-bloc observation time should be sufhicient long to record the things you want
to observe.

Although it is not extraordinarily dificult to handle each of this points separately,
the main difficulty lies in fulfilling all these requirements all at once. The scenario
gets even more complicated when working with transgenic cells where the expression-
level of the transgene (e.g. a GFP-tagged fusion protein) is important for the observa-
tion or when looking at quite rare events like e.g. mitotic divisions.

This thesis strongly benefited from the circumstance that nearly unlimited access
to one of the latest generation spinning-disc confocal microscopes was possible. Un-
like a normal point scanning confocal light microscope which illuminates and scans
the sample line by line, this instrument applies a technique which is illustrated in fig.
2-11, where the illumination and confocal imaging of many points on the sample
is achieved simultaneously using a rotating (spinning) disc that contains numerous
pinholes. This reduces the cytotoxicity and allows quick acquisition of images. An-

other advantage of this microscope is that it is equipped with a very sensitive 14-bit
EM-CCD camera.

With the set-up as it was used for this thesis it is also possible to perform FRAP
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How does the spinning disk illumination work?

Light from the UltraVIEW's |lasers,
deliverad by fiber optics into the

scanning unit, iluminates a window
of 1,000 of the 20,000 microlenses
on the collector disk.

Microlenses focus the laser light through
the pinholes, increasing the transmission
2 of light onto the sample and ensuring that
a point=source of light is used and there
is enough light to excite fluorescence in
the sample.

Laser beam

Callector disc Microlens

The multi-point fluorescence
emission is focused onto a
CCD detector and read out
as a single image.

CCD Camera

Pinhole disc .

Dichroic Pinhole Fluorescence emission from the
sample passes back through the
pinholes and the lower energy
emission light is separated from
excitation light by a dichroic mirror,

Objective lens

The objective lens focuses laser light
onto the sample, The spinning of the
disc causes the sample to be scanned
by 1,000 points of light at once, i.e.
multi=point illumination.

Sample

Fig. 2-11: Draft of the spinning disc confocal principle (taken from the Volocity 5 user guide (Improvision/PerkinElm-
er)). In contrast to point scanning confocal microscopes this microscopical technique uses a rotating Nipkow disc
containing many pinholes allowing illumination and detection of multiple areas on the sample simultaneously. A CCD
camera serves as light detector.

(Fluorescence Recovery after Photobleaching) Experiments. This feature was espe-
cially helpful to explore the kinetics of repair proteins and “abused” to photoactivate
patterns into chromatin.

2.6.2 Live-cell fluorophores

While in fluorescence light microscopy of fixed samples the usage of chemical fluoro-
phores attached to antibodies or DNA probes is well established, the labeling of speci-
fic structures in living cells is much more delicate. Since for immunostaining of fixed
samples the cell membranes have to be permeabilized, antibodies and probes have
direct access to their specific targets inside of the cells. In contrast to that the plasma
membrane of living cells is vital for their survival and represents a problematic barrier
for the most of the staining methods and dyes. Although in principle luorochrome
labeled antibodies could be brought into the cell via microinjection, the tediousness
of this method is not suitable for the observation of a large numbers of cells.

Nevertheless since a couple of years some great methods were established which
allow fluorescence microscopic visualization of specific structures in living cells.

These methods will be introduced in the following paragraphs:

Labeling the DNA within the nucleus of a living cell can be performed using
Hoechst, a chemical dye very similar to DAPI which is used as standard counterstain
in most of the immunofluorescence or FISH preparations. Due to its small molecu-
lar weight it can pass the membranes of the cells and bind (putatively) to the minor
groove of the DNA. However Hoechst alters the structure of the chromatin and has
been found to be mutagenic.
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Another way to label DNA directly for live-cell observations is to provide the cells
with fluorochome labeled nucleotides during S-phase. Because of their disability to
pass the cell’s membranes, they have to be brought into the cytosol actively. This can
be performed by scratch-labeling (see 3.3.4), electroporation (see 3.3.5) or microin-
jecton (see 3.3.6). During DNA replication the nucleotides are incorporated into the
newly synthesized DNA. While theoretically half of the DNA and full chromosomes
are labeled, when incorporation of the fluorescent nucleotides takes place directly
before S-phase, only a couple of late replicating replicons are stained, when the nu-
cleotides enter the cell just before the end of S-phase. If replication labeled cells are
cultured for a couple of cell cycles the amount of fluorescent DNA decreases due to
the segregation of the labeled chromosomes during mitosis. Interestingly cells and
their DNA-polymerases seem to tolerate the labeled nucleotides despite their bulky
fluorophores.

A very elegant an non-invasive way to label in vivo structures (e.g. the whole nu-
cleus) was introduced by the use of GFP-fusion proteins (e.g. H2B-GFP). Fluorescent
protein fusion proteins represent an universal tool to labeling specific protein species
and will be introduced in the next section.

2.6.2.1 GFP (Green Fluorescent Protein) and other fluorescent
proteins

The 1990™ brought an abundance of tech-
nical advances that allowed the combined
use of high quality optical microscopy and
molecular cloning techniques. One ma-
jor step in this context was the adapation
of GFP (and other fluorescent proteins) to
serve as an efficient fluorescent live-cell mar-

ker.

The history of GFP can be traced back to
th . .
the early 1960 ’ when the bioluminescent Fig. 2-12: 3D Model of the wild-type green fluores-

properties of the jellyfish Aequorea victoria cent protein (GFP) (238 amino acids, 26,9 kDa). The

were studied. Beneath a Ca™ dependent bio- amino acid backbone is shown in a “cartoon” repre-
) p sentation. Orange colored areas show the antiparallel

luminescent protein (Aequorz'n) (SHIMOMU- B-sheets that form the barrel structure. The green

RA ET AL.. 1962) an her or in foun colored part shows amino acid sequence that cross-
> 96 ) another protein was fou d es the inner part of the barrel. The three amino acids

which was not itself luminescent but which that form the fluorophore are shown in red (space-

fluoresced green under UV light. This 26,9 T ;reopr;e?g”;ﬁlo o (oun worlo Suuoture-bata

kd protein was named green fluorescent pro-

tein (GFP). GFP was cloned in 1992 (PRASHER ET AL., 1992) and first used for track-
ing gene expression in 1994 (CHALFIE ET AL., 1994). Since then GFP was broadly
used and optimized in molecular biology for a variety of different purposes ranging
from being a simple indicator for gene expression to the visualization of chromatin
domains or specific proteins when expressed as a fusion protein tagging a certain pro-
tein species with its ability to fluoresce.

Like for the majority of proteins, the 3-dimensional structure of the GFP protein is




essential for its function. The protein con-
sists of 11 antiparallel B-strands (ORMO ET
AL., 1996) which are forming the remarkab-
ly stable barrel structure surrounding the ac-
tual fluorochrome that is formed by a cycli-
sation reaction (called maturation) of three
consecutive amino acids in the inner part

of the protein (see fig. 2-12 and fig. 2-13).
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Biochemical engineering of the wild-type
GFP by mutagenesis has made this protein
an extremely useful marker of gene expres- Fig. 2-13: Maturation of the GFP fluorophore. Reac-
. . . . L. tion of the carboxyl carbon of Ser65 and the amino
sion and protein trafficking in living cells. nitrogen of Gly67 (highlighted) leads to formation of
For these applications, the genetic sequences the fluorophore. Two absorptive states are known to
. . exist; a predominant, protonated form that absorbs at
of GFP and a protein of interest are concat- 395 nm and a less prevalent, unprotonated form that
. . . a laboratory manual (Book))
with a fluorescent tag. Novel hues, including
blue, cyan and yellow GFP variants, were created by protein engineering, thus al-
lowing multicolor applications, e.g. Forster resonance energy transfer (FRET)-based

studies on protein—protein interaction.

395 nm 475 nm

During the last years, the GFP family of proteins was profoundly augmented by the
discovery of GFP-like proteins in non-bioluminescent Anthozoa. Besides cyan, green
and yellow emitters, red fluorescent variants that were sought-after for a long time
were finally identified among these novel homologs. Fluoro proteins with emission
in the red part of the spectrum were highly wanted for live-cell imaging applications
because background generating cellular autofluorescence is reduced in the red spec-
tral range, excitation with light of longer wavelength is less phototoxic and because
red emitting fluorophores can be used for multicolor labeling or FRET experiments.
Finally non-fluorescent, but strong absorbing GFP-like chromoproteins (CPs) found
in sea anemones and other cnidarians were engineered into far-red-emitting fluoro
proteins and an encoded photosensitizer (BULINA ET AL., 2005) (WIEDENMANN AND
NIENHAUS, 2006).

One of the problems of the wild-type forms of fluoro proteins are, that they often
polymerize and form cytotoxic aggregates.

Beyond the modification of coelenterate proteins phytochromes fluorescing in in-
fra red of bacterial origin were found to be an interesting alternative to label cellular
structures in tissue since infrared light can be used to look deep into tissues (SHU ET
AL., 2009).

In 2008 the contributions of 0SAMU SHIMOMURA, MARTIN CHALFIE and ROGER
TSIEN in discovering GFP, enhancing it and to developing it into a widely used tool
in the biosciences were awarded with the nobel prize for chemistry (SErvICE, 2008).
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2.6.2.2 Photoactivatable GFP and photoswitchable FPs

Stable conversion to the anionic state due to decarboxylation of Glu222 can be caused
by intense irradiation of the neutral GFP chromophore. This causes a threefold in-
crease in fluorescence when exciting the protein bulk at approximately 488 nm (van
THOR ET AL., 2002; VAN THOR ET AL., 1998; YOKOE AND MEYER, 1996). This effect
was further enhanced in the photoactivatable GFP variant (PA-GFP) by a single
mutation (Thr203His). Intense exposure to approximately 400 nm light causes irre-
versible photoconversion, with excitation and emission maxima at 504 and 517 nm,
respectively. This can generate an emission increase (for excitation at 488 nm) by a
factor of approximately 100 in live cells (LukyANOV ET AL., 2005; PATTERSON AND
L1pPINCOTT-SCHWARTZ, 2002, 2004) (WIEDENMANN AND NIENHAUS, 2006). Re-
cently it was reported by the lab of JENNIEER LIPPINCOTT-sSCHWARZ, that a photoac-
tivatable RFP has been developed (SuBacH ET AL., 2009).

Beside photoactivatable fluorescent proteins there are also photoconvertable fluo-
rescent proteins like EOS-FP, or Dendra2 which change their color from green to
red after exposing them to blue light (LukyANOV ET AL., 2005; WIEDENMANN AND
NIENHAUS, 20006).

2.6.2.3 Chromobodies

A very interesting and promising new approach to specifically stain structures within
the cell was recently made by ULRICH ROTHBAUER and HEINRICH LEONHARDT. They
created a hybrid between an epitope-recognizing fragment of a monovalent Alpaca
antibody and a chromoprotein that is expressed as one fusion protein. Due to the
small size of the used fragment from the A/paca antibody the genetic information for
these ,,Chromobody“ named fusion proteins fit into an ordinary expression plasmid
(ROTHBAUER ET AL., 2000).

One benefit of this system is that non-protein structures or post translational mod-
ifications can be visualized in living cells. In contrast to FP-fusion proteins, which
represent an additional protein species to the endogenous protein pool, chromobodies
can visualize the endogenous protein population at unbiased expression levels.
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Materials and Methods

3 Materials and Methods

3.1 Amplification, preparation, and storage of
expression plasmids

Plasmids are extra chromosomal, self replicating DNA of prokaryotes. Within this thesis
plasmid constructs were used to express certain transgenes in mammalian cells. This
section describes some of the used methods to amplify, isolate and to store plasmid
based gene expression vectors.

3.1.1 Transformation of bacteria with plasmids

In order to amplify expression plasmids within the bacteria species Escherichia coli, the
plasmids have to be transferred into the bacteria. The following protocol uses heat shock
induced transformation of chemical competent cells.

Materials:

e (Chemical competent bacteria (e.g. DH5a)
e Control plasmid puUC 19

e Microcentrifuge for 600 pl tubes

e Micropipette and tips

* |ce/ ice-water bath

e PCR machine and 600 pl tubes
e Parafim®

¢ Plasmid DNA

e Shaker at 37°C

Method:

e Dilute the plasmid DNA (to a concentration of about 10 ng/ul of DNA) and
place it on ice.

Dilute pUC 19 (control vector) to a concentration of 1 ng/ul (place on ice).
e Thaw competent bacteria on ice.
e Transfer 100ul bacteria into pre-chilled to 1.5 ml Eppendorf tubes.

e Add 1 pl of each diluted plasmid construct and the diluted control vector
(pUC) to the bacteria on ice.

e Mix gently and incubate on ice for 30 minutes.
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e Heat the tubes to 42°C for 20-30 seconds in the PCR machine.

* Place on ice for 2 minutes.

¢ Transfer bacteria into 15 ml Falcon tubes.

e Add 3 ml of LB medium.

e Shake at about 150 rpm for 45 minutes at 37°C.

e Plate 100 pl of the bacteria onto one agar plate without antibiotic.
e Plate 100 pl of the bacteria onto one agar plate with antibiotic.

e Plate 200 pl of the bacteria onto another agar plate with antibiotic.
e |nvert the plates and place them at 37°C overnight.

e Seal the plates with parafilm and store at 4°C or

e pick colonies to inoculate LB medium (e.g. for producing glycerol stocks
or a preculture)

3.1.2 Glycerol stocks

Materials:
e Glycerol
e ddHO

e Overnight liquid bacteria culture

e Screw-cap tubes

Method:

e Pipet 0.5ml of 50% glycerol into each screw-cap tube
e Add 0.5ml of overnight liquid bacteria culture into each tube
e Pipet up and down to gently mix

e Store in -80°C freezer

3.1.3 Preparation of plasmid DNA

Ve

Materials:

e 5 mlpipettes

e 50 ml Falcon tubes
e 70% ethanol




Materials and Methods

¢ Antibiotics
e (Centrifuges
e (Glycerol stocks for the respective plasmid

* [sopropanal
e [ B Medium
e  QlAprep® Midiprep Kit

Method:

Plasmid DNA was purified with the QlAprep® Midiprep Kit according to the
manufacturer’s instructions.

¢ |noculate 5 ml LB medium (containing the respective antibiotic) with a tip
that was used to scratch the surface of an E. coli glycerol stock and incu-
bate on a shaker (60 rpm) at 37°C for 5 h

e from this pre-culture use 50 pl to inoculate a new flask containing 50 m
LB medium (with antibiotics)

e after incubation of ca. 15 h on a shaker (60 RPM) at 37°C, transfer into a
50 ml Falcon tube and centrifuge at 5000 RPM for 5 minutes

e (discard supernatant and resuspended the pellet in 4 ml P1 buffer from the
extraction kit

e for lysis add 4 ml P2 buffer invert the tubes 6x and incubate at RT for
5 minutes

e stop lysis reaction using 4ml P3 buffer and pour the suspension into a filter
syringe; wait for 5 minutes

e equilibrate the DNA affinity column with 4 ml of QBT buffer

e Add a plunger and squeeze the suspension through the filter into the DNA
affinity column

e Wash the column with 20 ml QC buffer

¢ FElute the plasmid DNA using 5 ml of QF

e Add 3.5 mlisopropanol to and centrifuge at 15,000 x g for 10 min
e Wash the pellet with 2 ml of 70% ethanol

e Air dry the DNA until it is visible as a small translucent pellet.

e Solve this pellet in water

e Measure concentration in a DNA photometer (a 260/280 nm ratio of >1.7
is required for transfection of eukaryotic cells)

¢ Dilute the isolated DNA in H,O dd down to a concentration of 1 ug/ml

e Store at -20°C until usage
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3.2 Cell cultivation

Cells were cultured in a humidified incubator at 37°C in a 5% CO, atmosphere. Growth
media were supplemented with 10% FCS, 100 U Penicillin, 100 pg/ml Streptomycin. For
live-cell observations phenol-red free medium supplemented with 25 mM HEPES and
10 uM Trolox was used. The growth media were used dependent on the chosen cell line.

e Hela cells were cultured in RPMI-1640 (Roswell Park Memorial Institute).

e U20S cells were cultured in D-MEM (Dulbecco’s Modified Eagle Medium),

e RPE1 cells were cultured in HAMs F-12/D-MEM 1:1

Cell culture work was carried out under sterile conditions using a sterile work bench.

3.2.1 Thawing cells

Materials:

e Bunsen burner

e (Centrifuge

e (Cryo-tubes with deep-frozen cell suspension stored in liquid nitrogen
at -196°C

e Falcon tubes (15 ml)

¢  Growth medium at 37°C

¢ Incubator (37°C, 5% CO, humidified atmosphere)

e Pipettes 5 & 10 ml

e Tissue culture flask or dish (25 cm2 75 cm?)

e \Water bath at 37°C

e \Waste bottle

Method:

e Remove cryo-tube from liquid nitrogen tank and transfer it to the water
bath (37°C) only for so long until its content gets liquid!

e Transfer the thawed cell suspension quickly into a culture flask or dish,
once it is defrosted

e add ~10 ml pre-warmed growth medium
e Incubate cells for ca. 30 min until they have adhered to the flask/dish

¢ (Change medium in order to remove DMSO that was used to prevent ice
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crystal formation during storage at low temperatures
Transfer culture flask (or dish) with cells back into the incubator

Alternatively, especially if you have to handle cells growing in suspension
resuspend molten content of the cryo-tubes in 10 ml of the respective cell
culture medium (to dilute the DMSO) and then centrifuge the suspension
for 5 min at (1000 RPM) 156 g

Discard the supernatant and resuspend the cells in 10 ml of fresh medium

transfer the cell suspension to a cell culture flask

3.2.2 Sub-culturing

Materials:

1x PBS (azide-free) at 37°C

Centrifuge

Growth medium at 37°C

Incubator (37°C, 5% CO, humidified atmosphere)
Tissue culture flasks or dish (25 cm?, 75 cm?)
Trypsin/EDTA solution (in 1xPBS), at 37°C

Method:

Grow cells in culture flasks or dishes

Remove growth medium using a pipette (adherent cells) or a centrifuge
(suspension cells) at 1000 rpm (in 156 g) for 10 min

Wash cells with 1x PBS to remove bivalent ions that inactivate trypsin by
dilution.

Incubate cells in Trypsin/EDTA solution for some minutes in the incubator
to detach them from the surface (adherent cells)

Dilute cells as required in adequate amounts of culure medium

Transfer cells back into a dish/flask and place them into an incubator
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3.2.3 Seeding cells on coverslips

Ve

Materials:

e Bunsen burner

e Coverslips in 100% ethanol

e Dishes (35 mm, 60 mm) or 6-well plates, respectively
e Growth medium at 37°C

* Incubator (37°C, 5% CO, humidified atmosphere)

e Poly-L-Lysine solution (1 mg/ml)

e  Sterile water

e Sterile forcepts

e Water bath at 37°C

Method:

e Take coverslips out of the ethanol with sterile forcepts and “dry” them us-
ing a bunsen burner

To adhere cells growing in suspension: coat coverslips with Poly-L-Lysine
by incubating them for 30 min with a drop of Poly-L-Lysine solution on
top. Rinse coverslips in sterile distilled water to wash away excessive
Poly-L-Lysine

e Transfer coverslips in Petri-dishes or 6-well plates

e (Generate a cell suspension of adequate concentration in growth medium
e Seed the cell suspension onto dishes/wells with coverslips

e Transfer cells into incubator for proper adherence

3.2.4 Deep-freezing cells

Materials:

e (Cryo-medium: FCS (or growth medium) supplemented with 5-10% DMSO
e (Cryo-tubes

e Freezer (-80°C)

e  Growth medium at 37°C

e Liquid nitrogen tank

e Styrofoam box or isopropanol freezing container
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Method:

e Bring cells into suspension by Trypsine/EDTA treatment (like described for
sub-culturing)

e Add cryo-medium (don’t dilute cell suspension too much!)

e Fill 1.5 ml of the “cryo”-suspension into cryotubes

¢ TJransfer cryo-tubes into styrofoam box or into the isopropanol freezing
container

e Put these containes in a -80°C freezer for ca. 24 h

e Transfer cryo-tubes into cryo-boxes of a liquid nitrogen tank for long-term
storage

e Update cell-inventory records

3.3 Manipulation of living cells

3.3.1 Transfection of cells by lipofection

Materials:

e 1,5 ml Eppendorf tubes

e FuGene HD transfection reagent

e Growing cells (approx. 60% confluent) in 24- or 6-well plates

* Incubator (37°C, 5% CO, humidified atmosphere)

* Plasmid Expression construct (DNA stored in H,0, .., at -20°C)

e  Serum-free OptiMEM medium

Method:

The given concentrations and volumes in this description are appropriate for

the transfection of cells in four wells of a 24 well plate.

e Remove FuGene HD reagent from the fridge and wait until it has reached
RT

e Preparation of the transfection mix:
e Place 100 pl serum free medium into an 1.5 ml Eppendorf tube

e Pipette 7 pl of FuGene HD reagent directly in the serum-free medium
without touching the tube’s wall

e Add ~2 pg DNA (260/280 nm =1.8) plasmid DNA to the mix
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¢ Blend transfection mix by gently tapping the tube with the index finger
and incubate for approx. 20 min at RT

e Use approx. 25 ul of the transfection solution for cells growing (at ~ 50%
confluency) in a well of a 24 well plate.

e Reasonable expression of the transfected DNA is obtained (depending on
the used cell type) 24h -72h after adding the transfection mix to the cells.

3.3.2 Generation of stable transgenic cell lines

Ve

Materials:

e 1xPBS

e Cell culture dishes

e Fluorescence microscope with the adequate filters
e (5418 (Geneticin)

e Medium

* Pipettes

e Water resistant pen

Method:

e Transfect cells (see paragraph above)

e Seed transfected cells onto several cell culture dishes at
different dilutions

e Add selection medium (containing an antibiotic — here G418) to kill all cells
that don’t possess the expression plasmid.

e (Observe growing cell colonies under the fluorescence microscope and
label colonies that express the transfected, transgenic, fluorescent protein
at a reasonable level

e Pick the labeled colonies from the culture dish by softly treating it with
Trypsin/EDTA and use a pipet tip to transfer the colonies into a 24 well
plate.

e [|f necessary re-pick colonies from the 24 well plates — or if available sort
the cells by FACS

e Grow the best clone in a T75 flask and freeze it down in cryo-tubes.
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3.3.3 How to determine the right selection conditions?

Materials:

e 6 well plates
e (Cell culture medium
e Selective antibiotic like e.g. G418 or Hygromycin B

e Sterile filter (0.22 um pores)
e Trypsine/EDTA

Method:

e Dissolve the selective antibiotic (e.g. G418 or Hygromycin B) in fully sup-
plemented growth medium to a concentration of 5 mg/ml using a 0.22 um
filter.

e Prepare 6-well cell culture plates by adding the selective antibiotic to the
growth medium at different concentrations. A range from 100-1,200 pg/mi
in 100 pg increments is recommended.

¢ Dilute a cell suspension down to a concentration of 4000 cells/ml.

e Add 100 pl of cell suspension to each well and incubate plates within a
humidified CO, atmosphere at 37°C

e After 10 to 14 days all cells that were exposed to an antibiotic concentra-
tion above the lethal level are dead.

¢ Note the highest concentration of the respective antibiotic that untrans-
fected cells can tolerate and take the concentration up one step for selec-
tion of stably transfected cells.

3.3.4 Fluorescence labeling of replication foci and / or
chromosomes in living cells

Background:

By incorporation of fluorochrome-tagged nucleotides (e.g. TexasRed-dUTP) into S-phase
cells, replication foci can be visualized within living cells. Nucleotides carry a triphosphate
group and a bulky fluorophore that prevents them from simple diffusion through the cy-
toplasma membrane. In order to bring them into cells the cytoplasma membrane has to
be transiently disrupted. This can be achieved either by microinjection, or — less tediously
— by electroporation or scratch-labeling (ScHerMELLEH ET AL., 2001). Especially the electro-
poration treatment but also the scratch label method lead to a high number of replication
labeled cells, even in unsynchronized cell cultures. After several replication cycles, segre-
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gation patterns appear in nuclei consisting of fluorescently labeled chromosome domains
(sometimes even big parts of a whole chromosome). These patterns are generated during
mitosis by random segregation of labeled and non-labeled chromatides to the daughter
cells. Thus the average amout of labeled chromosomes per cell generation decreases by
the power of 2.

Materials:

e (ells growing (semi-confluent) on coverslips in Petri-dishes or 6-well
plates

e Fluorochrome labeled dUTP nucleotide stock solutions (~1 mM) (Cy3-
dUTP, TAMRA-dUTP, TexasRed-dUTP)

e  Growth medium at 37°C

e Hypodermic needle

* Incubator (37°C, 5% CO, humidified atmosphere)
e Petri-dishes (60 mm) or 6-well plates

e Paper wipes

Method:

e Prepare working solution of the fluorochrome-labeled nucleotides by dilut-
ing the stock solution down to a final concentration of ~50 UM in growth
medium.

e Remove cells growing on a cover slip from the petri-dish or 6-well plate,
dry the bottom side with a paper wipe and place the coverslip in the mid-
dle of a 60 mm petri-dish

e Pipette ~10 pl of labeling solution onto of the coverslip

e Use the hypodermic needle to draw parallel lines on the cell layer as if
hatching a paper area. Put the coverslip back into medium, soon to avoid
drying of the cells

¢ |ncubate scratched cells in the incubator to facilitate incorporation of la-
beled nucleotides into the DNA of S-phase cells
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Fig. 3-1: Living HelLa H2B-GFP cells that were replication labeled by electroporation. This me-
thod has a much higher yield than replication labeling by the scratch method. Dependent on the
amount of cells in S-Phase more than half of the electroporated cells contain labeled chromatin
domains. (the picture contains 79 unlabeled cells in comparison to 95 labeled cells) (Own work).

3.3.5 Electrolabeling

Fluorochrome labeled nucleotides can also be incorporated when the cells’ plasma mem-
brane is transiently permeabilized by electricity. To do so a Multiporator from Eppendorf
was used. This self invented method was specially designed for the targeted cell irradia-
tion at the ion microbeam (see 4.2.2.1) in order to generate a much higher yield of replica-
tion labeled nuclei than obtained by the scratch label protocol.

e

Materials

e (see above) plus

e (Cell counting chamber

e Eppendorf Multiporator

e Hypotonic KCI solution ( provided Eppendorf for use with the Multiporator)

e Plastic cell culture dishes

Method

e (et (adherent) cells into suspension by trypsin EDTA treatment (see sub-
culturing)

e Count cells and calculate the approximate total cell number
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e (Centrifuge the suspension and remove the supernatant.

e Resuspend the cells in hypotonic medium in portions of 100 pl each
containing around 1.5 x 106 cells/ml

e Add 5-10 pl of fluorochrome labeled dUTP stock solution to the sus-
pension and transfer 100 pl into a cuvette with an electrode spacing
of 1 mm. (make sure that you expose the cells as short as possible
to the nucleotide-mix, since it contains DMSO which cells (especially
electroporated cells in suspension don’t like too much!)

e Transfer the filled and assembled cuvette into the multiporator which
is adjusted to the respective electroporation setting. These settings
differ from cell line to cell line (e.g. 800V and 100 ps is appropriate
for HelLa cells). Start the electroporation.

e |ncubate the cells for about 5 minutes in the cuvette and then seed
them onto cover slips, live-cell chambers or to a plastic dishes.

e Put the cells back into the incubator.

* As soon as the cells have adhered, carefully change the medium
and leave them in the incubator until usage.

3.3.6 Microinjection

Background:

Sometimes neither transfection via electroporation nor lipofection works to bring a reasonable
amount of an expression plasmids, fluorochrome labeled dUTPs or other bigger molecules
into cells. In these cases microinjection serves as good alternative to transfer substances into
cells or nuclei. During this thesis microinjection was performed at an Eppendorf microinjection
device (‘Femtodet” (compressor) combined with an “InjectMan” (micro manipulator)). VWhen
starting microinjection, a fluorescent visual positive control (fluorescent additive to the injec-
tion mix) is beneficial. In this thesis dextran-conjugates (e.g. FITC dextran and TRITC dextran)
served as such a positive control. Although the fluorescent dextrans seem to be inert to the
cells’ physiology, they might affect the cells by molecular crowding effects which is thought to
be involved in regulation of higher order chromatin control (RicHTER ET AL., 2008). Since micro-
injection is a tedious technique, it can be applied (depending on the skill of the experimenter)
to only a limited number of cells. (<200)

Ve

Materials:

e (ells growing on a round (@42 mm) coverslip for the POC chamber, or in
another live-cell chamber system (e.g. POC, LAB-Tek or Ibidi)

e (Centrifuge
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Eppendorf Microloader tips (keep box closed to prevent contamination
with dust that might block the injection capillaries!)

Growth medium at 37°C containing HEPES buffer (to stabilize pH)
Injection mix: centrifuged 2 times for 20 min at 13,000 RPM

Live-cell microscope equipped with a temperature conrol system
Microinjection device (microcontroller InjectMan and compressor FemtoJet)

Microinjection capillaries (self pulled or Eppendorf FemtoTips Il)

Method:

Spin down injection mix for about 20 min at 13,000 RPM to pellet aggre-
gates within the mix which might block the capillary. Transfer the injection
mix to a new eppendorf tube and centrifuge again for about 20 min.

Mount POC, Ibidi or Lab-Tek chamber at the microscopic stage
Make sure that the temperature controller is switched on and set to (37°C).

Pipette 4 pl of the injection mix with a microloader tip (make sure that
during storage the microloader tips are not exposed to dust that could
contaminate and/or clog the capillaries) into the injection capilarry carefully
without creating air bubbles

Attach the injection capillary to the InjectMan and bring the injection mix to
the tip of the capilarry by applying pressure (push “clean”). Switch the com-
pressor from standby to on in order to apply compensation pressure (make
sure that injection mix flows out of the capilarry and no medium into it).

Move the capillary carefully down inside the live-cell chamber towards the
cell-layer. Always look at the descending needle using long distance air
objectives (10x, 20x and 40x), since immersion objectives (although better
in collecting light) cannot look very far in depth due to their high numerical
aperture (approx. 20 pm for oil objectives). Descend more slowly (switch
from the course to the fine mode) when approaching the cell-layer.

Begin microinjection with the standard parameters for injection pressure
[P], compensation pressure [P_| and injection time [t] (for adherent cells
and FemtoTips Il e.g. : P, 120-150 hPa; P : 30 hPa; t=0.3 sec)

Find out the best suited parametes [Pi, [P ] and [t] empirically for the used
combination of cell line and capillary so that cells don’t burst but still take-
up sufficient amounts of injection mix and survive.
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3.3.7 Sensitizing DNA with BrdU

Ve

Materials:

e Adherent cells growing in live-cell chambers. (POC, LabTeK or Ibidi).
e BrdU stock solution (50 mM)

e  Growth medium at 37°C

* Incubator (37°C, 5% CO, humidified atmosphere)

Method:

e Add BrdU solution to Petri-dishes to achive a final concentration of 33 uM
(10 mg/ml)

¢ Incubate cells in the incubator until usage.

e Avoid direct exposure to light.

3.3.8 DNA Damage induction via NCS

In order to create DNA damages in cells, Neocarzinostatin can be used in culture me-
dium at a concentration of 200 nM. The macromolecular chromoprotein Neocarzinostatin
contains a highly DNA damaging prosthetic group. The apoprotein in NCS stabilizes, the
chromophore, protects it and guides it to the DNA.

3.3.9 Induction of reversibly hypercondensed chromatin
(HCC)

Background:

Treatment of cells with solutions of high osmolarity leads to the reversible formation of
hypercondensed chromatin (HCC). The osmolarity of a physiological standard growth
medium is about 290 mOsm. Concentrations of >500 mOsm generate hypercondensa-
tion of chromatin. The condensation medium used in this protocol was measured to be
~750 mOsm (ALBIEZ ET AL., 2006). Using higher concentrations does not generate further
condensation if not longer incubation periods are applied (ALBIEz ET AL., 2006).

Materials:

e 20xPBS
e (ells growing in live-cell chamber
e  Growth medium at 37°C
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Method:

Condensation medium (~750 mOsm) is produced by adding 9 ml of
growth medium (~290 mOsm) to1 ml of 20x PBS

Incubate cells in condensation medium (full condensation reached

after 5 min)

Incubation of the cells in medium or buffer with 290 mOsm reverses the
effect of hypercondensation within 5 minutes.

3.4 Immunofluorescence protocol

3.4.1 Fixation and permeabilization

Materials:

1x PBS

Cells growing on coverslips in live-cell or in irradiation chambers
lce bath

Paraformaldehyde (PFA) (powder)

PBST (0.01% Tween /in 1x PBS)

Triton X-100

Method:

Prepare PFA fixative ( 4 mass % PFA in 1 x PBS buffer). Heat the mixture-
up until PFA has dissolved entirely, then cool down on ice.

Prepare 0.4% Triton solution (in 1x PBS)

Wash coverslip, live-cell chamber or irradiation chamber with adherent
cells in 1x PBS

Fix the cells for 10 min at RT in the PFA fixative (see above)
Wash fixed cells approx 3 times with 1x PBS
Treat fixed cells for 15 min with 0.4% Triton solution (see above)

Wash fixed cells with 1x PBS and store them until using them for immuno-
labeling.
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3.4.2 Immuno-cytochemistry and DNA counterstaining

Materials:

e Anti-fade embe