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Summary

The nucleus is the control centre of the mammalian cell. It is in this container that the

genetic material DNA is stored as chromatin. Despite the fact that DNA is a rather

stable molecule, it is not inert and can be compromised in many ways during the life-

time of an organism. Integrity of the genome is continuously challenged by intracellular

metabolism (such as the production of free radicals in mitochondria) as well as external

sources such as ionizing and ultra-violet radiation.Chapter 1 gives an introduction into

the field of DNArepair and summarizes evolutionary conserved mechanism to remove

mutagenic and cytotoxic lesions from the genome. These mechanisms include base

excision repair (BER), mismatch repair (MMR), double-strand break repair by homo-

logous recombination (HR) and non-homologous end-joining (NHEJ) and Fanconi

anemia repair. Nucleotide Excision Repair (NER) is a versatile DNArepair mechanism

that removes a variety of structurally unrelated lesions from the genome. Placental

mammals fully depend on NER for the removal of the UV-induced photoproducts.

This repair pathway is the major topic of this thesis and is discussed in detail in

chapter 2. In addition, we discuss chromatin remodelling events that are required to

facilitate NER on a chromatin template.

The ten-subunit TFIIH complex has a dual role in transcription and in NER. Defects

in TFIIH subunits can result in a combined disorder of Xeroderma Pigmentosum (XP)

and Cockayne Syndrome (CS). Defects in the 3’ endonuclease XPG can also result in

combined XP/CS and TFIIH and XPG were suggested to be part of the same protein

complex (Ito et al., 2007). To determine if XPG and TFIIH are assembled into nascent

NER complexes as a single factor, we studied the kinetics of GFP-tagged XPG in living

cells in chapter 3. Using photobleaching techniques, immuno-labelling experiments

and by measurements on the binding kinetics of repair factors to nascent repair

complexes directly after DNAdamage induction, we demonstrate that XPG and TFIIH

are separately incorporated into NER complexes (Zotter et al., 2006). Moreover, by

employing several cell lines defective in one of the TFIIH subunits, we show that

recruitment of XPG to UV-induced DNAdamage depends on functional TFIIH (Zotter

et al., 2006). In support of our data, it was recently demonstrated that TFIIH

accumulation at sites of DNA-damage is not hampered by the absence of functional

XPG (Dunand-Sauthier et al., 2005; Thorel et al., 2004).

Mammalian nucleotide excision repair is initiated by the XPC complex, which has

high affinity for UV-damaged DNA (Sugasawa et al., 1998; Volker et al., 2001).

Besides XPC, mammalian cells express a second UV-damage recognition protein with

high affinity for UV lesions: DDB2, which is part of an E3 ubiquitin (ub) ligase

containing CUL4A, ROC1 and DDB1 (Groisman et al., 2003). This raises the question

how these damage sensors co-operate to detect lesions. In chapter 4, the binding and
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dissociation kinetics of DDB2 to UV-damaged chromatin was studied. Moreover,

DDB2 was expressed in cells lacking functional XPC (Luijsterburg et al., 2007).

Various photobleaching and immunolabeling experiments reveal that DDB2 bind to

damaged-DNA independently of XPC (Luijsterburg et al., 2007), in contrast to other

NER factors (Volker et al., 2001). The other subunits of the E3 ligase complex (DDB1

and CUL4A) bind to UV-lesions with similar kinetic as DDB2, demonstrating that the

entire E3 complex binds to UV-induced DNA damage. We demonstrate that there is

little physical interaction between the two damage sensors on UV-lesions and propose

a scenario in which DDB2 prepares UV-damaged chromatin for assembly of the NER

complex, possibly by histone ubiquitylation.

The nucleus is highly compartmentalized and electron microscopic studies have

revealed that chromosomes are made up of several dense chromatin domains. At the

border of these domains is a region called perichromatin, which contains dispersed

chromatin fibers (Fakan, 2004a; Fakan, 2004b; Jaunin and Fakan, 2002; Jaunin et al.,

2000). Transcription and replication mainly takes place in perichromatin (Cmarko et

al., 1999; Jaunin et al., 2000), showing that this is an important functional compartment

in the nucleus. In chapter 5, we studied where NER actually takes place in the nucleus

using electron microscopy. NER proteins are significantly enriched in perichromatin

upon UV irradiation. These results demonstrate that NER takes place in the same

functional domain as transcription and replication. In addition, we provide evidence for

considerable chromatin decondensation in response to UV-induced DNA damage,

which might facilitate relocation of DNA lesions to the perichromatin region. Together,

our results provide novel insight into the spatial organization of DNA repair in the

human cell nucleus.

In chapter 6, we have systematically analyzed kinetic parameters of all pre-incision

NER factors, in addition to repair synthesis factors RPA and PCNA during the repair

process in living cells. Different NER proteins associate with the DNA lesion with

remarkably different binding kinetics. NER proteins continuously and rapidly exchange

between the bound and freely diffusing state, suggesting that repair proteins dissociate

and associate while repair is in progress. Based on these quantitative in vivo data, we

have developed a comprehensive kinetic model for NER, which quantitatively

reproduces many aspects of the repair process in vivo. The model indicates that the

NER process progresses through a sequential set of intermediates separated by in

practice irreversible enzymatic steps, including unwinding, incision and DNA

synthesis. Repair proteins assemble in a stochastic fashion on each intermediate until

a catalytically active complex is formed that allows progression to the next repair

intermediate. Using this model, we explore the dynamic behaviour and properties of

the NER system to gain detailed insight into how it operates in vivo. Among others,

the model reveals that the assembly of the repair complex is remarkably slow, since
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more than 99% of the repair time is spent on NER complex formation. Our approach

provides detailed insight into the kinetic properties of NER in vivo and unravels the

complex choreography of this repair process, which is a paradigm for other

chromatin-associated processes.

Chromatin contains inherited information, which is stored in the genetic material DNA.

An additional layer of epigenetic information is stored in the histone proteins that

package DNA. These proteins can be modified by acetylation, methylation,

phosphorylation and ubiquitylation and these modifications constitute a “code” that is

“read” by a variety of epigenetic factors, which in turn regulate genome function. One

of such epigenetic regulators is the HP1 family and HP1 proteins play roles in

maintenance of heterochromatin, replication and transcription. In chapter 7, we

demonstrate that that the HP1 isoforms HP1α, HP1β and HP1γ are recruited to DNA

lesions in living human cells. This response to DNA damage strictly requires the

chromoshadow domain of the HP1 protein and occurs at sites of double strand breaks

and at sites of helix-distorting lesions. Evidence is provided that HP1 is not involved

DNA repair itself. We show that several HP1-interacting proteins are also recruited to

DNA damage, including chromatin remodelling factors and DNA and histone

methyltransferases. Loss of HP1 results in high sensitivity to UV-induced damage in

the nematode C. elegans, providing evidence for involvement of HP1 in a DNA

damage response mechanism. These results suggest a novel function of HP1 proteins

and reveal a link between maintenance of epigenetic information and DNA damage

responses.

In the final chapter 8, we give an overview of how site-specific proteins locate target

site in the genome. The kinetics of proteins involved in essential genome-controlling

functions such as transcription, replication and DNA repair is discussed. Moreover,

we discuss mechanisms to increase the probability that a multi-protein complex is

assembled on a specific site and argue that full understanding of the dynamics of

genome controlling processes requires live-cell imaging combined with mathematical

modelling.
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