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About the cover: Four features of DNA damage checkpoints in the context of the mammalian cell cycle. Top, right: 
GFP-53BP1 (green) assembles into broad regions around DSB-containing laser tracks, a mechanism that operates 
throughout interphase. Bottom, right: S-phase cells damaged by laser microirradiation along the γ-H2AX decorated 
tracks (red) display decreased DNA synthesis as measured by BrdU incorporation (green). This is indicative of S-phase 
checkpoint activation. Bottom, left: Rad52-YFP (yellow) assembles into discrete “micro foci” along DSB-containing 
laser tracks. This mechanism operates exclusively in S- and G2-phases of the cell cycle. Top, right: The checkpoint 
protein Claspin is degraded in early mitosis to prevent Chk1 activation during this cell cycle phase. The mitotic cell 
with condensed DNA (red) contains only minute levels of Claspin (green) compared to the interphase cells above. 
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Abstract 
 
Organizing the mammalian DNA damage response in time and space is a major challenge to the 
cell. Of the many roles of this response, the ability to control cell cycle progression and various 
aspects of DNA metabolism poses the greatest challenge, as such interventions require a damage 
alert signal to be spread from focal lesions to distant replication origins, gene promoters etc. In the 
present report, I explore some of the spatio-temporal features of the DNA damage response that 
enable detection of DNA double strand breaks (DSBs), organization of the surrounding nuclear 
space and the communication with distant and immobile nuclear structures. 
 
To strengthen our existing capabilities in experimental live cell imaging techniques, I have 
developed a mathematical framework based on linear differential equations to describe the 
accumulation of proteins into foci at sites of DNA damage. This proved to be a useful tool in 
analyzing data from DSB-generating laser microirradiation experiments. In this report, I also devise 
mathematical models for the analysis of photobleaching experiments, the non-invasive microscopy 
technique for studying protein dynamics. 
 
Mdc1 is the physiological binding partner of γ-H2AX, and in two publications my co-workers and I 
showed how this interaction at sites of DNA damage attracts other factors by distinct mechanisms. 
First, by a physical interaction with Nbs1, Mdc1 recruits the Mre11-Nbs1-Rad50 (MRN) complex 
to γ-H2AX modified chromatin. Second, Mdc1 is required for productive assembly of 53BP1 at 
sites of DNA damage, as 53BP1 recruitment was strongly diminished in Mdc1-depleted cells. This 
requirement is evident at early as well as late stages of checkpoint signalling and points to an 
important role for Mdc1 in structuring DSB-flanking chromatin. Kinetic studies of micro-laser 
induced protein redistribution revealed that accumulation of Mdc1 and Nbs1 at sites of DNA 
damage occurred simultaneously and almost instantly after generation of DSBs. Conversely, 
accumulation of 53BP1 lagged significantly behind. These kinetic discrepancies reflect the direct 
recruiting versus chromatin organizing functions of Mdc1. 
 
In this thesis I show that the DSB-containing nuclear space is organized in two non-overlapping 
compartments. One of these is modified chromatin which provides a binding platform for chromatin 
interacting proteins like Mdc1 and 53BP1 and from this compartment ATM signalling emanates. 
The other and significantly smaller compartment, dubbed “micro foci”, is cell cycle regulated and 
consists of single stranded DNA (ssDNA) which attracts proteins involved in ATR signalling, 
including ATR itself and the homologous recombination machinery. Thus, despite that they share 
many substrates, ATM and ATR markedly differ in their sub-nuclear localization following a DSB-
generating insult. The MRN complex and BRCA1 are unique in the sense that they can be detected 
within both compartments. I speculate that the Mdc1-independent accumulation of MRN in micro 
foci precedes ssDNA formation and reflects the important sensory role of this complex. A large and 
heterogeneous group of proteins involved in the DNA damage response do not accumulate in either 
of the spatially restricted compartments. Chk1 and Chk2 belong to this category, and this behaviour 
was previously shown to reflect the pan-nuclear messenger roles of these kinases. In the present 
study, I add the novel ATM substrate Kap1 to this category and show that this protein transiently 
interacts with, and is activated at, the site of DNA damage, but does so with very slow kinetics 
compared to Chk1 and Chk2. This spatio-temporal profile may be important for the role of Kap1 in 
mediating global chromatin relaxation following activation by ATM. 
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TopBP1 and Claspin are two mediators that operate in the ATR pathway to phosphorylate and 
activate Chk1. Together with my co-workers, I show that TopBP1, which tightly co-localizes with 
ATR in micro foci, impacts on all tested phosphorylation events carried out by this kinase. This 
points to a role for TopBP1 in directly activating ATR, a view that is supported by the existing 
literature. Claspin, on the other hand, only impacts on Chk1 phosphorylation and these two proteins 
also display spatio-temporal properties that are virtually identical. Thus, this study provides an 
example of how the sub-nuclear localization of a protein acting in the DNA damage response can 
provide a clue to its function. I speculate that such an approach can be used as a diagnostic tool to 
assign novel DSB regulators to distinct signalling pathways. 
 
In an effort to improve our understanding of Chk1 regulation, we discovered that the mediator 
protein Claspin is a target for SCF-mediated proteolysis via the F-box protein β-Trcp. We found 
Claspin to be eliminated by this mechanism at the onset of mitosis and during recovery from 
genotoxic stress. In both cases, removal of Claspin strongly hampered the cells’ ability to activate 
or sustain activity of Chk1. 
 
In summary, I have successfully applied mathematical and analytical methods to extract relevant 
biological information from live cell imaging data. Together with my co-workers I have discovered 
several new spatio-temporally important mechanisms operating during all stages of the DNA 
damage response, from its inception to its termination. 
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Dansk sammenfatning 
 
At organisere DNA-skade responset i tid og rum udgør en stor udfordring for mammale celler. Af 
de mange funktioner af dette cellulære respons mod DNA-skader, er det evnen til at kontrollere 
cellecyklussen og de forskellige aspekter af DNA-metabolismen som udgør den største udfordring, 
da sådanne interventioner kræver at et alarmsignal bliver spredt fra stedet hvor skaden er opstået til 
fjerne replikations-origins, gen-promotorer osv. I denne afhandling udforsker jeg nogle af de spatio-
temporale kendetegn ved DNA-skade responset som muliggør detektion af DNA 
dobbeltstrengsbrud (DSB), organisering af det omgivende rum i cellekernen og kommunikationen 
med fjerne og immobile cellekernestrukturer. 
 
Med henblik på at styrke de eksperimentielle teknikker til at følge levende celler, har jeg udviklet et 
matematisk værktøj baseret på lineære differentialligninger til at beskrive akkumulering af proteiner 
omkring DNA-skader. Dette viste sig at være et nyttigt værktøj til at analysere data fra mikrolaser-
bestrålings eksperimenter som genererer DNA-skader i celler. I denne afhandling anviser jeg også 
forskellige matematiske metoder til at analysere photo-bleaching eksperimenter, som er en non-
invasiv teknik til at studere proteiners dynamik. 
 
Mdc1 er den fysiologiske interaktionspartner for γ-H2AX, og i to publikationer viser jeg sammen 
med mine kolleger hvordan denne interaktion igennem forskellige mekanismer er ansvarlig for at 
tiltrække andre proteiner til steder i kernen hvor DNA-skader er opstået: Igennem en fysisk 
interaktion med Nbs1 rekrutterer Mdc1 Mre11-Nbs1-Rad50 (MRN) komplekset til γ-H2AX-
modificeret kromatin. Mdc1 er ligeledes nødvendig for opbygning af forhøjede mængder 53BP1 
omkring DNA-skader, idet akkumuleringen af dette protein var kraftigt formindsket i celler hvor 
Mdc1 ikke var til stede. Denne afhængighed af 53BP1 for Mdc1 var udtalt på tidlige såvel som sene 
tidspunkter af DNA-skade signallering og peger på en vigtig rolle for Mdc1 i omstrukturering af 
kromatinregioner som flankerer DNA-skader. Kinetiske studier af mikrolaser-induceret 
proteinakkumulering viste at akkumulering af Mdc1 og Nbs1 ved DNA-skader foregik samtidigt og 
stort set straks efter at skaden var opstået. Derimod akkumulerede 53BP1 med en signifikant 
langsommere kinetik. Disse udtalte forskelle reflekterer de protreinrekrutterende versus 
kromatinorganiserende funktioner af Mdc1. 
 
I denne tese viser jeg at området af cellekernen som grænser op til DNA-skader er organiseret i to 
afgrænsede compartments. Et af disse består af modificeret kromatin som udgør en 
interaktionsplatform for kromatinbindende proteiner såsom Mdc1 og 53BP1, og hvorfra ATM-
signallering udgår. Det anden og betydeligt mindre compartment, kaldet ”micro foci” er 
cellecyklusreguleret og består af enkeltstrenget DNA som tiltrækker proteiner involveret i ATR-
signallering, heriblandt ATR selv, og proteiner involveret i homolog rekombination. ATM og ATR 
fosforylerer mange af de samme substrater, men afviger altså i deres sub-nukleære lokalisering 
omkring DNA-skader. MRN-komplekset og BRCA1 er unikke i deres egenskab til at okkupere 
begge af de ovenstående compartments. Jeg spekulerer at den Mdc1-uafhængige akkumulering af 
MRN i ”micro foci” sker før dannelsen af enkeltstrenget DNA og reflekterer den vigtige sensoriske 
rolle for dette kompleks i DNA-skade responset. En stor og heterogen gruppe af proteiner 
akkumulerer ikke i nogle af de ovennævnte compartments på trods af deres veletablerede rolle i 
DNA-skade responset. Chk1 og Chk2 tilhører denne kategori og det er tidligere blevet demonstreret 
at en sådan opførsel er vigtig for disse kinasers funktion som budbringere af DNA-skade signalet til 
fjerne områder af cellekernen. I denne afhandling tilføjer jeg det nye ATM-substrat Kap1 til denne 
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kategori og viser at dette protein interagerer transient med og bliver aktiveret ved DNA-skaden, 
men med en betydeligt langsommere kinetik end Chk1 og Chk2. Denne spatio-temporale profil er 
vigtig for at Kap1 kan mediere global kromatinrelaksation efter aktivering af ATM. 
 
TopBP1 og Claspin er to mediatorproteiner som opererer i ATR’s pathway til at phosphorylere og 
aktivere Chk1. Sammen med mine kolleger har jeg vist at TopBP1, som co-lokaliserer med ATR i 
”micro foci” har betydning for alle de ATR-fosforyleringer som vi undersøgte. Dette peger på en 
direkte rolle for TopBP1 i ATR-aktivering, et synspunkt som støttes af den eksisterende litteratur. 
Claspin viste sig derimod kun at have betydning for fosforylering af Chk1, og disse to proteiner 
udviser også identiske spatio-temporale egenskaber. Dermed giver dette studie et eksempel på 
hvordan den sub-nukleære lokalisering af et protein som er involveret i DNA-skade responset kan 
give et hint til proteinets funktion. Jeg spekulerer at en sådan fremgangsmåde kan bruges som et 
diagnostisk værktøj til at kæde nye DSB-regulatorer sammen med distinkte signallerings-pathways. 
 
I et forsøg på at øge vores forståelse af Chk1-regulering, opdagede vi at mediatorproteinet Claspin 
er et target for proteolytisk nedbrydning via SCF-komplekset og F-box proteinet β-Trcp. Vi fandt at 
Claspin blev elimineret via denne mekanisme ved indgangen til mitose og under recovery fra 
gentoksisk stress. I begge tilfælde forhindrede nedbrydning af Claspin cellerne i at aktivere Chk1. 
 
Jeg har med success anvendt matematiske og analytiske værktøjer til at ekstrahere relevant 
biologisk information fra mikroskopering af levende celler, og sammen med mine kolleger har jeg 
opdaget nye spatio-temporale mekanismer af betydning for alle dele af DNA-skade responset, fra 
dets aktivering til dets afslutning. 
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Introduction 
 
When the integrity of cells’ genetic material, the DNA, is compromised, swift and efficient 
measures must be taken to restore it. Failure to do so can lead to the occurrence and propagation of 
mutations and even death of the cell. In higher organisms, mutations can activate proto-oncogenes 
and silence tumour suppressor genes, promoting tumour formation and cancer. To circumvent such 
problems, an intricate cellular machinery has evolved to prevent the deleterious consequences of 
DNA damage. One part of this machinery actively intervenes with the progression of the cell cycle 
to disallow replication and partition of damaged DNA. DNA damage-induced arrest of the cell 
cycle is also important for allowing the DNA repair machinery to act on the lesions and restore the 
integrity of the DNA before the cell cycle is re-commenced. If successful repair cannot be achieved, 
the apoptotic suicide pathway may eliminate cells with compromised DNA to protect the organism 
against potential tumourigenesis. Collectively, the network of pathways that ensure the above 
objectives is called the DNA damage response. This network also impacts on cellular processes like 
transcription and replication of DNA and constitutes an important barrier against cancer 
development. Consequently, many genes acting in the DNA damage response are proto-oncogenes 
and tumour suppressors in their own right. Many of the genes are also found mutated in familial 
cancer syndromes, the most pronounced case being the BRCA1 and BRCA2 genes, mutation of 
which confer a strong predisposition to breast and ovarian cancer in women. The tight correlation 
between the DNA damage response and cancer development has spurred a massive effort to map 
the underlying molecular pathways and to understand their roles in human pathogenesis. It is 
conceivable that this effort could lead to new ways of treating cancer in the future. 
 
Our understanding of the DNA damage response is already quite considerable and most of the 
central proteins and their functions have been described in detail. This progress has mainly been 
achieved by genetic and biochemical means, allowing for the elucidation of molecular pathways. 
Nevertheless, such a one-dimensional approach is unlikely to be able to describe all aspects of the 
DNA damage response and one key issue that remains somewhat under-represented in the field is 
how these important reactions are organized in time and space. After all, the DNA damage response 
is not designed by nature to operate in a test tube, but in the highly complex, dynamic and 
compacted environment of the mammalian cell nucleus. Such a shift in focus can be seen as 
somewhat of a trend in cell biological research, and in-depth examination of cellular processes in 
real-time has significantly increased our understanding of cell cycle regulation, cell division, 
transcription and the function of nuclear compartments. For some years now, a focus of the 
Department of Cell Cycle and Cancer at the Danish Cancer Society has been to increase our 
understanding of the spatio-temporal aspects of the DNA damage response. This effort has lead to 
the development of a unique method for introducing DNA double strand breaks in a defined nuclear 
area by laser microirradiation, and a considerable expertise in live cell imaging and photobleaching 
techniques. The aim of my PhD project was to further develop our capabilities in these areas and 
apply the techniques to concrete and unresolved problems within the DNA damage field. For the 
latter part, I decided to focus on the roles and intra-nuclear dynamics of checkpoint mediator 
proteins as well as exploring the architecture of DNA damage induced foci. Thus, the objectives for 
my work could be separated in two major points, dealing with various technical and concrete 
problems: 
 

 



 
________________________________________________________________________________________________________________________ 

11

I. To develop and apply mathematical frameworks for the analysis of data from 
microirradiation and photobleaching experiments.   

 
II. To investigate the spatio-temporal properties of the DNA damage response. 

 
 
I have chosen to divide the main body of my thesis into three parts; Background, Methodology and 
Results & Discussion: In the Background section, chapters 1 to 3 outline the theory and current 
status of the cell cycle, the DNA damage response and DNA repair processes. In the Methodology 
section, chapters 4 and 5 deal with microirradiation and photobleaching techniques. Emphasis is put 
on mathematical models to describe experimental data that can be acquired using these two live cell 
imaging techniques. Besides a review of some useful published methods, these chapters represent 
my own considerations and contributions related to “objective I” above. Finally, my findings related 
to “objective II” are presented in the Results & Discussion section. I have chosen to sequentially 
present and discuss six publications produced during my PhD studies on which I appear as an 
author. Thus, following each paper I discuss the outcome and impact of the individual projects in 
the light of subsequent findings in this quickly expanding field. 
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1. The cell cycle 
 
The ultimate goal of any living organism is to reproduce itself. Self-propagation is the basic 
property of life and a driving force behind organismal evolution and development. Production of 
two daughter cells from a single mother cell is at the heart of this process both for single- and multi-
cellular organisms. The process by which one copy of the cell, the basic living entity, becomes two, 
is called the cell cycle (figure 1). The main challenges of the cell cycle are to accurately duplicate 
the genetic material, the DNA, and distribute it equally between the progeny cells. DNA replication 
is carried out during S-phase, while segregation of replicated chromosomes occurs in mitosis (or M 
phase). During the latter process, not only the DNA but also the remaining cellular content is 
divided equally between the daughter cells. These two dramatic phases of DNA metabolism are 
separated by two gap phases, G1 and G2. During the G1-phase, the cell grows and prepares for 
entry into S-phase. The G1-phase constitutes the major decision point of whether to cycle or not. 
The major factors influencing this decision are environmental ones. For unicellular organisms, such 
as bacteria or yeast, sufficient availability of nutrients and generally favourable growth conditions 
stimulate cell cycling. In the multicellular organism, cells rely more on instructions from other cells, 
and sense the presence and levels of a variety of growth promoting and inhibiting factors in their 
environment. These factors can be mitogenic activators, hormones and cytokines, all produced and 
secreted by other cells. If the amount of positive stimuli exceeds the load of negative acting stimuli, 
a decision to enter (and finish) the cell cycle is made. This point in the cell cycle has been defined 
as the Restriction point (R) (Pardee, 1989), the passage of which is associated with the firing of an 
elaborate transcriptional program. Following the 
conclusion of the replication process, cells 
normally pause for some time to prepare for cell 
division. This point in the cell cycle is called the 
G2-phase.  
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During development of multicellular organisms, 
fast and efficient cell proliferation is necessary. 
But in the adult multicellular organism, cell 
proliferation is only required to maintain cellular 
homeostasis – the balance between cell death 
and cell genesis. Thus, most cells of the solid 
tissue in the adult organism have entered a 
quiescent state, in cell cycle terminology called 
G0. For some cells, this state is only transient, 
and they can re-enter the cell cycle when they 
are stimulated to do so. Other G0 cells do not 
retain the ability to re-enter the cell cycle and 
thus will not be able to duplicate themselves. 
This applies for most cells that are terminally 
differentiated and cells that have entered a 
permanent quiescent state. 
 
An important property of the cell cycle is its 
unidirectionality. Once a sub-process has been 
instigated, the cell is committed to finish it, and 

 

Figure 1. The cell cycle is the process by which 
cells divide. It consists of four phases; S-phase in 
which the genome is replicated, Mitosis in which 
the cell divides, and two gap phases (G1 and G2). 
Upon passage of the restriction point (R), the cell 
is commited to enter S-phase. 
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can, with a few exceptions, not return to a previous S-phase. On the other hand, the cell will not 
enter a new phase until the previous one has been fully completed and all requirements for further 
progression are present. The latter is controlled by so-called checkpoints which are of utmost 
importance for ensuring the fidelity of the cell cycle (Hartwell and Weinert, 1989). Various 
checkpoints exist at the major transitions of the mammalian cell cycle. Besides the three DNA 
damage checkpoints, which are the topic of this thesis, checkpoints monitor the fidelity of DNA 
replication during S-phase (Nyberg et al., 2002) and the proper alignment of chromosomes during 
mitosis (Nasmyth, 2005; Rieder et al., 1994). All checkpoints have to be satisfied for a cell to enter 
a new phase of the cell cycle, and in the presence of an active checkpoint cell cycle transition will 
be blocked. The two most important driving forces of the cell cycle are cyclin dependent kinase 
activity and timely proteolysis, which are the subject of the two following sections. Besides being 
instrumental for the normal progression and the unidirectionality of the cell cycle, these “molecular 
machines” also constitute the major points of intervention when checkpoints are activated. Thus, 
regulation of cyclin dependent kinases and proteolytic machineries are key to achieving control 
over the progression of the cell cycle. 
 
 

Cyclin dependent kinases 
Cyclin dependent kinases (cdks) are the work horses of the cell cycle (Morgan, 1997). By 
phosphorylating numerous substrates, these kinases activate their downstream targets to perform the 
reactions necessary for cell cycle transitions, DNA replication and cell division. The cdks are a 
conserved family of small serine/threonine kinases, comprising not much more than their app. 300 
amino acid kinase domain (Hanks et al., 1988). The founding member of the family is the CDC2 
gene product from fission yeast, the cloning of which gave the very first insights into cell cycle 
regulation (Nurse and Bissett, 1981). In yeast, this single cdk enzyme drives all phases of the cell 
cycle, however, several other cdks exist in higher organisms (Morgan, 1997). The mammalian 
homolog of Cdc2 is also called Cdk1, and other important cdks include Cdk2, 4, 6 and 7. In its and 
monomeric form, the cdk is an inactive kinase due to various structural constraints (Morgan and De 
Bondt, 1994). These constraints are to some degree alleviated through the binding of cyclin 
molecules (Jeffrey et al., 1995). The partnership between cdks and cyclins provides an elegant way 
for cells to regulate the activity of cdks. Thus, whereas the abundance of all cdks is virtually 
constitutive, the cyclin levels fluctuate in a cell cycle specific manner (Sherr, 1993) (figure 2). 
When the activity of a certain cdk is required for cell cycle progression, the corresponding cyclin 
gene product is produced, and when its activity is no longer needed, it is rapidly degraded (Murray, 
2004). In mammals, Cdk4 and Cdk6 partner up with D-type cyclins to mediate passage through the 
restriction point in G1, while Cyclin E activates Cdk2 to fire DNA replication. During S-phase, 
cyclin A-bound Cdk2 plays a key role in driving S-phase, while Cdk1 bound to Cyclin B and to a 
lesser extent Cyclin A drives mitotic onset and progression (Sherr, 1993). Until recently most 
cyclin-cdk complexes were thought to be essential, but generation of knockout mice has strongly 
contested this view. Thus, both Cdk2 and Cdk4 seems to be dispensable for the cell cycle (Berthet 
et al., 2003; Ortega et al., 2003; Tsutsui et al., 1999). Additionally, various cyclins have been shown 
to be non-essential (Geng et al., 2003; Liu et al., 1998; Sherr and Roberts, 2004). This illustrates 
that although the previously established roles for specific cdks and cyclins probably do hold true, 
these important factors can to a large extent substitute for one another in the absence of their 
physiological binding partners.  
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maintaining S-phase (Blomberg and Hoffmann, 1999). In addition, Cdc25A is a key target of the 
DNA replication checkpoint (Molinari et al., 2000) as well as the intra-S and G2-M DNA damage 
checkpoints (Falck et al., 2001; Mailand et al., 2000; Zhao et al., 2002). 
 
The mammalian genome contains several genes which products can inhibit cdk activity through a 
physical interaction. These proteins, called cyclin dependent kinase inhibitors (CKIs) can be divided 
into two groups based on their structure and specificity (Sherr and Roberts, 1999). The CIP/KIP 
family of CKIs comprise p21CIP1, p27KIP1 and p57KIP2, with the number indicating the molecular 
weight of the proteins in kilo-Daltons. These proteins inhibit Cdk2 and Cdk4/6 complexes by 
binding to both the cyclin and cdk part of the complex, and inserting an interfering peptide into the 
active site of the cdk (Russo et al., 1996a) (figure 3). p21 is an important player in DNA damage 
induced checkpoints (Elledge, 1996), and is a transcriptional target of the tumour suppressor p53 
(el-Deiry et al., 1993). The inhibition of cdk activity by physical interaction with transcriptionally 
induced p21 is to a large extent responsible for mediating prolonged arrest of the cell cycle in the 
presence of DNA damage (Sherr and Roberts, 1999). The physiological role of p27 is in the 
withdrawal from the cell cycle (Harper and Elledge, 1996). This CKI is present in very high 
amounts in G0 cells, restraining any S-phase promoting cdk activity. Transient as well as permanent 
withdrawal from the cell cycle is a very important aspect of development of multicellular organisms 
and homeostasis. Consequently, p27 knockout mice display a very striking phenotype: They are 
double in size compared to their wild-type littermates and suffer from organomegaly – a condition 
where all organs of the body develop to 
abnormal sizes (Fero et al., 1996; 
Kiyokawa et al., 1996; Nakayama et al., 
1996). The defects of this mouse nicely 
illustrate the importance of harnessing cdk 
activation potential during normal 
development. The second class of cdk 
inhibitors belong to the INK4 (Inhibitor of 
cdk4) family, comprising p15INK4b, 
p16INK4a, p18INK4c and p19INK4d (Sherr and 
Roberts, 1999). These proteins block cdk 
activity through a mechanism that differs 
from the one used by members of the 
CIP/KIP family. INK4 proteins disrupt 
cyclin-cdk complexes and interact with 
monomeric cdks (Russo et al., 1998). As 
the name suggests, INK4 proteins 
specifically target Cdk4 and Cdk6 and thus 
their functions are largely restricted to the 
G1-phase of the cell cycle (Sherr and 
Roberts, 1999). The inhibitory effects of 
CKIs only seem to be determined by their 
abundance, and thus the cells tightly 
regulate their transcription and degradation 
(Murray, 2004). 
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Figure 3. Structural basis for Cyclin A-Cdk2 
inhibition by the CKI p27. The protein binds both 
Cdk2 and Cyclin A and inserts a peptide into the 
catalytic cleft of Cdk2. p27 is in red, Cdk2 in grey 
and Cyclin A in blue. (Russo et al, 1998) 
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and Morgan, 2000), but late in G2, the complex is allowed to enter the nucleus (Li et al., 1997). In 
summary, the activity of cyclin dependent kinases is mainly regulated by three distinct mechanisms; 
removal of inhibitory phosphorylations, binding of inhibitors and sub-cellular localization. While 
binding of CKIs is most relevant as a regulatory mechanism in G1 and G0, activating 
dephosphorylation is the most important control mechanism guarding against premature mitotic 
onset.  
 

Proteolysis in the cell cycle 
Sudden appearance and timely destruction of cell cycle regulators are key events in establishing the 
directionality of the cell cycle (King et al., 1996). Regulated proteolytic destruction occurs via the 
ubiquitin-proteasome pathway (Hershko and Ciechanover, 1998). In brief, this pathway consists of 
the sequential transfer of the 76 amino acid modifier ubiquitin to substrates via an E1 ubiquitin 
activating enzyme, an E2 ubiquitin conjugating enzyme and finally an E3 ubiquitin ligase. Multiple 
sequential permutations of this cycle, or the deployment of an E4 ubiquitin elongating enzyme, 
leads to the formation of polyubiquitin chains covalently attached to target proteins. Attachment of 
polyubiquitin chains results in recognition of the target protein and subsequent proteolytic 
processing by the 26S proteasome. The E3 ligases confer substrate specificity to the process of 
proteolysis and are thus highly abundant in the mammalian genome. In contrast, only a handful of 
different E1 and E2 enzymes exist. In the context of cell cycle regulation, timely protein destruction 
is mediated by two multi-subunit complexes containing E3 activity (figure 4). One of these, the 
Skp1-Cdc53/Cullin-F-box protein (SCF) complex, is a constitutively active regulator of protein 
turnover, playing important roles throughout the cell cycle (Ang and Wade Harper, 2005; 
Nakayama and Nakayama, 2005). The Anaphase Promoting Complex (APC), is a key orchestrator 
of several key events during mitosis and maintenance of the G1-phase (Harper et al., 2002; Peters, 
2002). Consequently, APC activity is only present during mitosis and early G1 and must be kept 
tightly in check outside these cell cycle phases. The protein turnover mediated by the SCF and APC 
complexes is regulated by post-translational modifications (most notably phosphorylations) of both 
target proteins and core subunits (Tyers and Jorgensen, 2000). In addition, intriguing insights into 
how these proteolytic machineries regulate each other have contributed to our understanding of how 
cell cycle flow is achieved on the molecular level. 
 
The SCF complex consists of a core structure containing the components Skp1, Cdc53/Cullin and 
Rbx1 (Deshaies, 1999) that can recruit E2 activity towards target proteins (figure 4). Substrate 
specificity is determined by association with a diverse family of target specific subunits that contain 
an F-box, through which association with the SCF core is achieved, and an additional protein 
interaction domain through which target proteins are recruited to the SCF (Feldman et al., 1997). 
The F-box proteins are highly abundant in the mammalian genome (Cenciarelli et al., 1999; 
Winston et al., 1999a). This allows for very diverse functions to be carried out in a regulatable 
manner by the constitutively active SCF core. Binding of targets to F-box proteins is in turn 
regulated by post-translational modifications of interaction motifs within the target proteins. In most 
cases, target proteins interact with F-box proteins in a phosphorylation dependent manner (Skowyra 
et al., 1997). Thus, kinases can target proteins for SCF-mediated degradation by phosphorylation of 
phospho-degrons, which are short phosphorylatable motifs that render target proteins sensitive to 
the SCF. The studies leading to the discovery of the SCF centred on the degradation of the cdk 
inhibitor Sic1 in G1 of the budding yeast cell cycle (Tyers and Jorgensen, 2000). This now classic 
study provides a typical example of how SCF-mediated destruction of a negatively acting cell cycle 
regulator is achieved: To promote S-phase, Sic1 is phosphorylated on multiple sites by Cln1/2-
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Cdc28 cyclin-cdk complexes. These phosphorylations gradually increase Sic1’s affinity towards the 
WD40 repeat domain of the F-box protein Cdc4. This results in recruitment of the protein to the 
SCF core, ubiquitination by the SCF-associated E2 enzyme Cdc34, and ultimately destruction of 
Sic1. Removal of the inhibitor liberates the activity of the S-phase promoting cyclin-cdk complex 
Clb-Cdc28 and subsequent initiation of DNA replication. Among the approximately 40 F-box 
proteins encoded by the mammalian genome, only a few have been well characterized and directly 
linked to the cell cycle. Of these, the most important ones are Skp2, Fbw7 and β-Trcp, which all 
play specific and important roles in removing obstacles for cell cycle transitions and restraining cell 
cycle promoting activities outside their proper context (Nakayama and Nakayama, 2005). The F-
box protein Skp2 targets cyclin dependent kinase inhibitors (CKIs) for SCF mediated destruction. 
Its most notable target is p27, the CKI that is important for maintaining G0 and inhibiting Cyclin E-
Cdk2 in G1 (Carrano et al., 1999). The timely removal of the cell cycle inhibitory functions 
associated with p27 is a key event in promotion of S-phase (Sutterluty et al., 1999). Skp2 levels rise 
upon passage of the restriction point and remain high during S and G2-phases of the cell cycle. Here 
the protein regulates, in addition to p27 and other CKIs, cyclin E and the S-phase promoting 
transcription factor c-myc. The latter activities are shared with the F-box protein Fbw7, which is 
categorized as a tumour suppressor due to its negative regulation of the c-myc and c-jun oncogenes 
(Nakayama and Nakayama, 2005; Welcker et al., 2004). 
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Figure 4. Structural similarities between the SCF and APC multi-subunit ubiquitin ligases. In the SCF complex, a 
core consisting of the subunits Skp1, Cullin and Rbx1 binds the E2 ubiquitin-conjugating enzyme Cdc34, while a 
diverse family of F-box proteins attract targets for ubiquitination. The APC has a similar overall structure but here it 
is the proteins Cdc20 and Cdh1 that bridge the E2 activity of Ubc10 with target proteins (Adapted from Tyers and 
Jorgensen, 2000). 
o date, β-Trcp remains one of the best studied and most versatile F-box proteins. It is involved in 
uch diverse processes as cell cycle regulation, DNA damage checkpoints, cell adhesion and NF-κB 
ignalling (Nakayama and Nakayama, 2005). It recognizes short phosphorylated motifs in its targets 
ith the consensus sequence DSGXXS, where X can be any amino acid and the serines (S) must be 
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phosphorylated for the binding reaction to occur. In some well-characterized examples, glutamic 
acid can substitute for phospho-serine, and both 4 and 5 amino acids can space the two 
phosphorylatable residues (Ang and Wade Harper, 2005). Phosphorylation constitutes an attractive 
means for cells to regulate the availability of substrates for SCF. In the case of β-Trcp, the 
activating kinase may play only a priming role, allowing a constitutively active kinase to access and 
phosphorylate the phospho-degron. This is for example the case for β-catenin, which is involved in 
cellular adhesion. Here, Casein Kinase I phosphorylates serine 45 β-catenin to prime serines 33 and 
37 within the phospho-degron for phosphorylation by GSK3β and subsequent recognition by β-Trcp 
(Liu et al., 2002; Winston et al., 1999b). In other cases, the degron is targeted directly by the 
activating kinase. This is the case for the degradation of the NF-κB inhibitor IκBα that is 
phosphorylated directly within the phospho-degron by the Iκ kinases (IκKα and β), which are 
activated in response to a wide spectrum of stress signals (Ang and Wade Harper, 2005). The cell 
cycle regulatory functions of β-Trcp are mainly at the G2-M transition, where it mediates the 
degradation of the APC inhibitor Emi1 (see below) and the cdk inhibitor Wee1 (see the following 
section). The published checkpoint function of β-Trcp is in the DNA damage induced degradation 
of Cdc25A (see the following chapter). In addition, this thesis deals with a novel activity of β-Trcp 
towards Claspin, the mediator of Chk1 activation. This activity is important during recovery from 
the DNA damage checkpoint as well as during normal cell cycle (Mailand et al., 2006; Peschiaroli 
et al., 2006), and will be dealt with in the results and discussion sections. 
 
Similar to SCF, the APC is composed of a multi-subunit core structure to which more loosely 
associated proteins can attract proteolytic targets. The core, which consists of at least 11 APC 
subunits, displays remarkable similarity to the SCF core structure (figure 4), suggesting a common 
origin of the key components (Tyers and Jorgensen, 2000). Whereas the SCF relies on a wide 
spectrum of F-box proteins to recruit targets and thus determine substrate specificity, the APC 
associates with only two known factors capable of bridging targets and the E3 ligase activity of the 
core. These subunits are known as Cdc20 and Cdh1 in mammals (Harper et al., 2002). Cdc20 and 
cdh1 recognize short amino acid motifs called Destruction (D) and KEN boxes in their targets. 
These binding reactions are normally not dependent on any posttranslational modifications of the 
target, rather it is the activity of APC and the ability of Cdc20 and Cdh1 to interact with this 
complex that determines the interaction. The APC rests in an inactive state throughout long periods 
of interphase due to the unavailability of Cdc20 (Kramer et al., 2000) and the phosphorylation 
dependent inactivation of Cdh1 (Lukas et al., 1999) as well as the presence of APC inhibitors 
(Reimann et al., 2001a). In mitosis, at the metaphase to anaphase transition, APC becomes activated 
due to the stimulatory functions of the mitotic kinases Cdk1 and Plk1 (Zachariae and Nasmyth, 
1999) which among other things trigger the SCF-dependent degradation of the APC inhibitor Emi1 
(Hansen et al., 2004; Moshe et al., 2004). Once activated, the APC removes obstacles for mitotic 
progression in a sequential manner (Peters, 2002) (figure 5). In early mitosis, APC associates with 
cdc20 to mediate ubiquitination and destruction of Cyclin A. In a second wave of activity, at the 
metaphase to anaphase transition, Cyclin B and the Separase inhibitor Securin gets degraded. 
Removal of cohesions by the liberated Separase enzyme promotes chromosome segregation and the 
redistribution of chromosomes to daughter cells. During anaphase, APC associates with Cdh1 and 
in a third wave of activity, the complex mediates the destruction of both Cdc20 and key mitotic 
kinases such as Plk1 and Aurora A to effectively remove their activities from the cell. The activity 
of APC-Cdh1 persists long into G1, keeping its targets at low levels and removing inhibitors of 
replication. Ultimately, it destroys its own E2 ligase, UbcH10, effectively shutting down APC 
activity, and allowing further cell cycle progression (Rape and Kirschner, 2004). The key features 
of the APC; the limited window of activity and the stringent order of substrate targeting, are 
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established by various mechanisms both intrinsic and extrinsic to the APC. First, activation of the 
core structure relies on the removal of an inhibitor (Emi1) and the appearance/dephosphorylation of 
the key substrate recognizing and bridging factors Cdc20 and Cdh1. In addition to these 
mechanisms, the sequential processing of targets, or substrate ordering, is at least to some degree 
achieved through features extrinsic to the APC and inherent in the destruction boxes of the targets. 
It has been shown that D-boxes from different targets confer different processivity to the APC-
mediated ubiquitination reaction (Rape et al., 2006). The degree of processivity is a measure of how 
many ubiquitin moieties can be transferred to a substrate per binding reaction. Less processive 
substrates, which need many binding reactions to get multiubiquitinated are degraded slower than 
highly processive substrates and are thus less sensitive to degradation in the presence of more 
processive substrates. Additionally, low processivity renders a protein significantly less sensitive to 
degradation when APC concentration drops. The higher sensitivity towards the concentration of 
APC explains to a large extent why a substrate like Cyclin A, which display low processivity, is 
among the first APC targets to become stabilized when APC activity decreases in G1 (Rape et al., 
2006). 
 
The SCF and APC proteolytic machineries regulate different stages of cell cycle progression, and in 
some cases they also share substrates. One such shared substrate is Cdc25A, which is absent from 

G1 cells due to the actions of APC 
(Donzelli et al., 2002). In S and G2, its 
levels are kept low by continuous 
degradation by SCFβ-Trcp (Busino et al., 
2003; Jin et al., 2003), a process that is 
accelerated in response to genotoxic 
stress (Mailand et al., 2000). The high 
degree of coordination between the SCF 
and APC is achieved through intricate 
cross-regulation mechanisms 
(Vodermaier, 2004). Essentially, SCF 
and APC target each other at various 
points during the cell cycle. During G1 
and G0, APC activity removes the F-
box protein Skp2 (Bashir et al., 2004; 
Wei et al., 2004), allowing CKIs, most 
notably p27, to accumulate. Only when 
APC activity is turned off due to the 
inhibitory functions of cdk activity is 
Skp2 allowed to re-accumulate and 
mediate the degradation of p27. At 
another crucial point in the cell cycle, 
the G2-M transition, it is the SCF that 
allows for the activation of APC by β-
Trcp-mediated degradation of the APC 
inhibitor Emi1 (Hansen et al., 2004; 
Moshe et al., 2004). 

Figure 5. APC-mediated proteolysis during the cell cycle. 
A) APC activity builds up between prophase (P) and pro-
metaphase (PM). Between anaphase (A) and telophase (T), 
Cdc20 is exchanged for Cdh1 as the substrate recruiting 
factor. APC-Cdh1 activity remains high during G1 phase 
but is eliminated upon entry into S-phase. B) APC targets 
are destroyed in a sequential fashion. During pro-
metaphase (PM), early targets like Cyclin A and Nek2A are 
destroyed and at the metaphase (M) to anaphase (A) 
transition, Cyclin B and the Separase inhibitor Securin is 
degraded. Follwing substitution of Cdh1 for Cdc20, late 
targets like Plk1 and Cdc20 itself is degraded. (Peters, 
2002)  
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Cell cycle transitions 
The decision for an irreversible commitment to go through the cell cycle is made at a point in G1, 
defined as the restriction (R) point (Pardee, 1989). Passage beyond this point is stimulated by 
mitogenic signals and associated with the execution of a broad transcriptional program to prepare 
the cell for DNA replication. The key aim of these processes is to build up Cyclin E-associated 
Cdk2 activity, which has been shown to be the limiting factor for S-phase entry (Nilsson and 
Hoffmann, 2000). However, the road from mitogenic stimuli to full-blown Cyclin E-Cdk2 activity 
is long and complex and subject to several control mechanisms to prevent cell cycling in the 
absence of favourable conditions and permissive signals from the cellular environment (figure 6). 
The decision for a cell to cycle is largely taken at this point, and upon passage through the 
restriction point the cell cycle can be completed in a mitogen-independent manner (Bartek and 
Lukas, 2001). Thus, faithful control of G1 progression is of utmost importance in controlling 
cellular proliferation and consequently most cancer cells have found a way to render themselves 
insensitive to these control mechanisms. 
 
Expression of Cyclin E is limited to a short window of the cell cycle around the G1-S transition. 
Throughout most of G1, its expression is tightly repressed through the sequestration of a key S-
phase promoting transcription factor, E2F, by the tumour suppressor Rb and other related pocket 
proteins (Helin, 1998). Induction of Cyclin E expression is achieved through the alleviation of this 
suppression by Cyclin D-Cdk4/6 mediated phosphorylation of Rb. These phosphorylations reduce 
the ability of pocket proteins, including Rb, to bind E2F (Harbour and Dean, 2000). Once produced, 
Cyclin E partners up with Cdk2 to engage in various processes which leads to full-blown S-phase 
(figure 6). First, it assists Cyclin D-Cdk4/6 in phosphorylating Rb, further hampering this protein’s 
ability to suppress cell cycle progression (Geng et al., 1996). Second, it assists in the inhibition of 
APC, which allows important targets to accumulate to high levels. Among these are Cyclin A, 
which can be viewed as the house keeping cyclin for maintenance of cdk activity during S-phase 
(Morgan, 1997).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 Figure 6. Pathways governing the G1-S transition. A critical step for the accumulation of active Cyclin E-Cdk2 

complexes is the mitogen-dependent activation of Cyclin D-Cdk4/6 that phosphorylates and disables the pocket 
protein Rb. This alleviates the inhibition of the transcription factor E2F, allowing the production of Cyclin E and 
other regulators of S-phase. Cyclin E-Cdk2 activity catalyzes the degradation of the CKI p27 and phosphorylates 
and activates important S-phase components (Bartek and Lukas, 2000). 
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Another target which becomes stabilized is the F-box protein Skp2 (Vodermaier, 2004), which 
immediately starts degrading the Cdk2 inhibitor p27, a process that is accelerated by Cyclin E-Cdk2 
mediated phosphorylation of p27 (Montagnoli et al., 1999). Finally, Cyclin E-Cdk2 stimulates 
proteins important for DNA replication. Among these are Cdc45, which loads polymerase α onto 
replication origins (Arata et al., 2000; Zou and Stillman, 1998), and the NPAT protein which 
activate histone gene promoters (Zhao et al., 1998; Zhao et al., 2000a). When S-phase has been 
initiated and Cyclin E associated Cdk2 activity is no longer needed, autophosphorylation of Cyclin 
E mediates its degradation via the SCF and the F-box protein Fbw7 (Koepp et al., 2001; Strohmaier 
et al., 2001). 
 
When DNA replication has been successfully concluded, the cell will prepare to undergo mitosis. 
The transition from the G2-phase to mitosis and mitotic progression is mainly brought about by two 
distinct driving forces: Activated Cyclin B-Cdk1 and the anaphase promoting complex. Cyclin B 
levels build up during G2, where it forms cytoplasmic and inactive complexes with Cdk1 (Morgan, 
1997). The sub-cellular localization is achieved by a powerful nuclear exclusion signal (NES) in 
Cyclin B, and the inhibition of the complex is achieved by inhibitory phosphorylations of Cdk1 by 
Wee1 and Myt1. In late G2, Cyclin B-Cdk1 translocates to the nucleus, in part mediated by  
 
masking phosphorylations around the NES (Takizawa and Morgan, 2000). Activation of Cyclin B-
Cdk1 is achieved through the concurrent decrease in inhibitory kinase activity and elevation of 
Cdc25 phosphatase activity which target the inhibitory phosphorylations on Cdk1 (Ohi and Gould, 
1999). One of the mechanisms that tip the balance is the SCF- and β-Trcp mediated degradation of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. The SCF complex degrades inhibitors of APC and Cdk1 at the G2-M transition. A) The APC inhibitor 
Emi1 can be recognized by the F-box protein β-Trcp, making it a target for proteolytic destruction by the SCF. 
Emi1 degradation is mediated by low levels of Cdk1 activity and the Plk1 kinase. B) Wee1, the negative regulator 
of Cdk1 activity is degraded at the G2-M transition by a mechanism similar to the destruction of Emi1. Cdk itself 
takes part in the process by phosphorylating the phosphodegron in Wee1 together with Plk1. Members of the 
Cdc25 phosphatase family also positively stimulate Cdk1 activity, likely accounting for the initial appearance of 
low levels of Cdk1 activity that are sufficient for mediating Wee1 degradation (Vodermaier, 2004). 
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Wee1 (Watanabe et al., 2004). Upon the first slight shift in the balance between inhibitory and  
activating activities, Cdk1 and Cdc25 phosphatases engage in positive feed-back loops to fully 
activate Cdk1, leading to the full-blown activation of this important mitotic driving force (Nigg, 
2001). Targets of activated Cdk1 include other mitotic kinases, structural components of the nuclear 
envelope, cytoskeleton and chromosomes. Thus, Cdk1 activity drives, both directly and by the 
activation of other regulators, nuclear envelope breakdown, chromosome condensation and spindle 
assembly, all key processes during cell division (Nigg, 2001). Later in mitosis, the APC takes over 
as the master regulator and orchestrator of events. APC activity is strongly stimulated by Cdk1 in 
various ways, and thus this key proteolytic machinery constitutes yet another major target of Cdk1 
(Ubersax et al., 2003). Besides its dependency for active Cdk1, the activity of APC is tightly 
inhibited in G2 by Emi1 (Reimann et al., 2001a; Reimann et al., 2001b). This protein binds to the 
APC and must be removed from the cells for APC to become activated. In prophase, Emi1 gets 
degraded in an SCF-dependent manner, through direct association with the F-box protein β-Trcp 
(Margottin-Goguet et al., 2003). Thus, the G2-M transition, like the G1-S transition, is a major 
convergence point for the cross-regulation between APC and SCF activities, and specifically at the 
onset of mitosis, β-Trcp seems to be the key F-box protein to achieve this (Vodermaier, 2004) 
(figure 7).  
 
While it has been clear for a long time that overcoming G2-associated inhibition of cdk1 and APC 
activity are key events in crossing the G2-M barrier, the molecular signals that trigger this 
alleviation are still very illusive. However, a key role for the Plk1 kinase has become apparent over 
the last couple of years (van Vugt and Medema, 2005). This kinase helps tipping the balance in 
favour of activation of both Cdk1 and APC. First, it enhances the phosphatase activity of Cdc25 
family members by direct phosphorylation (Kumagai and Dunphy, 1996). Second, it creates, 
together with Cdk1, the phospho-degron in Wee1, allowing this negative regulator to be recognized 
by β-Trcp and degraded by the SCF (Watanabe et al., 2005). Third, after a priming phosphorylation 
by Cdk1, Plk1 directly phosphorylates the phospho-degron of the APC inhibitor Emi1, again 
resulting in SCF- and β-Trcp mediated degradation (Hansen et al., 2004; Moshe et al., 2004). So, it 
seems that Plk1 cooperates with the very low levels of Cdk1 activity that is present in late G2 to 
overcome the restraints of mitotic onset. Once the balance has tipped just slightly towards higher 
Cdk1 activity, positive feed-back loops trigger the full-blown activity of this major M-phase 
promoting kinase. The role of Plk1 in stimulating mitosis is thus well-established, both on the 
phenotypic and mechanistic level. However, what stimulates Plk1 activity and thus mitosis remains 
unknown. It is known that Plk1 itself is targeted by kinases (Kelm et al., 2002; Qian et al., 1998), 
but whether this plays a regulatory role and to which extent it determines the sudden burst of 
activity of Plk1 at the G2-M transition is not clear. 
 
The process of mitosis can be divided into five stages, which together with the concluding 
cytokinesis process constitutes M phase. The different stages of mitosis (prophase, pro-metaphase, 
metaphase, anaphase and telophase) are easily recognizable in the microscope due to the very 
distinctive and dramatic appearance of the chromosomes (Nigg, 2001) (figure 8). During these 
stages, the cell has to coordinate many different cycles involving not only chromosomes but also the 
centrosomes, which constitute the spindle organizing centres in mammalian cells, and cytoskeleton 
in order to faithfully produce two daughter cells with identical genetic make-up. The physical 
hallmarks of the different stages and the molecular processes that lie behind these dramatic 
alterations will be briefly discussed below. 
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During interphase, the DNA is in a de-condensed state, allowing optimal accessibility for DNA 
interacting proteins such as transcription factors and repair- and replication proteins. Somewhere at 
the transition between G2 and the first mitotic stage, prophase, Cyclin B-Cdk1 translocates to the 
nucleus and becomes activated. This triggers the first alterations of DNA and cytoskeleton which 
are synonymous with prophase: The DNA condenses, revealing the first glimpse of visible 
chromosomes (Hirano, 2000), and the duplicated centrosomes dissociate, move to opposite parts of 
the cell along the nuclear envelope, and starts to organize microtubules that will form the mitotic 
spindle (Rieder et al., 2001). In pro-metaphase, the nuclear envelope is actively broken down (Pines 
and Rieder, 2001), a process that is triggered by cdk activity (Nigg, 1995). This results in the 
complete blending of cytosolic and nuclear factors, and the appearance of the characteristic rounded 
shape of mitotic cells. Proteins that are not directly associated with the chromosomes, like Cyclin B, 
appear pan-nuclear and excluded from the chromosomes. The removal of the nuclear envelope 
allows the condensed chromosomes to connect to the spindles through the capture of microtubule 
bundles that protrude from the centrosomes (Rieder et al., 2001). Around this time, the APC 
inhibitor Emi1 is actively removed (Margottin-Goguet et al., 2003), leading to the degradation of 
Cyclin A and a few other early targets (Peters, 2002). From this point on, the only restraint for this 
proteolytic machinery is the spindle checkpoint which remains active and inhibits APC until all  
chromosomes are properly aligned (Nasmyth, 2005; Rudner and Murray, 1996). The microtubule 
bundles growing out from the two centrosomes attach to the kinethocores of the sister chromatids in  
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Figure 8. DNA gymnastics and Cyclin B stability during mitosis. In pro-metaphase, Cyclin B appears nuclear 
and the first signs of chromosome condesation are apparent. The condensed chromosomes are captured by the 
spindle, eventually forming the metaphase plate. As the nuclear envelope is broken down, cyclin B appears 
pan-cellular but excluded from the chromosomes during this stage. In anaphase, Cyclin B and the Separase 
inhibitor Securin are degraded by the APC, allowing the aligned chomosomes to be separated . The final stage 
of mitosis is telophase, where the separated chromosomes start to decondense and a contractile ring gradually 
divides the cytoplasm to create two daughter cells. Scale bar = 1µm. 
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such a manner that physical tension forces the chromosomes to align in the centre of the cell, a 
tructure known as the metaphase plate (Wittmann et al., 2001). The generation of this tension is 
ctively monitored by the cell in metaphase by the spindle assembly checkpoint, and the inhibition  
f the anaphase promoting complex (APC) can only be alleviated when all kinethocores have been 
ttached and subjected to the tension generated by the centrosome-associated pulling forces 

asmyth, 2005). When the spindle assembly checkpoint has been satisfied, the cell initiates 
naphase, where the chromosomes are pulled apart to be distributed to daughter cells. Anaphase is 
rought about by the first wave of APC activity which among many other targets degrades the 
eparase inhibitor Securin (Nasmyth et al., 2000; Yanagida, 2000). Liberated Separase cleaves the 
ohesin subunit Scc1, causing a complete loss of cohesion between the two sister chromatids. This 
llows the pulling forces originating from the two centrosomes to dissociate the sisters and pull 
em apart. Another target of this second wave of APC activity is Cyclin B, and so Cdk1 activity is 

ffectively eliminated at this stage and mitosis is concluded solely through the actions of other 
itotic kinases and the APC (Nigg, 2001; Peters, 2002). In telophase, the chromosomes move to the 
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o osite poles of the spindle where they start to de-condense. At this point, the APC exchanges 

c20 for Cdh1 as the accessory factor that determines substrate specificity. One target of APC-
h1 is Cdc20 itself. Other prominent APC targets at this point are the mitotic kinases Plk1 an
rora A which have now performed their functions and should be removed from the cells (Peter
2). The nuclear envelope starts to reform around individual chromosomes, and a contractile ri

ich will eventually divide the cytoplasm and definitively se

C
C
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chromosomes, starts to form. Finally, during the process of cytokinesis, the contractile ring 
separates the cell in two, and is ultimately cleaved to generate the two unattached daughter cells 
(Robinson and Spudich, 2000). In the newly formed G1 cells, the APC remains active, continuously 
removing mitotic regulators and inhibitors of re-replication until its activity is shut down by S-
phase promoting mechanisms as described above (Peters, 2002; Rape and Kirschner, 2004). 
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2. Cellular responses to DNA damage 
 
DNA evolved to become the major storage compound for genetic information very early in 
evolution. The success of DNA as a carrier of genetic information has largely been attributed to its 
stability. Even so, the chemical entities of DNA are relatively reactive and thus vulnerable to many 
different kinds of chemicals, radiation and oxidative agents (Hoeijmakers, 2001). In addition, 
simple decay calls for careful maintenance or even replacement of DNA bases. DNA damaging 
chemicals and sources of high energy radiation can be highly abundant in our environment, just as 
cells’ own metabolism can lead to the formation of reactive oxygen species and other unwanted by-
products, giving rise to modifications and alterations in the DNA structure (Cadet et al., 1997). And 
so, mechanisms to faithfully monitor the state of the DNA and capable repairing the lesions is of 
utmost importance for maintaining genomic integrity (Kastan and Bartek, 2004). The most severe 
type of DNA lesion is a double stranded break (DSB). If left unrepaired, parts of a chromosome, 
with all its vital genetic information, could be lost in subsequent cell divisions, simply because it is 
no longer able to connect to the mitotic spindle (Rich et al., 2000). Such a gross loss of genetic 
information would be lethal in most cases, but it could also lead to loss of non-essential tumour 
suppressor genes and cellular transformation. A lesion with similar severity as the DSB is the 
interstrand crosslink (ICL) (Joenje and Patel, 2001). This modification involves a covalent 
attachment between the opposing DNA strands. While such a modification plays little role when 
left undisturbed, it will in many cases become processed to a DSB upon collision with the 
replication machinery, as the DNA spanning the ICL can no longer be unwound due to the local 
covalent attachment of the two DNA strands (Niedernhofer et al., 2004). Thus, ICLs often lead to 
DSB induction during S-phase, with no marked cytotoxicity outside S-phase (McHugh et al., 2000). 
Other types of DNA lesions include the various base modifications and single stranded breaks. Base 
modifications are very diverse and can be caused by UV light, reactive oxygen species, and 
alkylating agents (Hoeijmakers, 2001). 
 
To protect their genome from the constant and severe assault from external and internal DNA 
damaging agents, cells have evolved elaborate defensive strategies, collectively termed the DNA 
damage response (Zhou and Elledge, 2000) (figure 9). First and foremost, a large part of the coding 
capacity of any genome is devoted to DNA repair systems acting against virtually any 
physiologically relevant form of DNA damage. Second, maintenance of the DNA quality has been 
incorporated into the checkpoint system that monitors several aspects regarding the fidelity of the 
cell cycle process. Thus, cells have the capacity of sensing DNA lesions and communicate their 
presence to the cell cycle machinery. The pathways are of a hierarchical nature with sensor proteins 
at the very top, transmitting the signal via transducer proteins to the various effector function of the 
DNA damage response. Candidates for sensor proteins are the MRN complex and the trimeric 
protein complex Rad9-Hus1-Rad1, which can be loaded onto DNA by the PCNA-like clamp loader 
Rad17 (Rauen et al., 2000; Thelen et al., 1999). These proteins have been proposed to recognize 
abnormal DNA structures associated with DNA damage (Zhou and Elledge, 2000), however their 
functions are far from clear. The signal generated by these components are amplified and 
transduced by kinases, with the distal kinases ATM and ATR acting upstream of the effector 
kinases Chk1 and Chk2 (Shiloh, 2003). The efficiency of DNA damage signalling is further 
enhanced by a group of proteins known as the checkpoint mediators, which facilitate many of the 
molecular reactions associated with the efficient DNA damage response (Zhou and Elledge, 2000). 
In addition to cell cycle arrest and activation of DNA repair, activation of the DNA damage 
response directly affects diverse processes such as transcription (Elledge, 1996) and DNA 
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replication (Bartek et al., 2004). Last but not least, DNA damage activates several pathways which 
e apoptotic pathways (Clarke et al., 
uch as the NF-κB pathway (Wu et al., 
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ultimately decide the fate of a damaged cell. These involve th
993; Xu and Baltimore, 1996), but also anti-apoptotic ones s1

2006). In the end, the balance between these death- and survival promoting signals will deter
whether or not a damaged cell voluntarily ends its own life, which is a very likely outcome of the 
DNA damage response. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
By far not all situations of DNA damage are severe enough to evoke a full-scale cellular response. 
For example, any cell will encounter many thousands of non-lethal base modifications and si
trand breaks during each cell cycle. The

Figure 9. The 
hierarchical nature of the 
DNA damage response. A 
signal-transduction 
pathway relays a DNA 
damage alert signal via 
sensors and transducers 
to diverse effectors 
pathways that inhibit cell 
cycle transitions, activate 
DNA repair and impact 
on apoptotic pathways, 
replication and 
transcription (Zhou and 
Elledge, 2000) 

s
checkpoint response (Hoeijmakers, 2001). However, they will elicit a response if they are so 
abundant that they interfere with DNA replication (Shiloh, 2003). UV irradiation, which gives rise
to formation of photoproducts and local intrastrand crosslinks, does not normally give rise to a 
checkpoint response outside S-phase. Only during replication, when their presence impedes 
polymerases, is checkpoint components activated. This response is very similar to the one observed
when hydroxyurea (HU) is administered to cells. HU inhibits a nucleotide reductase (Nyholm et al.,
1993), leading to the rapid depletion of dNTPs. Even though no acute DNA damage is present in 
this situation, a rapid response is launched from the checkpoint components of the DNA damage 
response, which senses the replication stress that the cells experience (Heffernan et al., 2002). Thus, 
in addition to protect cells from the deleterious consequences of DNA damage, the DNA damage 
response is tightly involved in monitoring the fidelity of DNA replication. 
 

Activation of the DNA damage response 
DNA damage leads to the rapid activation of two upstream kinases, ATM and ATR (Shiloh, 2
Mutations in ATM give rise to the severe disorder ataxia-telangiectasia (AT) (Savitsky et al., 
which among other dire consequences is associated with a highly elevated risk of developing cance
at an early age (Becker-Catania and Gatti, 2001). Hypomorphic mutations in ATR are associated 
with a similarly severe phenotype in humans (O'Driscoll et al., 2003). How the master kinases that 
activate the DNA damage response become activated themselves has been the subject of mu
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debate and significant interest over the last couple of years. Activation of ATM occurs exclusively 
after DSB generating insults (Shiloh, 2003). According to a popular model, inactive ATM, in the 
form of dimers, autonomously sense chromatin relaxation resulting from strand breaks and activates 
itself (Bakkenist and Kastan, 2004). During this process, it undergoes autophosphorylation at a 
conserved serine (S1981 in humans) and dissociates from dimers to monomers (Bakkenist and 
Kastan, 2003) (figure 10). The extent to which this and other DNA damage induced 

osttranslational modifications contribute to the activation process is currently a matter of debate. 
hus, knock-in mice have been generated which express the phosphorylation mutant (S1987A in 

tant rescues all of the severe phenotypes 
ly, there is also an important 

l x, consisting of Nbs1, the nuclease 
Mre11 and the coiled-coil domain protein Rad50, seems to p y an ins cess. 
Patients with hypomorphic mutations in Nbs1 and Mre11 dis lay phen ent of 
the AT phenotype (Stewart et al., 1999; Tauchi et al., 2002). lso, cell tients 
show defects in ATM activation, most pronounced in the presence of relative few strand breaks 
(Horejsi et al., 2004; Uziel et al., 2003). As full deletion of Nbs1 is lethal (Zhu et al., 2001), the 
precise contribution of the MRN complex to ATM activation as been ut a 
conditional Nbs1 knockout mouse model confirmed that Nbs1 is indeed required for the process 
(Difilippantonio et al., 2005). The MRN complex binds rapidly and directly to double strand breaks, 
a process that is not dependent on any other known factor or cellular event. Thus, MRN has been 
proposed to act as a bona-fide sensor of strand breaks (Petrin and Stra ther  
 

 
 
 

 
 
 

p
T
mouse) in the ATM-deficient background, and this mu
displayed by the parental mouse strain (Pellegrini et al., 2006). Clear
role for external factors in ATM activation. The MRN comp e

la trumental role in the pro
otypes very reminisc
s taken from these pa

 difficult to establish, b

cker, 2003). Among o

p
A

 h

i 

S1981
S1981

Local chromatin modification
Resection to single 

stranded DNA

DSB

RPA

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

S1981

substrate

substrate

ATR-ATRIP

ATM autophosphorylation 
and dimer dissociation

RPA coating of single 
stranded DNA

Accumulation of ATR-
ATRIP on ssDNA

S1981
S1981

Local chromatin modification
Resection to single 

stranded DNA

DSB

RPA

S1981

substrate

substrate

ATR-ATRIP

ATM autophosphorylation 
and dimer dissociation

RPA coating of single 
stranded DNA

strand breaks. Left panel: 
Contemporary model of ATM 
activation. ATM exists in an 
inactive homodimeric complex 
which is disrupted by an 
autophosphorylation event 
following a DSB-generating 
insult. The process is suggested 
to be triggered by an altered 
chromatin topology associated 
with strand breaks. Activated 
monomeric ATM is competent 
to bind and phosphorylate its 
substrates. Right panel: 
Activation of ATR in the 
presence of DSBs requires 
resection 

Accumulation of ATR-

Figure 10. Activation of ATM 
and ATR. kinases after DNA 
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activities, it recruits ATM to sites of DNA damage through a small but highly conserved interactio
module for ATM in the very C-terminal of Nbs1 (Falck et al., 2005). It remains to be fully clarified 
whether it is by this interaction at the site of DNA damage or other functions that Nbs1 promote
the activation of ATM.  
 
In contrast to ATM, ATR responds to a well-defined DNA intermediate, the stretches of single 
stranded DNA (ssDNA) (figure 10). Such regions are already relatively abundant during normal 
replication, but increase massively during conditions of replicative stress, which causes the 
uncoupling of helicase and polymerase activities (Byun et al., 2005). In other words, when the 
polymerases experience problems and slow down or get stuck, the helicases that unwind DNA in 
front of them proceed at their own pace, causing an accumulation of ssDNA and generating the 
signal for ATR activation. ssDNA is a highly vulnerable and sticky DNA intermediate and for its 
protection, and to prevent it from forming higher order structures through promiscuous base-
pairing, it is immediately coated by the trimeric protein complex replication protein A (RPA) 
(Wold, 1997). RPA coated ssDNA provides an interaction platform for the stochiometric binding
partner of ATR, the ATR Interacting Protein (ATRIP) (Zou and Elledge, 2003). This well-defined 
binding cascade is conserved all the way down to yeast and accounts for the observed accumulati
of the ATR kinase on regions of single stranded DNA. Replicative stress, which leads to the 
accumulation of ssDNA and thus activation of ATR above background levels in S-phase, can be 
caused by several things which all interfere with the ability of polymerases to proceed along DNA
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pathways that it activates are of general importance for monitoring and ensuring fidelity of the 
replication process.  
 
Besides its role in DNA damage checkpoint signalling, performed m N 
complex is involved in both of the main pathways for repairing d b oining 
and homologous recombination (Downs and Jackson, 2004). During the latter process, which is 
only employed in the presence of a sister chromatid and thus only in S and G2-phases of the cell 
cycle, thousands of DNA base pairs spanning the broken region a
DNA (West, 2003). This process is partly dependent on the MRN co 6), 
and leads to ATR activity that is not associated with replication st s ons 
for generation of ATR activity are only present in S- and G2-phases of the cell cycle. During S-
phase, ATR can be activated by replication stress and double stra e  only 
DSBs that are processed for homologous recombination give rise  A cently, 
the two master kinases of the DNA damage response, ATM and A R erate more 
or less independently of one another. But recent studies in several dif vealed 
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DNA damage checkpoints 

e latter response is governed by the intra-S-phase DNA damage checkpoint 

al 

h, 

 al., 

ity, effectively 
rresting the cell cycle at one of the above mentioned transition points (Lukas et al., 2004b). One of 

these pathways impinges on the rapid destruction of the cdk activating phosphatase Cdc25A by the 

In response to DNA double strand breaks, mammalian cells can arrest the cell cycle at the two 
major cell cycle transitions; the G1-S and the G2-M boundaries. In addition, sensing of DNA 
damage during S-phase leads to an attenuation, but not a complete inhibition, of DNA replication 
(Nyberg et al., 2002). Th
(figure 11). The overall architecture of the fundamental pathways that link the damage sensors with 
the cell cycle effectors are quite similar between the various checkpoints, and constitute an integr
part of the DNA damage response (figure 12). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Activated ATM and ATR can target, and activate, the downstream kinases, Chk2 and Chk1 (Shilo
2003). Recent evidence suggests that the two downstream checkpoint kinases are not redundantly 
targeted by the upstream kinases. Rather, Chk2 is an exclusive target of ATM (Matsuoka et al., 
1998), while Chk1 is exclusively targeted by ATR (Jazayeri et al., 2006). ATM phosphorylates at 
least one key residue on Chk2, threonine-68, a reaction that required to activate Chk2 (Bartek et
2001). ATR phosphorylates Chk1 on at least two residues, serines 317 and 345 (Zhao and Piwnica-
Worms, 2001). These phosphorylations are also believed to serve an activating role for Chk1, 
although this remains to be proven formally. In addition, it has been shown that phosphorylation of 
Chk1 regulates its chromatin association and nucleo-cytoplasmic shuttling (Jiang et al., 2003; Smits 
et al., 2006). ATR and Chk1, in contrast to ATM and Chk2, are required for normal cell cycle, and 
deletion of either kinase confers embryonic lethality (de Klein et al., 2000; Takai et al., 2000). This 
probably reflects the proposed role of the ATR-Chk1 pathway in monitoring DNA replication as 
described above. These four DNA damage responsive kinases target a multitude of proteins, thus 
firing the DNA damage response. For regulation of cell cycle progression, two parallel pathways 
are activated that together ensure a rapid but also sustained inhibition of cdk activ
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Figure 11. DNA damage 
checkpoints in the cell 
cycle. Two checkpoints, 
indicated by STOP-signs, 
govern the G1-S and the 
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SCF (Mailand et al., 2000). The F-box protein that recognizes Cdc25A was recently discovered to 
et 
 

activity causes the half-life of cdc25A to 
rop from 20-30 minutes to about 10 m
onsequence of the accelerated proteolysis, Cdc25A levels drop dramatically within the first half 
our following a DNA damage generating insult. Elimination of Cdc25A leads to rapid inhibition of 
dk2/Cdk1 and results in cell cycle arrest. 

be β-Trcp that recognizes a non-canonical phospho-degron in Cdc25A (Busino et al., 2003; Jin 
al., 2003). The stability of Cdc25A is regulated by phosphorylation by a number of kinases, the
most important one after DNA damage being Chk1. Chk1 does not phosphorylate the degron 
directly, but rather serves a priming role by phosphorylating a number of serines outside the degron 
(Bartek et al., 2004). The kinase that subsequently targets the two serines within the degron remains 
unknown. Cdc25A is already a very labile protein in the undamaged cell (Mailand et al., 2000). 
This dynamic instability is also to a large degree mediated by Chk1 phosphorylation and β-Trcp 
inding. The DNA damage induced elevation of Chk1 b

d inutes (Mailand et al., 2000; Sorensen et al., 2003). As a 
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Figure 12. Molecular map of DNA damage checkpoints. Activation of the upstream kinases ATM and ATR 
(cyan) by DNA damage sensors (yellow) leads to activation of downstream kinases Chk1 and Chk2 (cyan). 
Multiple phosphorylation events activate effector pathways (grey) that converge to inhibit cell cycle 
progression, most notably by inhibiting cdk activity. This is achieved by the concommitant inhibition of cdk 
activating Cdc25 phosphatase activity and p53-dependent production of the cdk inhibitor p21. A group of 
proteins called checkpoint mediators (green) act to facilitate signalling by the upstream kinases. The tight 
connection between these pathways and cancer development is underscored by the high density of tumour 
suppressors and proto-oncogenes that operate in the DNA damage response. 
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While removal of Cdc25A accounts for the rapidity of the checkpoints response, the p53 branch is 
responsible for mediating the sustained cell cycle arrest. The tumour suppressor p53 is a 
transcription factor that becomes activated after DNA damage by several mechanisms. First, its 
levels rise dramatically (Ashcroft et al., 1999), and second, its capacity to transactivate its targ
genes is enhanced (Dumaz and Meek, 1999). Both phenomena are in part mediated by direct 
phosphorylation of p53 by both ATM and Chk2 (Banin et al., 1998; Canman et al., 1998; Shiloh, 
2003). One important target gene for p53 is that encoding the cyclin-cdk inhibitor p21 (Sherr and
Roberts, 1999). It is believed that inhibition of Cyclin A/E-Cdk2 by p21 is responsible for the 
prolonged duration of cell cycle arrest that prevents p53-proficient cells from escaping the Cdc25
induced arrest after a few hours (Lukas et al., 2004b). In addition to p21, a prominent target of p5
is the BAX gene, which encodes a pro-apoptotic protein (Miyashita and Reed, 1995). During the 
normal cell cycle, the antiproliferative potential of p53 is kept tightly in check by the E3 ubiquitin 
ligase Mdm2 that targets p53 for proteasom
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al degradation. DNA damage leads to the dissociation of 
e p53-Mdm2 complex, enforced both by phosphorylation of both components (Khosravi et al., 

1999; Maya et al., 2001) and by the inhibitory action of the protein ARF (Pomerantz et al., 1998; 

long tim

 

bination of components that act at the 
various stages of the cell cycle are still unclear. The G1-S DNA damage checkpoint is almost 
synonymous with the p53 pathway (Bartek and Lukas, 2001). It provides a physiological 
mechanism to restrain cell growth in the presence of DNA damage and can counteract the growth 
promoting Rb-E2F pathway. Around 50% of all tumours have disabled p53 through mutation, and 
the remaining 50% are believed to have other defects in the pathway, such as over-expression of 
Mdm2 (Vogelstein et al., 2000). Such mutations render the cancer cells unable to maintain a DNA 
damage induced G1 arrest (Bartek and Lukas, 2001). The Cdc25A pathway is also important for 
guarding the G1-S transition (Lukas et al., 2004b), but it is unclear exactly how and when the 
pathway is activated during G1. First, Cdc25A is an APC target and thus absent from cells during 
most of G1 (Donzelli et al., 2002). However, active checkpoint signalling may instead act to 
prevent its accumulation and thus its S-phase promoting functions. Second, the preferential Cdc25A 
kinase is Chk1, which cannot be activated in G1, but only from a point early in S-phase (Jazayeri et 
al., 2006). If Cdc25A is regulated in late G1 by a similar mechanism to the one described above, it 
must be targeted by another kinase than Chk1. One candidate is Chk2, which at least in vitro can 
phosphorylate the same residues on Cdc25A as Chk1 (Falck et al., 2001; Sorensen et al., 2003). 
 

eplicating cells that are challenged with DSBs activate a checkpoint to down-regulate DNA 
ynthesis. The magnitude of the response, which is known as the intra-S-phase DNA damage 
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r th lize progressing replication 
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Zhang et al., 1998). The accumulation and activation of p53 occurs with a significant lag compared 
to the swift destruction of Cdc25A, however the activities of both p53 and its effectors persist for a 

e. These characteristics have led to the current model of two parallel pathways acting to 
achieve DNA damage induced inhibition of cdk activity (figure 12), a key prerequisite for slowing 
down the cell cycle (Lukas et al., 2004b).  

The above outlines of the pathways that govern cell cycle delay or arrest are generally applicable to 
all DNA damage checkpoints. However, the exact com

R
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c kpoint, is dependent on the dose and timing of the DNA damage (Bartek et al., 2004). Cell

ient for the ATM kinase and other upstream checkpoint components are defective in eliciti
esponse, and display a phenotype known as radio resistant DNA synthesis (RDS) (Painter 
g, 1980) (figure 13). This is characterized by the inability to slow down the pace of S-pha
nse to DSBs. The checkpoint acts on DNA replication in two established ways. First, it 
its the firing of hitherto unfired origins (Costanzo et al., 2000; Falck et al., 2002), account
e decrease in incorporation of nucleotides. Second, it acts to stabi
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forks (Lopes et al., 2001). The intra-S DNA damage checkpoint has several similarities to the 
replication checkpoint, which monitors DNA replication and is activated in response to fo
(Bartek et al., 2004). The main difference seems to be that while the replication checkpoint is 
instigated by ATR that senses problems directly at the fork (see above), the checkpoint response t
DSBs is activated by ATM in response to lesions that are distant from active replication forks
(figure 13). The intra-S checkpoint operates mainly through the Cdc25A branch and is independen
of p53 (Bartek and Lukas, 2003). Replicating cells challenged with DNA damage will proceed 
through S-phase, albeit with a slower kinetics, eventually reaching and arresting at the G2-M 
boundary (Bartek et al., 2004). To date, the molecular pathways that govern the intra-S-phase 
checkpoint remain obscure, although a multitude of proteins have been proposed to be involved. 
These proteins have been reported to share the feature of causing RDS in their absence. The list o
proteins that protect against RDS is at present so long that it seems impossible to reconcile with the
concept of one or more linear pathways to govern the checkpoint response. They include bona-fide 
checkpoint proteins, kinases, phosphatases, cohesins and DNA repair proteins (Bartek et al., 2004
The only established molecular pathway of the checkpoint is the one leading to the degradation of 
Cdc25A (Falck et al., 2001), governed by ATM, ATR and Chk1 kinases and the F-box protein β-
Trcp. This pathway is believed to be responsible for the observed inhibition of origin firing by 
depleting cells of Cyclin A-Cdk2 activity. The process of origin firing is heavily dependent on cd
activity, one important target being the polymerase loading factor Cdc45 (Bartek et al., 2004). 
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Figure 13. The intra-S-phase checkpoint. 
A) In response to DNA strand breaks, a 
signal is generated to inhibit the activation 
of unfired replication origins. B) The intra-
S-phase DNA damage checkpoint has 
remarkable similarities to the replication 
checkpoint. Also here, unfired origins are 
the prime target of the checkpoint response 
that is activated by replication problems. 
Such problems may arise as a consequence 
of chemical inhibition of polymerase 
activity or depletion of DNA building 
blocks. C) The RDS assay is the traditional 
measure of intra-S phase checkpoint 
integrity. Cells are exposed to DSB-
generating ionizing radiation and 
subsequently allowed to incorporate 
radioactively labelled nucleotides into 

C thus be measured as a function of either 
the irradiation dose or time. Characteristic 
for checkpoint defective cells is an inability 
to slow down the pace of DNA replication, 
a phenotype known as radio resistant DNA 
synthesis (RDS) (adapted from Bartek et al, 
2004).  

their DNA. The pace of DNA synthesis can 
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The G2-M checkpoint prevents cells from entering mitosis in the presence of damaged DNA. The 
checkpoint responds both to DNA damage encountered during the G2-phase, but also to lesion
sustained during S-phase. The Chk1-Cdc25A branch is essential for the G2-M checkpoint as 
interference with Chk1 activity, both by siRNA and chemical inhibitors, allows cells to go thro
mitosis in the presence of DNA damage. The key downstream target of the Chk1-Cdc25A pathway 
in the G2-M checkpoint is the key promoter of mitosis, Cyclin B-Cdk1. However, also other 
activators of mitosis, such as the Plk1 and Plk3 kinases, are inhibited following DNA damage 
Vugt and Medema, 2005). 
 
Like with the G1 checkpoint, long-term cell cycle arrest in G2 has been proposed to be dependent 
on mechanisms that are distinct from the rapid degradation of Cdc25A. And indeed, cancer cells are 
known to escape from this checkpoint much easier than primary cells. However, the exact nature 
and relative importance of these pathways remain a debatable issue. Cells deficient for p53 and/or 
p21 have been reported to be unable to maintain a G2 arrest, suggesting a role for p21 mediated cdk
inhibition in maintaining the arrest (Bunz et al., 1998). Yet p21 is mainly an inhibitor of Cyclin 
A/E-Cdk2 and a poor inhibitor of Cyclin B-Cdk1 (Harper et al., 1995). Other transcriptional tar
of p53 that have been proposed to act in the G2 checkpoint are GADD45 and 14-3-3 (Nyberg et al.,
2002; Taylor and Stark, 2001). The latter proteins work by binding its targets in a phosphorylat
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ependent manner. Increased binding of Cdc25C and Wee1 to 14-3-3 induced by Chk1 

nce for delaying mitosis (Dalal et al., 1999; 
Kumagai and Dunphy, 1999; Lee et al., 2001; Rothblum-Oviatt et al., 2001). Apart from the protein 
components of the canonical Cdc25A degradation pathway, the checkpoint mediators 53BP1 and 
BRCA1 have been shown to contribute to the chec po rden et al., 
2002). While the mechanism behind the role of 53 P1 ediate the 
checkpoint by one of two mechanisms: First, BRCA1 s to be 
required for Chk1 activation specifically in the pre n  et al., 
2006). Second, BRCA1 has been shown to induce the transcription of GADD45 through its binding 
partner CtIP (Harkin et al., 1999; Li et al., 2000), a r  a target 
of the ubiquitin ligase activity of BRCA1 (Yu et al  2
 

Checkpoint mediator proteins 
The term “checkpoint mediators” is collectively ap li  effective 
signalling by the upstream DNA damage-activated in t al., 2003; 
Zhou and Elledge, 2000). Mediators facilitate the D mechanisms 
such as aiding the accumulation of factors at sites o  D nteractions 
between ATM/ATR and their substrates. The preci ediators 
are quite diverse and in many cases poorly underst d ssigned 
to proteins with unknown functions in the DNA da a
to be re-evaluated when our understanding of some f d ATR 
pathways differ in a number of aspects, they also h e tors 
assigned to them. 
 
Mediators of the ATM pathway are Mdc1, 53BP1 and BRCA1 (Stucki and Jackson, 2004). These 
three proteins have a striking structural feature in common: They all contain a tandem BRCT 
(BRCA1 C-terminal) domain in their C-terminus, a highly specific and phospho-dependent 
interaction motif in proteins of the DNA damage response (Manke et al., 2003; Yu et al., 2003). 
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Apart form this structural similarity, the three proteins are all relatively large in size, around 2000 

ing 
X 

rotein 

al., 2005). DNA damage induced accumulation of proteins like 53BP1, 
RCA1 and the MRN complex have all been reported to depend on Mdc1 (Goldberg et al., 2003; 
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-M 

one mark. 

 

 a 
esidue on chromatin through its Tudor domain (Huyen et al., 2004). The specific 

pigenetic tag(s) that 53BP1 binds include methylated lysine 20 on histone H4 and dimethylated 

ng 
or a 

e 

amino acids (figure 14). The Mdc1 protein was characterized in 2003 as an early mediator of the 
mammalian DNA damage checkpoint (Goldberg et al., 2003; Stewart et al., 2003). It forms ioniz
radiation induced foci by means of a direct interaction between its BRCT domains and γ-H2A
(Stucki et al., 2005), the histone variant that is phosphorylated by ATM and related kinases at sites 
of DNA damage. So far, it is the only protein that has been convincingly demonstrated to interact 
directly with this DNA damage induced epigenetic tag. Mdc1 plays a vital role in organizing p
accumulation at the sites of DNA damage, and it even protects γ-H2AX from dephosphorylation 
(Lou et al., 2006; Stucki et 
B
Lou et al., 2003; Stewart et al., 2003), and work presented in this thesis clarified several of the 
mechanisms behind this function of Mdc1. Besides its tandem BRCT domain, Mdc1 contains 
another motif typical for proteins of the DNA damage response, the FHA (Forkhead Associated) 
domain. This domain is also a phospho-dependent protein-protein interaction domain (Durocher an
Jackson, 2002) and presumably provides an important means for Mdc1 to attract proteins to the site 
of DNA damage. Mdc1 has been proposed to be important for the integrity of the intra-S and G2
checkpoints (Goldberg et al., 2003; Stewart et al., 2003), but it does not seem to be directly required 
for ATM phosphorylations (Lukas et al., 2004a). Regardless of whether Mdc1 functions can be 
attributed directly to specific checkpoint pathways or phosphorylation events, it remains a key 
extension of the phosphorylated H2AX by coupling other checkpoint proteins to this hist
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53BP1 was initially identified in a yeast-two-hybrid screen searching for novel interactors of p53 
(Iwabuchi et al., 1994). This interaction occurs via the tandem BRCT domains of 53BP1, the 
functional significance of which is not clear. Like Mdc1, 53BP1 accumulates at sites of DNA 
damage in a partly H2AX-dependent manner (Celeste et al., 2003; Schultz et al., 2000). However, 
this dependency is not due to a direct interaction with γ-H2AX, and the BRCT domains are not the 
focus forming module of 53BP1 (Ward et al., 2003a). Rather, 53BP1 was shown to interact with
methylated lysine r
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2089 aa

53BP1
1972 aa

N

N C
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BRCTTudor

BRCTFHA

e
lysine 79 on histone H3 (Huyen et al., 2004; Sanders et al., 2004). Yeast contains a single 
checkpoint protein with a C-terminal BRCT repeat; Rad9 in Saccharomyces cerevisiae (buddi
yeast) and Crb2 in Schizosaccharomyces pombe (fission yeast) (Stucki and Jackson, 2004). F
long time it was unclear which of the BRCT containing mammalian checkpoint mediators was th
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Figure 14. Structural 
similarities of DNA 
damage checkpoint 
mediators. Mdc1, 53BP1 
and BRCA1 are large 
proteins (~2000 amino 
acids) that share an 
important functional 
characteristic; the C-

BRCA1 
C

terminal tandem BRCT 
domain that is a 
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phosphorylation-dependent 
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true homolog of these yeast mediators. With the discovery of the specific interactions between the 
Tudor domains of Hs53BP1, ScRad9 and SpCrb2 and chromatin, 53BP1 has emerged as the true 
homolog of the ancient checkpoint mediators. Despite a massive effort to pinpoint the function of 
53BP1 in the DNA damage response, no clear and important function of the protein has been 
described. It has been suggested to mediate ATM phosphorylation of Chk2 (Wang et al., 2002; 
Ward et al., 2003b), but other studies have challenged this view. As with Mdc1, 53BP1 has been 
proposed to play a role in both the intra-S and G2-M DNA damage checkpoints (Wang et al., 2002), 
though no precise function of 53BP1 in these checkpoints have been described. 
 
The last of the tandem BRCT containing checkpoint mediators is the BReast CAncer susceptibility
gene product BRCA1. As with Mdc1 and 53BP1, this protein forms IRIF, but the mechanism 
behind is unknown. Besides the C-terminal BRCT domains, it contains a RING domain which 
confers E3 ubiquitin ligase activity (Hashizume et al., 2001). It exists in a heterodimeric complex 
with its stochiometric binding partner, BARD1 (Wu et al., 1996). Whereas Mdc1 and 53BP1 are 
more or less ubiquitously expressed during the cell cycle, BRCA1 levels are low, but not absent, in 
G1 (Choudhury et al., 2004). Among its numerous described binding partners, it interacts with the 
proteins CtIP and BACH1 through its BRCT domains (Cantor et al., 2001; Yu et al., 1998). CTIP 
acts as a transcriptional repressor through its interaction with CtBP (Schaeper et al., 1998). CtIP 
target of the ATM kinase, the phosphorylation by which is suggested to alleviate some of the 
transcriptional repression of cell cycle control genes like those encoding p21 and GADD45 (Li et 

 

is a 

l., 1999; Li et al., 2000). BACH1 is a DNA helicase that was recently described to be identical 
ith FANCJ, a protein of the Fanconi Anemia pathway (Litman et al., 2005). BACH1 is targeted to 

i  via
f CA1 to CtIP and BACH1 has been described in some detail and is instructive 
f ining proteins preferentially interact with their binding partners: The BRCT 
o gnize a cdk phosphorylation site followed by a phenylalanine in the +3 
o  al., 2003). These specific sites are predominantly phosphorylated in S and 

cycle, and the interactions between BRCA1 and CtIP / BACH1 also occurs in 
 t manner (Clapperton et al., 2004; Yu and Chen, 2004). BRCA1 plays direct 
n n checkpoint control. It has been demonstrated to mediate ATM 
h  cohesin component Smc1 (Kitagawa et al., 2004) and stimulate the 
h pecifically in the presence of DSBs (Yoo et al., 2006). Beside its role in 
h nalling, BRCA1 plays an important role in DNA repair by homologous 

tion (West, 2003). It also has clear but less well characterized roles in diverse processes 
uch as X chromosome inactivation (Ganesan et al., 2002) and DNA replication (ElShamy and 
ivingston, 2004). 
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The newly identified Microcephalin has been proposed to act as a mediator in the ATR pathway 
(Alderton et al., 2006; Bartek, 2006). This protein has a similar domain structure as the ATM 
mediators since it contains a tandem BRCT repeat at its C-terminus. Apart from that, little over
similarity to any checkpoint protein is observed, and Microcephalin remains a rather 
uncharacterized protein. The best studied substrate of ATR is Chk1, the main kinase to target 
Cdc25A for degradation in the face of DNA damage (Busino et al., 2003; Jin et al., 2003; Mailand 
et al., 2000). Several proteins have been demonstrated to impact on this phosphorylation, including 
the components of the sliding clamp Rad9, Rad1 and Hus1 (9-1-1), the clamp loader Rad17 and th
mediator proteins Claspin and TopBP1 (Garcia et al., 2005; Kilpivaara et al., 2004; Kumag
Dunphy, 2000; Weiss et al., 2002; Zou et al., 2002). In response to IR, even ATM and the MRN 
complex are needed, probably for promoting the generation of single stranded DNA around DSBs
the residence site for active ATR (Jazayeri et al., 2006). While Rad17 and the 9-1-1 complex are 
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thought to act as some kind of sensors of ATR activating lesions (Zhou and Elledge, 2000), and 
strongly stimulate the ability of ATR to phosphorylate its targets (Zou et al., 2002), Claspin and 
TopBP1 are generally considered as mediators of the ATR pathway. 
 
Mammalian TopBP1 has clear homologs in lower organisms including yeast (Rad4/Cut5 in fissi
yeast and Dpb11 in budding yeast) and it was shown to be instrumental for DNA damage induced
Chk1 phosphorylation in all organisms tested so far (Garcia et al., 2005). The approximately 2000 
amino acids large protein contains eight BRCT domains and was originally isola
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poisomerase IIβ interacting protein (Yamane et al., 1997). It forms IRIF in mammalian cells, and 
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accumulates at stalled replication forks (Yamane et al., 2002). Besides its obvious roles in the DNA 
damage response, TopBP1 has been proposed to take part in processes such as regulation of S-
and E2F1-induced apoptosis (Kim et al., 2005; Liu et al., 2003; Liu et al., 2004a). 
 
In contrast to TopBP1, Claspin, the other notable mediator of Chk1 phosphorylation is a 
polypeptide of app. 1500 amino acids that contains no known domains. It was originally described 
in the frog Xenopus laevis as a Chk1 binding protein (Kumagai and Dunphy, 2000), but was later 
found also in higher eukaryotes. The yeast protein Mrc1 displays significant homology to Claspin 
and has been suggested as a functional equivalent in these unicellular organisms (Alcasabas et al., 
2001; Tanaka and Russell, 2001). The mechanism by which Claspin assists ATR in Chk1 
phosphorylation is quite instructive and has been documented best with Xenopus extracts (Kumaga
and Dunphy, 2003) but partly confirmed to be conserved in humans (Clarke and Clarke, 2005): 
Upon DNA damage, Claspin binds Chk1, dependent on phosphorylation of at least two highly 
conserved sites (Thr-916 and Ser-945 in human Claspin). Although the motifs surrounding these 
phosphorylation sites do not resemble the ATR consensus, their phosphorylation requires, at least in
Xenopus, ATR activity. Thus, it seems that ATR activates a hitherto unknown kinase, required to
promote Claspin-Chk1 complex formation and Chk1 phosphorylation. Alternatively, the kinase 
responsible for phosphorylating Claspin on the indicated sites is a constitutively active one and 
ATR carries out priming phosphorylations on Claspin. There is much precedence for especially the 
latter model, one case being the phosphorylation dependent degradation of Cdc25A where Chk1 
acts as the priming kinase. Indeed, ATR has been shown to phosphorylate Claspin dire
number of sites. Studies of the molecular details underlying the physical association betwee
Claspin and Chk1 revealed that Claspin binds directly to the kinase domain of Chk1 and that the 
affinity of the two proteins for each other declines following phosphorylation of Chk1 by ATR 
(Jeong et al., 2003). Given the evidence that human Claspin interacts also with ATR (Chini and 
Chen, 2003), this is consistent with a model in which Claspin recruits Chk1 to ATR, only to 
disengage once the 
 

Restarting the cell cycle 
The purpose of the DNA damage response is to arrest the cell cycle transiently to allo
DNA repair (Lukas et al., 2004b). If successful repair can be achieved, the cell cycle should be
allowed to restart. Work on the DNA damage response has traditionally and naturally focused on 
the initiation of checkpoint signalling and largely neglected how the signalling can be abrogated or 
silenced. Recently, however, this key aspect of the DNA damage response has become the focus of 
several labs, and thanks to this effort we are beginning to appreciate some of the extra requirement
that add this fundamental feature to the DNA damage response. Our current knowledge is limited
how cells can dismantle the G2-M checkpoint and achieve cell division, and mechanisms 
underlying a timely escape from the G1 checkpoint, if there are any, remain elusive. Following a 
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checkpoint arrest, cells can restart the cell cycle in two different ways (van Vugt et al., 2005). Fir
in the presence of fully repaired DNA, the checkpoint signalling is exhausted due to the absence 
checkpoint activating signals. This form of cell cycle re-entry is called

st, 
of 

 “recovery” and is not simply 
 passive mechanism, but needs the active participation of cell cycle and checkpoint components. 

 
 

kpoint by adding 
affeine, the known inhibitor of ATM and ATR, to the culture dishes. This resulted in mitotic entry 

ctivation. In the unperturbed cell cycle, Cdc25A 
dominates the other Cdc25 family members as the 

 et al., 2002), but 

a
Second, even in the presence of incompletely repaired DNA, mechanisms to actively abrogate 
checkpoint signalling and enforce cell cycle progression have been described. This process is called
“adaptation” and has been observed in yeast cells (Sandell and Zakian, 1993; Vaze et al., 2002) and
Xenopus extracts (Yoo et al., 2004), but not yet in human cells.  
 
The Medema lab has investigated the requirements for recovery from a G2 DNA damage arrest in 
human cells (van Vugt et al., 2004). They first activated the checkpoint with a DNA damaging 
treatment and, when cell cycle inhibition was evident, artificially silenced the chec
c
in the presence of damaged DNA. By an RNA 
interference approach, they identified Plk1 and 
Cdc25B as essential proponents of this response, 
since in the absence of either factor, cell cycle re-
entry was inhibited (figure 15). The dual and 
absolute requirement of these two proteins is in 
contrast to normal mitosis, where, at least in 
transformed cells, Plk1 and Cdc25B are 
dispensable (van Vugt and Medema, 2005). The 
key downstream target of Plk1 in the recovery 
process is Wee1, the kinase that imposes restraints 
on the mitotic kinase Cdk1. During recovery, Plk1 
phosphorylation of Wee1 promotes its β-Trcp 
dependent degradation, similar to during normal 
mitosis (van Vugt et al., 2004). The Cdc25B 
phosphatase also acts to lift the inhibition of 
Cdk1, and so it seems that even in the absence of 
checkpoint signalling, there are additional 
requirements for activating Cdk1 as compared to 
mitosis in an unperturbed cell cycle (van Vugt et 
al., 2005). The reason for this discrepancy could 
lie in the difference in Cdc25 phosphatase activity 
before and after DNA damage checkpoint 
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after DNA damage, Cdc25A is effectively 
removed from cells by the DNA damage 
checkpoint (Mailand et al., 2000). This could 
explain why the non-essential family member 
Cdc25B, which is not required for normal mitosis 
and is not degraded following genotoxic stress, is 
needed to tip the balance in favour of Cdk1 
activation specifically during recovery from a 
DNA damage checkpoint. 
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Figure 15. Molecular mechanisms behind 
recovery from checkpoint signalling. 
Contrary to in the unperturbed cell cycle, 
escaping a checkpoint state by mitosis 
requires Cdc25B and Plk1/β-Trcp-mediated 
degradation of Wee1 to activate Cdk1. The 
stimulus that activates Plk1 during late stages 
of checkpoint signalling remains elusive. 
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While the recovery process outlined above seems the natural conclusion to the firing of the DNA 
damage response, it is harder to imagine the benefit of silencing the checkpoint in the presence of 
incompletely repaired DNA. The situation can be imagined as somewhat similar to the scenario 
where a cell fails to make a G2-M checkpoint arrest altogether (van Vugt et al., 2005). In this case,
most cells will die in or shortly after mitosis by mitotic catastrophe, the apoptosis-like phenotyp
that is characterized by fragmented DNA and complete cellular demise (Chan et al., 1999; Roninson 
et al., 2001). Nevertheless, such an adaptation process has been described in budding yeast (Sandell 
and Zakian, 1993). This single cell organism can by active means
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 overcome the restraints imposed 
y the checkpoint and commence mitosis after a prolonged time in the presence of a non-repairable 
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rogation, remains unanswered. The phosphorylation sites 
nly sparsely conserved in humans. This casts doubt on 

ed, adaptation has yet to be demonstrated in 

b
DNA double strand break. Genetic screens have identified several components that are required for
this mechanism. Among these are the Plk1 homolog Cdc5 and various kinases and phosphatases
(Leroy et al., 2003; Toczyski et al., 1997). In yeast, the ultimate target of the adaptation pathway is 
the checkpoint kinase Rad53, which needs to be silenced for the cell cycle to re-commence (van 
Vugt and Medema, 2005), and all adaptation mu
Recently, an adaptation-like process was describ
response to prolonged treatment with replication in
even in the presence of incompletely replicated DN
kinase, through inactivation of the mediator pr
mechanism in which an ATR phosphorylation si
which phosphorylates Claspin on another nea
inactivate Chk1 by promoting the dissoci
maintain the activation state of Chk1. As an attrac
phosphorylation by an upstream PIKK kinase (i
timer for the machinery that can dismantle
yeast and this frog links the process to adaptat
activation of Plk1, and thus checkpoint ab
that were identified in Xenopus Claspin are o
the validity of the concept in human cells and inde
mammals. 
 

d in Xenopus extracts (Yoo et al., 2004). In 
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3. DNA repair pathways 
The need to maintain the integrity of the DNA has been a major problem for organisms throughout 
evolution. Consequently, advanced repair systems are found in even the most primitive of 
organisms. In the light of the numerous different types of DNA lesions that can occur, no single 
DNA repair system can be designed to cope with them all. Instead, evolution has devised four main 
pathways of DNA repair that are interwoven in a sophisticated network to cope with most, but not 
all, DNA lesions (Hoeijmakers, 2001). In mammals, the four main repair pathways are Base 
Excision Repair (BER), Nucleotide Excision Repair (NER), Homologous Recombination (HR) and 
Non-Homologous End Joining (NHEJ). Finally, genome protection systems such as Trans Lesion 
Synthesis (TLS) and Mis-Match Repair (MMR) increase the fidelity of DNA replication. 
 

Repair of base modifications 
The base excision repair pathway is designed to correct single base modifications that arise by 
oxidation, spontaneous deamination and methylation (figure 16). These modifications are most 
often by-products of intrinsic cellular processes, and the BER machinery copes mainly with 
endogenous lesions (Lindahl and Wood, 1999). The sensory component of the repair system is 
made up by a large family of DNA glycosylases that continuously scan the genome for base 
modifications. In principle, there is a unique enzyme to recognize a specific base modification. 
However, as the number of possible modifications is huge compared to the number of available 
glycosylases, some of the enzymes are probably capable of recognizing whole classes of base 
changes (Lindahl et al., 1997). Surprisingly, mutations in BER components are rarely associated 
with human disease in stark contrast to components of other repair systems. Additionally, BER-
deficient knockout mice display no or very mild phenotypes (Hoeijmakers, 2001). This does not 
mean that BER is not an important repair system, but rather owes to the fact that some degree of 
redundancy between different glycosylases exist (Wilson and Thompson, 1997) and that nucleotide 
excision repair can substitute for BER. Once bound to its target, the glycosylase separates the 

odified bam
abasic interm

se form the sugar-phosphate backbone by enzymatic cleavage. The hereby created 
ediate can also occur by spontaneous hydrolysis and is recognized by endonucleases 

that cut the affected strand on both sides of the abasic site to produce a gapped intermediate. 
Subsequently, the polymerase polβ fills in the gap, leaving it for the XRCC1-ligase 3 complex to 
seal the nick and restore the original DNA structure (Mol et al., 1999). This way of terminating the 
repair process is called “short-patch BER”. A minority of the lesions are repaired by a slightly 
alternative pathway called “long-patch BER”, where DNA synthesis is extended for several bases 
after the gap filling, displacing the original strand on the way. PCNA and the polymerases polδ/ε 
carry out this function, leaving it for the structure specific endonuclease Fen1 to remove the DNA 
flap from the original strand and DNA ligase 1 to seal the nick (Wilson and Thompson, 1997). In 
mammals, a large proportion of the single strand breaks (SSBs) that occur either naturally or as a 
consequence of exogenous stimuli are shunted into the BER pathway (Lindahl et al., 1997). The 
remaining SSBs are converted to DSBs either spontaneously or when the replication machinery 
attempts to bypass them (Hoeijmakers, 2001). In the BER pathway, SSBs are converted to the gap 
intermediate with the help of the important repair protein PARP.  
 
The nucleotide excision repair pathway is designed to deal with local changes in the DNA structure 
that distorts the helix and presents problems for the cell in transcribing and replicating the genome 
(Tornaletti and Hanawalt, 1999). Contrary to BER lesions, most NER lesions affect a larger stretch 
of DNA than does single base modifications. They are the results of exogenous stimuli such as 
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photoproducts created by UV light and bulky adducts created by the binding of genotoxic chemicals 
R pathway employs largely the same strategy as BER for 

e 

to DNA (Hoeijmakers, 2001). The NE
repair: Excision of the damaged part of the affected strand and use of the unaffected strand as a 
template for gap filling by local DNA synthesis (de Laat et al., 1999) (figure 16). The detection 
system for NER lesions is composed of a multi-protein complex that senses local distortions of th
DNA helix (Batty and Wood, 2000). This generates a signal for the multisubunit helicase TFIIH, a 
protein also involved in normal transcription, to locally open the helix. The opened intermediate is 
stabilized by the binding of replication protein A to the exposed ssDNA. The two endonucleases  
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Figure 16. Break excision repair (BER) and nucleotide excision repair. A) BER acts on lesions that are caused 
by chemical modification of single bases in the DNA. Glycosylases recognize such irregularities and cleave off 
the altered base (I). The nuclease APE1 makes an incision in the sugar-phosphate backbone of this abasic site 
(II), which can also arise by spontaneous deamination. The resulting intermediate that can also arise by PARP 
processing of a single strand break can be repaired by two sub-pathways. In short-patch BER (left), XRCC1 
and polβ adds back the missing nucleotide (IV and V) and DNA ligase 3 seals the nick (VI). In long-patch BER, 
the normal DNA replication machinery extends DNA synthesis beyond the site of the lesion (VII). The displaced 
DNA flap is removed by the FEN1 endonuclease (VIII) and the nick is sealed by DNA ligase 1 (IX). B) NER 
acts on DNA lesions that affect several bases and/or grossly distort the double helix. Two surveillance systems, 
Global Genome NER and Transcription Coupled Repair, act to attract core NER repair factors to the lesion (X 
and XI). The affected DNA strand is cleaved on both sides of the lesion to remove damaged bases (XIII). 
Finally, replication factors fill in the gap to restore the DNA structure (XIV) (adapted from Hoeijmakers, 
2001). 
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XPG and ERCC1/XPF are dedicated to NER and cleave the affected strand at the 3’ and 5’ borders 
respectively. This creates a single stranded gap of typically around 30 bases that is filled in by th
regular DNA replication machinery (de Laat et al., 1999). NER lesions are deleterious for the ce
both the long and short term. In the long term, their presence compromises the faithful duplicatio
of the genome and thus leads to accumulation of mutations. In the short term, they block the 
progression of RNA polymerases and thus impede transcription (Hoeijmakers, 2001). Since the 
local inability to transcribe the genome as well as the inactivation of RNA polymerases can be very 
detrimental for the cell, Transcription Coupled Repair (TCR) has evolved as an important sub-

e 
ll in 
n 

athway of NER that is dedicated to the detection and resolution of these problems. In TCR, DNA 

NA cation, the standard 
polymerases have problems in traversing regions of DNA with an unusual structure. Cells can 
circumvent this problem in two ways: First, in trans-lesion synthesis, a large and growing class of 
trans-lesion polymerases can substitute for the normal polymerases and ensure replication across the 
damaged region (Goodman and Tippin, 2000) (figure 17). The increased processivity of these 

erases is due to less stringent base-pairing properties. This inevitably comes at the expense of 
plication fidelity, and increased incidence of mutations (Lawrence, 1994). In spite of this 
d on 
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u his 
iv to local mismatches, insertions and deletions which are mutagenic if not repaired. The 

p
damage induced stalling of RNA polymerases is sensed and dealt with by the passenger protein 
CSB and other factors, including CSA, proteins that are compromised in the human disorder 
Cockayne Syndrome (Vermeulen et al., 2001). This leads to the displacement of the stalled 
polymerase from the damaged DNA, and repair of the lesion via the core NER pathway (Le Page et 
al., 2000). In total, it is estimated that around 25 different proteins are associated with this repair 
system (de Laat et al., 1999). Several of the genes encoding these components are mutated in 
human malignancies, the best characterized one being the disorder Xeroderma pigmentosum (XP). 
Mutations in at least 7 different genes of the NER pathway, can give rise to this highly detrimental 
disorder that is associated with exquisite sensitivity to UV light (even normal exposure to the sun is 
detrimental to these individuals) and highly increased cancer incidence (Cleaver, 2005). A third 
syndrome, trichothiodystrophy, is also caused by genetic defects in NER and TCR. In addition to 
the above, patients with genetic defects in NER often show progeric symptoms, likely reflecting the 
general and very important role of this pathway in DNA caretaking (Hoeijmakers, 2001). 
 

Replication associated repair processes 
DNA lesions like the ones described above constitute a major problem for the DNA replication 
machinery. Even in the presence of the very effective BER and NER systems, occasional 
encounters between replication forks and DNA lesions are unavoidable. The high fidelity of the 
housekeeping DNA polymerases is a double-edged sword in the face of the physical obstacles and 
unusual base-pairing that are associated with damaged DNA (Kunkel and Bebenek, 2000). As a 
result of the high stringency and low flexibility of normal D repli

polym
re
in isputable fact, TLS is an important part of genomic caretaking, and mutations in one trans-lesi

ymerase, polη, causes a variant form of Xeroderma pigmentosum (Masutani et al., 1999). 
ond, by the process known as “template switching”, the replication machinery can employ the
ly synthesized sister strand as a template. This is achieved either by fork regression and 

sequent base-pairing or by recombinational strand exchange (Hoeijmakers, 2001). Template 
tching is in principle error-free but is more time consuming and complicated than TLS. In the 
e of the massive task of replicating a huge genome, the mammalian cell must make some 
promises between highest possible fidelity and a smooth and fast replication process.  

ring normal replication, occasional errors are made even by the household polymerases. T
es rise 

p
S
n
s
s
fa
c
 
D
g

 



Background 
________________________________________________________________________________________________________________________ 

42

mismatch repair system (MMR) is dedicated to 
correcting these mistakes before the information is 
lost on which of the DNA strands that contain the 
error (Kolodner and Marsischky, 1999) (figure 17). 
The MMR system can discriminate between the 
original and the newly synthesized strand, probably 
through contact with the nearby replication 
machinery. The sensory components of MMR in 
mammals involve proteins related to the MutS and 
MutL proteins from E. coli (Harfe and Jinks-
Robertson, 2000). Defects in the mutS and mutL 
genes give rise to the mutator phenotype in this 
bacterium, associated with a highly increased rate of 
spontaneous mutations. Several of the mammalian 
counterparts, most notably Mlh1 and Msh2, are 
frequently mutated in cancers of the highly 
proliferative tissues of the colon and endometrium, 
underscoring the importance of this repair system in 
maintaining genome stability and avoiding 
tumourigenesis (Jiricny, 2006). Binding of MMR 
proteins to mismatches leads to regression of the 
newly synthesized strand and replication restart 
upstream of the lesion (Kolodner and Marsischky, 
1999). 

t they 
cur in 

e number of thousands in each cell every day (Cadet et al., 1997). Thanks to the highly effective 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Double strand break repair 
The repair systems described above can be considered as constitutively active in the sense tha
continuously scan the genome for DNA damage. The types of lesions that they deal with oc
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nature of the BER and NER pathways, these lesions are readily repaired and do not give rise to 
checkpoint responses per se. Only when they are so abundant that they grossly interfere with key 
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Figure 17. Trans-Lesion Synthesis (TLS) and Mismatch 
repair (MMR). A) TLS deals with random encounters 
between DNA polymerases and BER and NER lesions. When 
such DNA lesions collide with the replication machinery, the 
household polymerases can be exchanged with trans-lesion 
polymersaes that are able to replicate difficult regions of the 
genome. This increased processivity of the polymerases 
naturally comes at the expense of replication fidelity. B) 
MMR is mainly designed to correct errors that arise during 
normal DNA replication so as to prevent the propagation of 
point mutations. Mismatches are detected by hMSH2/6 (I), 
creating a signal for regression of the affected DNA strand 
(II). Replication of the regressed region corrects the initial 
error (III) (Adapted from Hoeijmakers, 2001). 
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aspects of DNA metabolism such as replication and chrom
checkpoint responses. As an example, UV irradiatio
phase and this elicits the ATR mediated replication
situation is quite different when it comes to the repair of the very severe a
DNA lesions such as double strand breaks (DSBs
converted to DSBs. The presence of DSBs is sensed 
response to arrest or delay the cell cycle, as 
components also activate components of the DSB
with a double stranded break in its DNA, the cell ca
The simplest one is by the swift re-legation of
in the G1-phase of the cell cycle (Hoeijmakers, 2
potentially mutagenic in that a few bases might b
cell cycle (most of S and G2-phases) where a sister ch
alternative pathway that takes advantage of the sequ
sister chromosome. This process, known as hom
also more complicated and laborious compa
important repair mechanism, homology directed stra
solving replication problems during S-phase (Cox, 20
 
Non-homologous end joining (figure 18) is achiev
pathway (Downs and Jackson, 2004). It is highly e
and with a high capacity. It is estimated that the N
about 30 minutes (Cox, 2001). The broken ends are
that form

osome segregation can they elicit 
n leads to stalling of DNA polymerases in S-

 checkpoint response (Ward et al., 2004). The 
nd acutely life-threatening 

) and interstrand cross-links that are often 
by the checkpoint machinery and elicits a swift 

described above. In addition, the same checkpoint 
 repair pathways (Zhou and Elledge, 2000). Faced 

n employ two different pathways for its repair. 
 the broken ends, a method that is strongly preferred 

001). This method has the drawback of being 
e lost or added at the junction. In the parts of the 

romatid is present, the cell can employ an 
ence information that is stored in the intact 

ologous recombination is in principle error-free but 
red to the simple joining of ends. In addition to being an 

nd invasion processes are important tools for 
01). 

ed by relatively few proteins, acting in a linear 
ffective in repairing DSBs and does so both fast 
HEJ pathway seals breaks with a half-time of 

 recognized by Ku70 and Ku80, two proteins 
 heterodimers and show high affinity towards double stranded DNA termini (Dynan and 

oo, 1998). Structure determinations on crystals of the Ku70-Ku80 heterodimer bound to DNA 
vealed that Ku the forms a ring structure with an internal diameter that is just sufficient to 

 et al., 2001). The DNA bound Ku proteins recruit 
otein kinase (DNA-PKcs) to form the active DNA-PK 

 serving as a recruitment platform for DNA-
 in close proximity. A nuclease, Artemis, is 
s by trimming difficult DNA ends to make 

02). The break itself is sealed by a complex of 
inson, 2005). Among these pathway components, 

in vitro or in vivo Ku70, Ku80, Artemis and 
s (Downs and Jackson, 2004). Though not 

t to stimulate the repair capacity of the pathway 

gements such as V(D)J recombination and immunoglobulin 
lass switching (Casellas et al., 1998; Nussenzweig et al., 1996). These double strand breaks are 
reated by tightly controlled cellular endonucleases such as RAG1, RAG2 and AID1 (Bassing et al., 
002). Thus, in addition to a marked radiosensitivity, mice and humans deficient in NHEJ 

components display highly compromised immune function. Recently, a novel core component of 
nt in a human patient with the above symptoms who was 

). 

Y
re
accommodate the double helix of DNA (Walker
he catalytic subunit of the DNA dependent pr
omplex (Gottlieb and Jackson, 1993). In addition to
K

t
c
P cs, Ku is presumed to help keeping the DNA ends
ritically involved in the end-joining process, perhap
hem more compatible for ligation (Ma et al., 20
NA ligase IV and XRCC4 (Hefferin and Tomk
NA-PK

c
t
D
D cs has been shown to phosphorylate either 

RCC4, in addition to several autophosphorylation
roven directly, these phosphorylations are though
omponents. End joining is the critical pathway for sealing DNA breaks that are deliberately 
reated during immune cell gene rearran

X
p
c
c
c
c
2

the pathway was found to be deficie
proficient in all other components (Buck et al., 2006). This novel factor, XLF, was shown to be 
associated with the XRCC4-ligase IV complex and required for end joining (Ahnesorg et al., 2006
Thus, our understanding of the pathway may still not be complete, and additional regulators might 
exist. 
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The process of homologous recombination (figure 19) consists of multiple steps and take advantag
of the sequence information within an intact stretch of hom
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Figure 18. Non-homologous endjoining 
(NHEJ) of DSBs. NHEJ basically 
consists of three steps. First, Ku proteins 
are loaded onto the DNA ends (I), 
recruiting the catalytic subunit of DNA-
PK that phosphorylates most of the other 
repair factors. Complicated breaks need 
some degree of trimming for the ends to 
be compatible (II), and the nuclease 
Artemis is thought to act at this stage of 
NHEJ. Finally, a complex consisting of 
XRCC4, DNA ligase 4 and the newly 
discovered XLF/Cernunnos seals the 
break (III) (adapted from Downs and 
Jackson, 2004). 
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ology (Szostak et al., 1983). In yeast, 

is pathway is by far the dominating one for repair of DSBs and both the sister chromatid and the 
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ediate, a synapsis, where the degree of homology is assessed by locally flipping the bases out 
om the double helix and allowing them to pair with the ssDNA (West, 1992). When the homology 

th
homologous chromosome might be used as a template (Symington, 2002). In mammals, use of thi
pathway is more restricted and normally only uses the replicated sister chromatid as a template. 
Even so, the pathway remains of utmost importance also in mammals for protection against 
tumourigenesis, to deal with replication problems and for the process of meiosis (Cox, 2001; Neal
and Keeney, 2006; West, 2003). During the first step of HR, the broken ends are resected to 
generate long stretches of single stranded DNA with 3’ ends. Remarkably, the nuclease(s) that is 
responsible for this resection has escaped identification until now, but we know that the MRN
complex plays an important role in the process (Jazayeri et al., 2006). Because the Mre11 nuclease 
displays a 3’ to 5’ polarity which is opposite to what is required for a nuclease that can create the 3’ 
overhangs (Moreau et al., 2001), this activity may be important, not for the bulk of the resection per 
se, but for trimming the ends to create a proper substrate for the major and still elusive nuclease. 
DSBs, especially those created by IR, are rarely clean breaks but often contain small single stran
regions of varying length or altered and oxidized bases at the termini or even DNA-protein addu
(Sutherland et al., 2000). This may be problematic for a specialized enzyme and the nuclease 
activity of MRN could be important for generating a common intermediate from “dirty” breaks. 
Alternatively, the MRN complex may be required to attract nucleases of the right polarity to th
breaks, and we know that MRN accumulates at the breaks very rapidly (Lisby et al., 2004; Lukas et
al., 2004a). Following resection, the ssDNA is instantly coated with RPA, both for its protecti
and to prevent the formation of higher order structures (Wold, 1997). For the ssDNA to acquire 
invasive properties, this RPA filament must be exchanged with a filament consisting of a strand 
invasion protein. Such proteins belong to the E. coli RecA family of recombinases. In eukaryotes, 
this protein is called Rad51, a relatively small protein of little more than 300 amino acids th
associate into a multisubunit helical structure around ssDNA, creating a so-called nucleoprotein 
filament (Benson et al., 1994). In yeast, this process is critically mediated by Rad52, a protein
can overcome the inhibitory effects of RPA by displacing it from the ssDNA and at the same tim
promote Rad51 loading and filament formation (Symington, 2002). Once coated with Rad51, the 
ssDNA scans the surroundings for a homologous sequence by forming a three-stranded 
interm
fr

 



Background 
________________________________________________________________________________________________________________________ 

45

search system has identified a satisfactory temp
pairing with the complementary strand and displacing

late, the ssDNA invades the double helix by base 
 e h 3). 

The stability of this joint molecule is enhanced by Rad , a  of 
ATP-dependent chromatin remodellers (Van Komen e l., 
this stimulation is not known. The next stages of recom ina e 
replication machinery manages to fill in the resected areas of the DNA by using the ssDNA ends as 
primers and the invaded molecule as a template. Sever  the  of 
these DNA transactions have been formulated (Paques nd 
known as synthesis dependent strand annealing (SDSA  wi ry is 
the base-pairing between the displaced strand of the do ble . 
This allows both ssDNA ends to function as primers for DNA synthesis, eventually leading to 
closing of the gaps and the formation of a double Holli ay a final 
step of HR, this joint molecule consisting of two attach d D d by 
endonucleases to yield two nicked but otherwise intact double helices. Following sealing of these 
nicks by a DNA ligase, the process is completed and the broken DNA has been restored to its initial 
tate (West, 2003). Compared to the other parts of the process, our knowledge about the regulation 
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and metabolism of Holliday junctions lacks somewhat behind. In prokaryotes, the RuvA, B and C 
proteins act on Holiday junctions (West, 1997). The RuvAB complex binds directly to the 
junctions, and promotes the characteristic ability of these structures to migrate along the DNA. The
RuvC protein, on the other hand, can resolve the structure by nucleolytic cleavage. Despite this 
promising proof-of-concept from the bacterial world, the identities of nuclear eukaryotic resolva
remain elusive (Liu and West, 2004). However, in a recent breakthrough study, the mammal
protein Rad51C was shown to be required for both branch migration and Holliday junction 
resolution in vitro and a complex consisting of Rad51C and XRCC3 was shown to posses res
activity (Liu et al., 2004b).  
 
The proteins that play a key role in yeast, Rad52 and Rad54, seem to be less critical for HR in 
mammals, as their deletion only partly compromises the process (Dronkert et al., 2000; Rijkers et 
al., 1998). Compared to yeast, a host of additional regulators of the HR process exist and some of 
them can probably substitute for these factors. This adds significantly to the complexity of the 
process as it is outlined above. In bacteria like E. coli, repair by HR is part of the SOS response, 
which is responsible for the transcriptional de-repression of more than 20 genes, including RecA, in 
response to the formation of threshold levels of DSBs (Sutton et al., 2000). This leads to a massive 
accumulation of pathway components and thus activity. In eukaryotes, a similar up-concentration
HR activity is achieved not by transcriptional means, but by the accumulation of repair proteins i
nuclear foci surrounding the DNA lesions (West, 2003). Two breast cancer associated proteins, 
BRCA1 and BRCA2 are both required to target Rad51 to the microscopically visible nuclear foci 
where the process has been shown to occur (Yuan et al., 1999). Consequently, in BRCA1/2-
deficient cells HR is severely compromised, disposing for tumourigenesis (Welcsh et al., 2000). 
Whereas the action of BRCA1 in the pathway is probably restricted to targeting BRCA2 to the 
repair foci (Scully and Livingston, 2000), the latter plays a key role in recruiting Rad51 to these foc
and filament formation. The huge (~3400 amino acids) BRCA2 contains a series of eight 
consecutive Rad51 interacting domains in the middle of the protein, called BRC repeats. These 
repeats bind Rad51 and are thought to carry the recombinase monomers to the site of DNA damage
(Chen et al., 1998). At its extreme C-terminus, BRCA2 has an additional and unrelated Rad51 
interaction domain that is thought to act in the loading of Rad51 onto ssDNA. Recently, 
in BRCA2 was found to contain a cdk phosphorylation site that, when phosphorylated, blocks the 
binding of Rad51 and thus the ability of BRCA2 to stimulate HR (Esashi et al., 2005). Introduction 
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of DSBs is known to inhibit cdk activity by the 
previously described ATM/ATR activated 
checkpoint pathways, and indeed the inhibitory 
phosphorylation on BRCA2 was found to be 
depleted after DNA damage. Most likely, this is just 
one of several ways in which cdk activity defines 
the window of opportunity for HR to take place. 
 
An additional complication in the mammalian 
system is the presence of the five Rad51 paralogs, 
Rad51B, Rad51C, Rad51D, XRCC2 and XRCC3. 
While they are all required for normal levels of HR, 
their precise functions are generally poorly 
characterized (Symington, 2002). The components 
of the Fanconi Anemia (FA) pathway are involved 
in the repair of interstrand cross-links (ICLs) via 
HR. FA is a chromosomal-instability disorder 
characterized by high cellular sensitivity towards 
agents that give rise to ICLs (D'Andrea and 
Grompe, 2003). Affected individuals rarely survive 
to their teen years and suffer various types of 
cancers and anemias. The disease is highly 
genetically heterogeneous with 12 complementation 
groups (A through M) identified so far. The 12 
proteins that are affected in the different 
omplementation groups have been found to 

 

c
cooperate in the same pathway, converging on the 
mono-ubiquitination of the protein FANCD2 
(Kennedy and D'Andrea, 2005). This protein also 
accumulates at repair foci, a process that is 
proposed to be dependent on its ubiquitination 
(Wang et al., 2004). FANCD2 mono-ubiquitination 
takes place during normal S-phase and is 
accelerated following genotoxic stress (D'Andrea 
and Grompe, 2003). The precise function of the 
pathway and / or mono-ubiquitinated FANCD2 in 
the repair of interstrand crosslinks is not 
understood. However, since the pathway 
components, apart from the E3 ubiquitin ligase 
activity, posses relevant enzymatic activities such as 
helicase (FANCJ and FANCM) and endonuclease 
(FANCM) activities, it has been suggested that 
proteins of the FA pathway could be directly 
involved in converting ICLs to DSBs in a regulated 
manner (Kennedy and D'Andrea, 2005). The recent 
revelation of the genetic relationship between the 
BRCA and FA pathways has spurred additional 
interest in this field. First, the FA protein FANCD1 

Figure 19. DSB repair by homologous 
recombination (HR). In the presence of an 
intact sister chromatid, DSBs can be 
repaired by HR. The process is initiated by 
the Rad50-Mre11-Nbs1-dependent 
resection of one of the DNA strands to 
generate stretches of single stranded DNA 
(ssDNA) (I). The ssDNA is initially coated 
by RPA, but later this protein is exchanged 
with a Rad51 filament, a process which is 
mediated by Rad52. Rad51 confers 
invasive properties to the ssDNA, allowing
it to enter the homologous stretch of the 
sister chromatid (II and III). Several 
proteins act at this stage of the process, 
including BRCA1, BRCA2 and Rad54. 
Upon strand invasion, the ssDNA ends can 
serve as primers for DNA synthesis (III), 
sealing the gaps and leading to formation 
of a joint molecule. The resultant double 
Holliday junction covalently links the two 
DNA molecules but can be cleaved by 
resolvases to terminate the repair process 
(Adapted from Hoeijmakers, 2001). 
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4. Laser microirradiation 
 
Chapter 4 on laser microirradiation and chapter 5 on photobleaching is the methodology section of 
this thesis. Besides reviewing the existing literature, I have incorporated into this section my own 
considerations of how data acquired by these methods can be analyzed. Thus, chapters 4 and 5 
represent my results related to “objective I” of the aim of my work as outlined in the introduction. 
 
One of the most dramatic features of the cellular response to double strand breaks is the ability of 
various checkpoint- and repair factors to accumulate around these lesions, a process that can be 
observed by conventional light microscopy. These microscopically discernible structures are known 
as foci, and the ability of a given protein to accumulate in them is widely used as a diagnostic tool 
to determine whether this factor is involved in the response to DSBs. Additionally, the presence and 
prevalence of such visible DSB containing domains are used as a marker of how much DNA 
damage is present in a cell, and how effectively the cell copes with it. Several experimental tools to 
introduce DSBs into the DNA of cells exist, and here I will outline a few before describing in detail 
the method that was predominantly used in the present study. 
 
The most widely used method for creating DSBs is by exposing cells to ionizing radiation (IR), in 
the form of high energy X- or γ-rays (Shiloh, 2003). This is also the most widespread approach to 
biochemical assays, as a large quantity of cells can be simultaneously irradiated within a relatively 
short time. Also, the dose that is given to the cells can be accurately measured and controlled, and it 
is estimated that an irradiation dose of 1 Gy gives rise to around 35 DSBs in a mammalian cell 
(Rothkamm and Lobrich, 2003). Despite these obvious advantages, ionizing radiation has obvious 
limitations especially when used to study DNA damage foci at the single cell level. First, IR give 
rise not only to DSBs, but also to vast quantities of single strand breaks (SSBs) and oxidised base 
derivatives (Sutherland et al., 2000). This can give rise to confusion when attempting to ascribe a 
certain cellular effect to a specific type of DNA lesion. Second, the mammalian cell nucleus 
contains several structures that can be confused with IR-induced DNA damage foci, such as PML 
bodies and telomeres. Third, it is virtually impossible with the existing experimental tools to target 
the DNA damage to specific parts of the nucleus. Instead, there will be a random scattering of the 
lesions and the resulting foci, which makes it hard to discriminate nuclear domains of intact DNA 
from damaged areas. A very elegant method that circumvents all of the above problems and 
limitations has been developed. The method, which is based on induction of rare-cutting 
endonucleases, was first applied in yeast, where the existence of more superior genetic tools allow 
for convenient incorporation of the recognition sites virtually anywhere in the genome (Lisby et al., 
2003; Melo et al., 2001). The significant drawback of the endonuclease systems is that they are 
relatively difficult and time consuming to construct. Additionally, it is hard to control the timing of 
the onset of DNA damage, as the endonuclease first has to be produced upon induction and then 
find and cleave its target site. These processes can easily take up to 30 minutes (Melo et al., 2001), 
making it hard to estimate precisely when the DNA damage was created. Even so, the system has 
been successfully used to study protein accumulation at DSBs and the mechanisms of homologous 
recombination in mammalian cells (Stark et al., 2002). In yeast, the system has been successfully 
used to characterize the contents and roles of so-called “repair centres” (Lisby et al., 2003; Lisby et 
al., 2001).  
 
It has long been known that light energy can be used to introduce DNA damage, in some cases even 
DSBs. When focused in a laser beam, such light based DNA damaging methods offer several 
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advantages for single cell analysis. It can be targeted to nuclear sub-compartments and it offers a 
convenient and practical alternative to IR. Several labs have developed laser based microirradiation 
systems, all of which use focused laser light to create more or less defined DNA damage. The 
methods can be roughly divided into two groups, based on whether they make use of sensitizers or 
not. Sensitizers are compounds that are converted by the light energy into reactive chemical species 
that can attack and break the DNA. Such a strategy could in general be considered advantageous as 
it minimizes the laser output that is required to create DNA damage. Besides damaging the DNA, 
intense laser illumination can also damage the structural components of the cell and change its 
overall architecture with deleterious consequences. Nevertheless, unsensitized irradiation with both 
UV and Nd:YAG lasers have been employed by several groups (Kim et al., 2002; Lan et al., 2004). 
The spectrum of DNA damage that is created with these tools remains poorly characterised and the 
magnitude of structural damage to the cell is unclear but likely significant. The destructive and non-
specific power of especially the Nd:YAG laser is demonstrated by another application of this 
system: The Conly Rieder lab has successfully used the laser to experimentally interfere with 
mitosis in progress. They could snap microtubules of the mitotic spindle and ablate centrosomes by 
directly focusing the laser on this organelle (Mikhailov et al., 2002). Also other groups have been 
successful in applying high energy laser illumination as “micro-surgery”, but the value of these 
irradiation systems in the DNA damage field, especially for mimicking physiological relevant types 
of DNA damage, must be regarded as somewhat dubious. 
 

UV-A microirradiation of BrdU-sensitized cells 
The ability of halogenated thymidine analogs and the DNA intercalator Hoechst 33258 to create 
DNA strand breaks when activated by UV light has been known for quite some time (Limoli and 
Ward, 1993). In essence, this is a photochemical reaction between the light and the sensitizing 
compound that generates highly reactive chemical intermediate, and the irradiation method is 
suitable for microirradiation as was first shown by William Bonner’s group (Rogakou et al., 1999). 
The Hoechst dye is convenient to use as a sensitizer as it binds DNA quickly and effectively and 
can be administered to the cells just few minutes before application of the laser. Hoechst 
sensitization combined with UV lasers of various wavelengths has been used by several labs to 
study the cellular responses to DNA damage. The Nussenzweig group used a 337 nm laser line to 
characterize the H2AX knockout mice and establish the role of this key variant in retention of 
multiple proteins at the site of DNA damage (Celeste et al., 2003). In a later study, using the same 
microirradiation setup, the same group provided evidence for a new DSB-induced chromatin 
modification, namely phosphorylation of Ser14 on histone H2B by an unknown kinase (Fernandez-
Capetillo et al., 2004). Another group used both a UV laser with a wavelength of 390 nm and even a 
two photon laser (λ =790 nm) to damage Hoechst pre-sensitized cells (Bradshaw et al., 2005). 
These methods surprisingly revealed an extremely rapid but only transient accumulation of the 
telomere binding factor TRF2 along the laser tracks, suggesting the involvement of the telomere 
maintenance system in detecting DNA damage. Despite its obvious advantages, this approach has 
also one disadvantage, namely that the intercalation of the DNA used in these methods might have 
side effects. Specifically, even though very low concentrations of Hoechst is normally used, the 
presence of this compounds in the nucleus is likely to have some effects on DNA- and chromatin 
structure, and possibly to interfere with key process like transcription, DNA replication and cell 
division (Lukas et al., 2005). 
 
In our laboratory, we have followed the pioneering study of the Cremer lab (Tashiro et al., 2000), 
and used incorporation of halogenated thymidine analogs (BrdU/IdU) into DNA to sensitize the 
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cells to UV-A light (337 nm) (Lukas et al., 2003). These compounds are added to the culture 
medium for 24 hours before irradiation to allow all the cells to go though one S-phase and 
incorporate the analogs into their DNA (figure 20). The mechanism by which this combined 
treatment causes DNA damage is thought to include a photochemical reaction that produces bromo 
radicals (in the case of BrdU), a highly reactive species that will immediately attack 
macromolecules in its surroundings. As the BrdU molecule is incorporated in the DNA, the sugar 
phosphate backbone of the DNA becomes a likely target for the released radical, leading to strand 
breaks. Interestingly, only one strand of DNA needs to be labelled with BrdU for the irradiation to 
give rise to double strand breaks (Limoli and Ward, 1993), implying either that both strands can be 
cleaved in one reaction or that an SSB intermediate is converted to DSBs by the cells. Certainly, 
high amounts of SSBs and altered bases are significant by-products of this method. In addition, the 
oxidative power of the bromo radicals can also target other cellular components such as proteins. So 
despite this technique generates complex chromosomal damage, the spectrum of DNA lesions is 
very similar to IR: Besides cleaving DNA strands, γ-rays produce high amounts of oxygen radicals 
which not only act to damage DNA bases and structural components of the cell, but also modify a 
significant number of protein molecules (Nold and Wennemers, 2004). The consequences of 
“protein damage” are a little appreciated aspect of IR, but might contribute significantly to the stress 
load that is put on the cell by such a treatment. Regardless, the expected similarities in the spectrum 
of DNA damage that is caused by our microirradiation method and IR respectively, makes our 
method exactly what is needed: A useful single cell complement to ionizing radiation, the most 
widely used DSB-inducing agent that has been used to obtain most of our knowledge about the 
cellular response to these lesions. 
 
Our 337 nm laser microirradiator has been based on a microdissection system, designed to cut up 
tissue and capture excised cells for sub-cultivation (figure 20). For the present application, however, 
the laser output is significantly lower than what is required to destroy a tissue. With the laser 
settings that we use, no effect on cell integrity, morphology or viability can be detected. 
Furthermore, the damage response that is initiated in the cells after irradiation is completely 
dependent on sensitization by BrdU, as no phosphorylation of H2AX, arguably the most sensitive 
marker of DSBs, can be observed in the absence of BrdU. The microirradiation system consists of a 
microscope equipped with a pulsed (30 Hz) nitrogen laser that is focused through the normal light 
path. A moving stage that is controlled by computer software allows for entering a user-defined 
path through the cells for the laser, creating linear tracks of DNA damage. Protein re-localization 
and other cellular responses to the irradiation can subsequently be analysed using either GFP 
technology or immunofluorescence staining (figure 20). The latter can be applied to cells grown on 
glass coverslips that are fixed after a suitable recovery period, in most cases one hour after the DNA 
damaging treatment. GFP technology is very suitable for a non invasive analysis of the DNA 
damage response in living cells. To aid such an analysis, we have constructed a custom-build 
microscope for the simultaneous microirradiation and imaging of live cells (figure 20). This 
machine is a state-of-the-art confocal microscope that besides imaging can focus the pulsed 337 nm 
UV-A laser through the epifluorescence path of the microscope. The integration of these two tools 
allows for the swift transition between a DNA damaging treatment and image acquisition, making it 
possible to start recording the cellular response to DSBs within a few seconds after microirradiation 
(Lukas et al., 2004a).  
 
Following several lines of experimentation, we have meticulously characterized the cellular impact 
of our laser technology. In doing so, we have invariably compared the cellular responses observed 
with this method to those seen after IR. This has been important to asses the nature and extent (e.g.  

 



Methodology 
________________________________________________________________________________________________________________________ 

51

YFP

 
 
 
 
 
 
 
 

Nbs1

BrdU

24 hrs

Fix cells and stain with 
fluorescent antibodies

Pre-label 
with BrdU

FF

Seed cells onto 
coverslips

Observe 
fluorescently 
tagged protein by 
live cell imaging

1 hr

BrdU

24 hrs

Seed cells in microscopy dish

instantly

A B

C

YFP

Nbs1

YFP

Nbs1

BrdU

24 hrs

Fix cells and stain with 
fluorescent antibodies

Pre-label 
with BrdU

FF FFFF

Seed cells onto 
coverslips

Observe 
fluorescently 
tagged protein by 
live cell imaging

1 hr

BrdU

24 hrs

Seed cells in microscopy dish

instantly

A B

C

 

Figure 20. Micro-irradiation of BrdU-labeled cells. A) Linear tracks of DSBs can be created in cells that have 
incorporated halogenated thymidine analogs (BrdU or IdU) into their DNA by exposing them to a UV-A laser. B) 
Confocal microscope combined with a. microdissection aparatus that can serve as a microirradiator. C) Standard 
procedures for microirradiation. For immunofluorescence experiments, cells are seeded onto coverslips and 
incubated in the presence of 10 µM of BrdU for 24 hours. After microirradiation of a number of cells on the 
coverslips, the cells are allowed to recover for a fixed amount of time (usually 1 hour for the present purpose) 
before they are fixed and stained with target specific antibodies. For live cell imaging, cells expressing 
fluorescently tagged proteins are seeded into microscope glass chambers with BrdU and protein accumulation at 
the laser tracks can be monitored immediately after microirradiation. 
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the number of breaks) of the DNA damage inflicted by microirradiation, but also to determine the 
suitability of his method as a single-cell alternative and complement to IR. First, we compared the 
kinetics of protein assembly of some of the best established DSB markers at sites of DNA damage 
by the two methods. By this approach, we were able to reproduce our findings regarding the 
temporal order of Mdc1 and 53BP1 assembly at the sites of DNA damage (Bekker-Jensen et al., 
2005). While Mdc1 was found to accumulate at the laser tracks within a few seconds after 
irradiation, the accumulation of 53BP1 lagged slightly but significantly behind. Using low doses of 
IR, Mdc1 was found to have visibly accumulated into foci already after 1 minute, which was the 
earliest time point analyzed. Conversely, the appearance of 53BP1 foci was only weakly discernible 
2 minutes after IR. Thus, the kinetic aspects of protein accumulation seem to be largely similar 
between the two methods. Second, since microirradiation and IR seemed to produce similar lesions, 
we sought to determine the dose equivalence with our method. To do so, we decided to employ 
several strategies, comparing both the number of DSBs and the activation level of downstream 
DNA damage response effectors (Bekker-Jensen, 2006). To the first end, we took advantage of our 
discovery that some proteins, in the present case RPA, accumulate into small and discrete DSB 
containing foci, both along laser tracks and in nuclear areas hit by IR. Since the laser tracks in this 
case produced a line of foci (see the Results and Discussion section) that could be counted, we 
could compare the number of foci and thus DSBs, produced by our method to various doses of IR. 
By this approach, we found the total number of RPA foci within laser tracks to be equivalent to 
what could be counted in a cell exposed to 3 Gy of IR. However, although the number of lesions 
inflicted by microirradiation corresponds only to a few Gy of IR, the high local concentration of 
DSBs in the laser tracks could potentially pose a greater challenge to the DNA damage response, 
and so we decided also to compare the density of DSBs obtained by the two methods. By this 
approach, we found a similar density of DSBs only after 10 Gy of IR. As a final measure of the total 
load of damage for the cell, we also compared the activation state of p53, which is phosphorylated 
on Ser15 by ATM in response to a DSB generating insult. By quantifying the fluorescence signal 
obtained from immunostaining with an antibody towards phosphorylated p53, we found the DNA 
damage signal in microirradiated cells to equal that of cells subjected to 4 Gy of IR. Thus, the high 
density of DSBs imposed by microirradiation seems to account for a small super activation of the 
DNA damage response compared to IR treated cells with a similar amount of lesions. Overall, these 
experiments led us to conclude that our laser method inflicts DNA damage in cells corresponding to 
3-4 Gy of IR. In a third and final line of experiments, we directly assayed the induction of cell cycle 
checkpoints in situ following microirradiation. To assay the intra S-phase DNA damage checkpoint, 
we monitored the pace of DNA replication in S-phase cells that were hit by the laser (figure 21). 
This could be done by immunostaining for the incorporation of BrdU after the damaging treatment 
and comparing this to the incorporation seen in neighbouring undamaged cells. To do so, we had to 
modify our experimental protocol slightly: To sensitize the cells, we used IdU, a compound that has 
equally good sensitizing properties as BrdU, but which was not recognized by the highly mono-
specific rat antibody that we used to detect BrdU. Following microirradiation, we incubated the 
cells for 1 hour to allow for the full activation of the checkpoint, before we added BrdU to the 
culture dishes for another hour. Finally, the cells were fixed and stained with antibodies to γ-H2AX 
and BrdU. Upon microscopic inspection of the cells, we noted a marked down-regulation of BrdU 
incorporation in the damaged cells compared to control cells, implying that the intra S-phase 
checkpoint had been activated by the laser treatment. Furthermore, we noted that DNA replication 
was affected not only at the site of DNA damage, but also in the very distant areas of the nuclei, 
pinpointing an important spatio-temporal aspect of the DNA damage response (figure 21). To verify 
that our observation was indeed caused by a cellular checkpoint response, we repeated the 
experiment in the presence of caffeine. This addition completely restored normal levels of BrdU 
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incorporation in damaged cells, suggesting that the checkpoint had been abrogated due to 
interference with the upstream kinases ATM and ATR. In conclusion, we have found our BrdU/IdU 
assisted laser microirradiation protocol to recapitulate most of the cellular responses to IR, making 
it a useful alternative to this standard method for introducing DNA DSBs. 
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Figure 21. In situ RDS assay of microirradiated cells. A) Experimental procedure. Cells were seeded onto 

al 

re 

coverslips and incubated in the presence of 10 µM of the sensitizing compound IdU for 24 hours. Upon 
microirradiation, the cells were allowed to recover for 1 hour, before they were transferred to medium 
containing 25 µM BrdU for another hour. Upon fixation of the coverslips, a mono-specific rat monoclon
antibody could be used to detect replication-associated BrdU incorporation. B) Diminished BrdU 
incorporation in microirradiated S-phase cells suggests activation of the intra-S-phase checkpoint. The 
white line indicates the boundary between cells that were exposed to the laser and control cells which we
not. C) Pre-incubation with 10 mM caffeine abrogates the S-phase checkpoint by inhibiting ATM and ATR 
and erases the difference in BrdU incorporation between irradiated cells and control cells. Note the 
presence of irradiated cells that were not in S-phase (red stripe but no nuclear green signal). 
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Mathematical models of protein accumulation 
To fully exploit the power of microirradiation combined with instant and quantitative live cell 
imaging, mathematical models can be employed to extract the maximal amount of information 
about protein accumulation at sites of DNA damage. In essence, we need tools for applying 
mathematical analysis to the quantitative fluorescence data that can be acquired by a time-lapse 
microscopy of this process. An in-depth analysis of the kinetic properties of a given protein can 
provide valuable insight into the dynamics of the DNA damage response. A better understanding of 
the fundamental dynamic and kinetic properties of proteins involved could potentially also allow for 
the formulation of models and computer-assisted simulation of the DNA damage response. 
 
 

Table 1: Symbols used in chapter 4 
 

Symbol Description 
t Time (sec) 
τ Time constant (sec) 
ω Resonance frequency (sec-1) 
ζ Dampening factor 
t0 Lag time (sec) 
Post NFU Post-value normalized fluorescence units 
It Fluorescence at time point t 
I0 Fluorescence at time point 0 
I∞ Fluorescence at last time point 
Iend Representative fluorescence in laser track after saturation 
Ipre Representative fluorescence in laser track before irradiation 
Ibg Background fluorescence 

 
 
The accumulation of proteins in laser tracks or into foci is a result of a DSB generating insult that 
for a cell can be seen as a stochastic occurrence. The accumulation process for a given protein is 
obviously a function of time, but also depends on the function that describes the occurrence of 
DSBs. Such scenarios are best described by differential equations, linking the two interdependent 
functions with each other. As the only variable in the following set of equations is time (t), this level 
of system analysis does not account for the geometry of the nucleus or nuclear position. Rather, the 
equations describe the concentration of a given DSB responder (y(t)) in a given point in the nuclear 
space with coordinates (x,y,z). The function to describe the sudden appearance of a DSB in this 
point in the nuclear space is called x(t). It can be assumed that DSBs are discrete and instantaneous 
lesions and that only a single break can occur at a given position in the DNA. Thus, the sudden 
occurrence of a DSB in this position at time t = 0 is described by a step function where the value of 
x(t) changes discontinuously from 0 to 1 (figure 22). The differential equation to describe the 
relationship between the two time dependent functions x(t) and y(t) can be of increasing orders, 
giving rise to increasingly complex solutions for y(t) that describes the kinetic response to the 
lesions for the protein in question. In case of a first order system (Equation 1), y(t) is described by a 
relatively simple expression with the “time constant” τ as the only parameter (Equation 2).  
 

x(t)y(t)
dt
dyτ =+  (Eq. 1) 
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τ
-t

e1y(t) −=   (Eq. 2) 
 
This high degree of simplicity is achieved in part by eliminating the information regarding the 
magnitude of the response. Thus, y(t) assumes the value 0 at time 0 and approaches (but never 
reaches) 1 with increasing time. In case of increasing order of the system, the complexity of the 
possible solutions to the differential equation linking x(t) with y(t) increase accordingly. Already for 
a second order system, oscillations in the response are possible and must be accounted for. For this 
reason, the equation and the solution has two parameters, one (ω) to describe the velocity of protein 
accumulation in the complete absence of oscillations and another (ζ) to describe the degree of 
dampening of oscillations that are inherent in the system (Equation 3). Intuitively, protein 
accumulation at sites of DNA damage is not expected to involve oscillations in the protein level at 
an early stage and thus we can eliminate this contribution to the equation. By fixing the value of ζ to 
1, we make the fair assumption that the inherent oscillations are completely dampened in the 
system. Besides simplifying the solution to the second order differential equation (Equation 4), this 
assumption conveniently reduces the number of parameters to 1, giving rise to an only slightly more 
complicated expression than for the first order solution.  
 

1ζ  ;     x(t)y(t)
dt
dy

ω
2ζ

dt
yd

ω
1

2

2

2 ==+⋅+⋅   (Eq. 3) 

 
tωtω etωe1y(t) ⋅−⋅− ⋅⋅−−=    (Eq. 4) 

 
For third order systems and above, the complexity of the solutions increases to a point where they 
are no longer practically applicable to the present problem. However, a final way of perceiving the 
recruitment of proteins to damaged DNA could be relevant for the system analysis. Since we know 
that accumulation of proteins occur in a sequential fashion, one could imagine that the later proteins 
do accumulate with first order step response kinetics but only after a significant lag time (t0). Such a 
scenario can easily be incorporated into the first order solution by exchanging t for t-t0. (Equation 5) 
In this case, the number of parameters to describe the first order system is two, the time constant (τ) 
and the lag time (t0).  
 

τ
t0)--(t

e1y(t) −=   (Eq. 5) 
 
In summary, following the assumption of either a first order, a first order with lag time or a second 
order system, three different kinetic expressions for the accumulation of proteins at DSBs seem 
practically relevant and may be used to describe the experimentally acquired data of protein 
accumulation (figure 22). 
 
Since the above equations for y(t) only allows this function to assume values between 0 and 1, it is 
essential that the experimental data that are acquired for protein accumulation are normalized to 
satisfy this requirement. Thus, the first data point (I0) must assume the value of 0 and the last data 
point (I∞) must assume the value of 1. This operation, known as normalization, is achieved by 
applying the formula in Equation 6 to the raw fluorescence data (It). The normalized values that are 
obtained by this procedure are denoted as “Post NFU” for Post-value Normalized Fluorescence 
Units, since the data have been normalized with regard to the final data point. 
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By this operation, information on the absolute increase in fluorescence (protein concentration) is 
temporarily removed from the data to allow for modelling of the kinetic properties and calculation 
of the kinetic parameters (τ, ω, t0). However, useful information on the magnitude of the response 
can also be extracted from the data independently of the modelling procedure. By measuring three 
values during the experiment; the background fluorescence (Ibg) and representative fluorescence 
intensities at the site of DNA damage before (Ipre) and after the experiment (Iend), the fold increase 
in fluorescence can be calculated by the formula in Equation 7 directly from the normalized 
fluorescence values obtained from Equation 6.  
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⋅+=  (Eq. 7) 

 
Thus, by applying the mathematical framework outlined in the equations above it is possible to 
perform a standardized and highly informative mathematical analysis of protein accumulation at 
sites of DNA damage. 
 
 

t

x(t)

0

1

0

Step function x(t)

⎩
⎨
⎧

≥
<

=
0t;1
0t;0

x(t)

t

x(t)

0

1

0

Step function x(t)

⎩
⎨
⎧

≥
<

=
0t;1
0t;0

x(t)

t

x(t)

0

1

0

Step function x(t)

⎩
⎨
⎧

≥
<

=
0t;1
0t;0

x(t)

t

x(t)

0

1

0

Step function x(t)

⎩
⎨
⎧

≥
<

=
0t;1
0t;0

x(t)

t

y(t)

0

1

y(t)

0

1

0

1

t

t

τ

0.63

t0

y(t)

0.63

τ + t0

0

0

0
τ
t0)--(t

e1y(t) −=

tωtω etωe1y(t) ⋅−⋅− ⋅⋅−−=

τ
-t

e1y(t) −=

Step response y(t)

First order

Second order

First order 
with lag time

t

y(t)

0

1

y(t)

0

1

0

1

t

t

τ

0.63

t0

y(t)

0.63

τ + t0

0

0

0
τ
t0)--(t

e1y(t) −=

tωtω etωe1y(t) ⋅−⋅− ⋅⋅−−=

τ
-t

e1y(t) −=

Step response y(t)

First order

Second order

First order 
with lag time

t

y(t)

0

1

y(t)

0

1

0

1

t

t

τ

0.63

t0

y(t)

0.63

τ + t0

0

0

0
τ
t0)--(t

e1y(t) −=

tωtω etωe1y(t) ⋅−⋅− ⋅⋅−−=

τ
-t

e1y(t) −=

Step response y(t)

First order

Second order

First order 
with lag time

t

y(t)

0

1

y(t)

0

1

0

1

t

t

τ

0.63

t0

y(t)

0.63

τ + t0

0

0

0
τ
t0)--(t

e1y(t) −=

tωtω etωe1y(t) ⋅−⋅− ⋅⋅−−=

τ
-t

e1y(t) −=

Step response y(t)

First order

Second order

First order 
with lag time

 

Figure 22. Mathematical functions to 
describe the generation of a DSB (step 
function x(t)) and the kinetics of the 
resulting accumulation of proteins (step 
response y(t)). The relationship between 
x(t) and y(t) can be expressed as a 
differential equation. Three models for the 
step response are practically applicable 
for modelling of experimental data; First 
order, second order and first order with 
lag time. 
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5. Photobleaching 
 
The dynamic properties of proteins are an important aspect of cell biology that should also be 
considered when studying the DNA damage response. The mobility of a protein and the nature of 
its binding reactions are important parameters to consider when attempting to describe how it 
manages its job as a sensor, a mediator or an effector. A simple example, of how basic and 
important the concept of protein dynamics is for our understanding of the DNA damage response is 
the case of γ-H2AX and its binding partner Mdc1. The histone variant H2AX is phosphorylated by 
ATM around double strand breaks, a modifications which provides an interaction platform for the 
mediator protein Mdc1 (Stucki et al., 2005). Mdc1 can move freely throughout the nucleus while 
the H2AX is incorporated into chromatin and thus completely immobile. Without taking these key 
dynamic properties into account the real importance of this binding reaction in nailing down Mdc1 
at the site of DNA damage is lost. 
 
Contrary to the classical view of biology, living systems in general and the nucleus in particular, are 
not stable compartments where proteins are locked in rigid and inflexible complexes (Lippincott-
Schwartz et al., 2001). It turns out that very few protein complexes are stable over a longer period 
of time in vivo. Rather, they are continuously broken down and re-formed, allowing the proteins to 
interact and communicate with other partners as well. The nucleus can be viewed as an ordered 
chaos that is packed with immobile structures around which proteins move around with different 
speeds (Phair and Misteli, 2000). Some of the movements of these proteins follow basic chemical 
principles for diffusion, which predict that molecules in solution move around freely and will 
disperse throughout the medium (Axelrod et al., 1978). However, given the highly inhomogeneous 
nature of the nuclear environment, proteins cannot just diffuse freely, since they constantly collide 
with the immobile structures and other proteins. Such collisions may give rise to protein-protein 
interactions of highly variable duration, depending on the stability of the complex (Phair and 
Misteli, 2001). Importantly, thanks to the advent of GFP- and microscopy technologies, non-
invasive tools exist to measure the dynamic properties of proteins in their natural habitat, the living 
cell (Lippincott-Schwartz et al., 2001; Tsien, 1998). 
 

Practical approaches to photobleaching 
There are two fundamentally different approaches to fluorescent imaging of cells; widefield and 
confocal microscopy. By the standard widefield technology, light from a high intensity mercury 
bulb is filtered to allow only the passage of specific wavelengths. This light is then passed through 
the objective and used to illuminate the entire specimen and excite the target fluorophores. The 
emitted fluorescent light is filtered to block the passage of the excitation light and passed on to the 
eyepiece or to a sensitive camera. This method is very versatile and similar to the way in which 
standard light microscopy is performed. The advantage of illuminating the whole field 
simultaneously is that it allows for a speedy image acquisition and requires relatively low signal. 
One of the drawbacks is that light waves from neighbouring points in the field will overlap and 
interfere with each other, causing the picture to become blurry. Due to this serious limitation, the 
resolution (the minimum distance between two neighbouring points that still allows them to be 
distinguished) in widefield microscopy is only in the area of twice the wavelength of the light or 
approximately 1 µm. To circumvent the problem with blur, confocal laser microscopy was 
developed. This approach involves the sequential illumination and fluorescence emission detection 
of a defined plane within the specimen. Consequently, image acquisition is a relatively slow process 
(in the order of seconds for a full image), and the specimen cannot be observed in real time though 

 



Methodology 
________________________________________________________________________________________________________________________ 

58

the eyepiece. Instead, the light emitted from the illuminated areas are sequentially detected by 
photomultipliers and combined on a computer screen to form an image. Typically, the imaged field 
is divided into 512 by 512 squares, which are imaged one at a time. Such an approach significantly 
reduces blur, making the acquired picture appear sharper than the corresponding widefield image. 
Since the area that is illuminated is very small in confocal microscopy, only very little light reaches 
the detector at a time. Therefore, a relatively high signal is required to give a reasonably good 
signal-to-noise ratio. Also, light with high energy must be focused on the area of interest to give a 
good illumination of the specimen and this is achieved by using high-energy lasers for illumination. 
Besides giving very sharp images, confocal microscopy can be combined with computer software to 
alter the properties of the fluorescent emitter in controlled ways, tools that have proved very useful 
for studying and measuring protein dynamics. Most fluorescence emitters are sensitive to over-
excitation, which can lead to the irreversible disruption of the fluorophore, a process known as 
photobleaching (Lippincott-Schwartz et al., 2001). Fluorescent proteins are especially sensitive to 
these detrimental effects of light and this property can be a problem during normal imaging, as it 
causes the fluorescent signal to decay over time. However, by a pulsed exposure to a high intensity 
laser light, it can also be used in a controlled manner to instantaneously remove the fluorescence 
signal from a proportion of the fluorescently tagged proteins in a specific part of a cell. When 
combined with imaging, the speed by which the fluorescence is lost and the speed by which the 
bleached area is repopulated with fluorescent molecules are indicative of the proteins’ mobility 
(Lippincott-Schwartz et al., 2001). The light that is used for imaging is the same that is used for 
bleaching, only the intensity of the laser is much lower than during bleaching. Importantly, 
photobleaching is a non-invasive technique in the sense that it simply removes the signal from a 
subset of the fluorescent proteins but doesn’t disrupt the steady state of cellular protein dynamics 
(Phair and Misteli, 2001). 
 
By one such photo bleaching technique, known as FLIP (Fluorescence Loss In Photobleaching), 
continuous bleach pulses are applied to an area of the cell, only interrupted by image acquisition 
(Lippincott-Schwartz et al., 2001). As soluble proteins will constantly move in and out of the area 
that is being bleached, their fluorescence will gradually decay. Only when all of the fluorescently 
tagged proteins have passed through the area that is being bleached and the whole cellular 
compartment (e.g. the nucleus) has been emptied for fluorescence does the signal in the bleached 
area reach its baseline (figure 23). Analysis of the decay in the fluorescence intensity in the 
bleached area allows for calculation of the half-life of the fluorescence, a measure of the tagged 
proteins mobility. The drawback of using FLIP is that it is inconvenient to describe mathematically, 
and difficult to extract real information about the protein’s diffusion processes and binding 
reactions from the experimental data (Phair et al., 2004a). For an in-depth analysis of these 
important biological aspects of protein dynamics, the photobleaching technique known as FRAP 
(Fluorescence Recovery After Photobleaching) is much more powerful. In FRAP, only a single 
bleach pulse is applied to an area of the cell, followed by an unperturbed image acquisition in the 
bleached area (Lippincott-Schwartz et al., 2001). Following the initial sharp decay in fluorescence, 
the signal will gradually recover, and the experiment can be terminated when the fluorescence has 
reached a steady state level. When applied to nuclear proteins, two slightly different FRAP 
protocols are predominantly used to assay the dynamic properties. By one approach, in some 
publications called half-FRAP, the whole nucleus is imaged, but only one half of it is exposed to the 
bleach pulse (Phair et al., 2004b) (figure 23). If the fluorescent protein is mobile, fluorescence from 
the unbleached half of the nucleus will gradually disperse throughout the nucleus, equilibrating the 
initial differences. The dynamics by which fluorescence is regained in the bleached part of the 
nucleus and lost from the un-bleached part of the nucleus can be very elegantly described 
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mathematically for chromatin binding proteins. Thus, this application of FRAP can be used to 
measure important binding parameters for this class of proteins (Phair et al., 2004a; Phair et al., 
2004b). The other popular FRAP assay is line-FRAP, which involves the initial bleaching of a 
narrow (usually 2 µm wide) region spanning the entire diameter of the nucleus (figure 23). As the 
fluorescence is bleached along the entire z-axis of the region, fluorescence influx in this region 
following the bleach pulse can only occur through one-dimensional diffusion. Thus, the line-FRAP 
assay is most widely used to measure one-dimensional diffusion coefficients for highly mobile 
proteins (Ellenberg et al., 1997; Houtsmuller and Vermeulen, 2001), but can also be used to assay 
the chromatin binding properties of less mobile proteins (Schmiedeberg et al., 2004). We have 
found it especially useful in combination with laser microirradiation (previous chapter), as the area 
of protein accumulation obtained with this DNA damaging method is also a linear track with a 
width of approximately 2 µm. Thus, line-FRAP of the damaged versus the undamaged nuclear 
compartment can be used to quantitatively measure the differential binding reactions which result in 
the microscopically observed protein accumulation. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Mathematical models of protein mobility 
Fluorescence recovery during FRAP experiments can be ascribed to protein movement. Most 
proteins don’t just move around freely, but engage in a number of interactions that slow them down 
(Phair and Misteli, 2001). Thus, the process by which a protein moves through the nucleus can be 
regarded as cycles of protein-protein interaction, dissociation and free diffusion until the protein 
collides with a new binding partner. In case the interaction partner is also completely mobile, the 
interaction is unlikely to slow down the protein significantly, rather the diffusion rate will only be 
affected slightly by the increased molecular mass of the complex. If, however, the binding partner is 
part of an immobile structure, the colliding protein will be transiently immobilised. Such an 
immobile structure is for instance chromatin, to which a host of nuclear proteins involved in diverse 
processes such as DNA replication repair and transcription bind. Histones, which make up the core 
building blocks of chromatin, are post-translationally modified in numerous places, a highly 
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Figure 23. Three 
experimental setups for 
photobleaching of nuclear 
proteins. In FLIP, a region in 
the nucleus is continuously 
bleached while the decay of 
fluorescence at another point 
in the nucleus is recorded. In 
Half-FRAP, one half of the 
nucleus is subjected to a 
single bleach pulse and the 
equilibration of fluorescence 
is followed by meauring the 
fluoresence in the two halfs 
over time. In line-FRAP, a 
narrow strip of the nucleus is 
bleached and the subsequent 
equlibration of fluoresence 
within this region is recorded. 
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dynamic process that can be ascribed to the counter-acting activities of chromatin modifying 
enzymes (Jenuwein and Allis, 2001). Chromatin binding proteins often contain conserved motifs 
that bind phospho, methyl and acetyl moieties on histones. In this case, protein mobility will be 
strongly affected by the avidity of the binding reaction, with the contributions from the limitations 
of diffusion processes being negligible (Phair et al., 2004a). With the proper knowledge of the 
nature of these binding reactions, we can describe mathematically the major contributions to protein 
retention. Generation and application of such models can be used to simulate protein movement, 
investigate the nature and avidity of binding reactions and calculate the according binding 
parameters (Essers et al., 2006; Phair et al., 2004a).  
 
 

Table 2: Symbols used in chapter 5 
 
 Symbol Description 

t Time (sec) 
τ Time constant (sec), mean residence time (sec) 
Y Fraction of protein population 
Pre NFU Pre-value normalized fluorescence units 
It Fluorescence at time point t 
Ibg Background fluorescence 
Ipre Fluorescence before bleach pulse 
I∞,FLIP Fluorescence in FLIPped region at last time point 
I∞,FRAP Fluorescence in FRAPped region at last time point 
I0,FLIP Fluorescence in FLIPped region immediately after bleach pulse 
I0,FRAP Fluorescence in FRAPped region immediately after bleach pulse 
Ipre,FLIP Fluorescence in FLIPped region before bleach pulse 
Ipre,FRAP Fluorescence in FRAPped region before bleach pulse 
w Width of strip exposed to bleach pulse (µm) 
Deff Effective diffusion coefficient (µm2/s) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The rate of binding reactions between two proteins is, like chemical reactions, dependent on the 
concentration and availability of the two interaction partners. Thus, binding reactions follow second 
order kinetics. In the case of modified histones, it can normally be assumed that the immobile 
“binding tags” are in an overwhelming excess compared to the concentration of the chromatin 
binding protein. This means that the kinetics of the binding reaction can be approximated with a 
first order differential equation (similar to equation 1) (Phair et al., 2004a). Consequently, the 
solution to the rate law for chromatin interaction is similar to equation 2. The restoration of steady 
state fluorescence after an abrupt and step-wise intervention, such as a sudden bleach pulse, 
dynamically follows this solution. If the protein can interact independently with chromatin in more 
than one way, several different binding reactions contribute to the equilibration of fluorescence. 
This has been shown to be the case for many chromatin binding proteins, with the predominant case 
being two populations of binding reactions (Phair et al., 2004b). When several first order binding 
reactions contribute to the dynamics of fluorescence recovery, the fluorescence equilibration can be 
approximated by a linear combination of first order solutions (Equation 8). Here, each binding 
reaction has a specific time constant (τ) and Y1 and Y2 represents the fraction of molecules that bind 
to the respective marks on chromatin at all times. Ideally, Y1 and Y2 should sum up to 1. 
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With the half-FRAP protocol, half of the fluorescent molecules become invisible by the bleach 
pulse. Thus, the equilibration of fluorescence comes from the repopulation of as many sites on 
chromatin as were left unaffected. In this case, the time constants in equation 8 will be identical to 
the mean residence times of the protein on chromatin, in other words the actual duration of the 
interactions (Phair et al., 2004a). We used this mathematical framework to describe the chromatin 
interactions of Kap1 in the context of a genotoxic insult (Ziv et al., 2006). We applied the half-
FRAP protocol to U2OS cells expressing GFP-Kap1 and recorded the equilibration of fluorescence 
in the bleached and the unbleached half of the nucleus (figure 24). The fluorescence data from the 
two halves were first normalized to the pre-bleach value (equation 9) to allow for the drawing of 
the half-FRAP diagram and the calculation of unbound and immobile fractions.  
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If an unbound fraction of GFP-Kap1 exists, it should become completely bleached within the 
relatively long time it takes to bleach half of the nucleus (free diffusion is so rapid that all unbound 
molecules would pass through the bleach region during the bleach pulse). Thus, the size of this 
fraction can be calculated on the basis of the initial drop in fluorescence in the unbleached half 
following the bleach pulse (Phair et al., 2004b) (equation 10). If there is no immobile fraction of 
GFP-Kap1, the fluorescence from the bleached and the unbleached half should equilibrate fully. If 
not, an immobile fraction of the protein is present. The size of this fraction can be calculated on the 
basis of the steady state difference between the recovery curves form the two halves of the nucleus 
(equation 11). 
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As evidenced by both the graph and the table in figure 24, there are no sizeable unbound and 
immobile fractions of Kap1. Rather, close to all of the GFP-Kap1 molecules are bound to chromatin 
at a given time and all of the molecules eventually dissociate from chromatin and such behaviour is 
typical for chromatin binding proteins (Phair et al., 2004b). Finally, we used the mathematical 
expression in equation 8 to estimate the number of binding reactions displayed by Kap1 and to 
calculate the mean residence times on chromatin. As explained in the previous chapter, such a 
modelling approach requires post-value normalization to force the data to assume values between 0 
and 1. Post-normalization of FRAP data occurs according to equation 6. By fitting models for an 
increasing number of first order binding reactions to the GFP-Kap1 recovery data, we observed that 
the two population model (equation 8) could recapitulate the experimental data very well (not 
shown). We used this model to calculate the sizes of the two fractions and calculated the mean 
binding times for these two fractions. We did similar experiments after exposure of the cells to 10 
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Gy of IR, but did not observe a change in the calculated values (figure 24). Thus, by half-FRAP we 
were able to describe in detail the binding reactions of GFP-Kap1 and thereby fully account for the 
observed mobility of the protein. However, these binding reactions were not found to be affected by 
DNA damage.  
We have also used the other FRAP assay, strip-FRAP, to describe the interactions of known DNA 
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Figure 24. Half-FRAP on cells expressing 
GFP-Kap-1. A) Equilibration of fluorescence 
in the bleached (”FRAPped”) and 
unbleached (”FLIPped”) half of the nucleus. 
The values were normalized and averaged 
from 10 experiments. B) Snapshots of nuclear 
GFP-fluorescence before and at various time 
points after the bleach pulse. R1 and R2 
denote the FRAPped and the FLIPped region 
respectively. Note the uniform re-appearance 
of fluorescence in the bleached half, a 
behaviour typical of chromatin binding 
proteins. C) Quantification of chromatin 
association times and fraction sizes of Kap-1 
protein derived from mathematical modelling 
of experimental data. Most of the protein 
molecules are associated with chromatin in 
two distinct populations, a distribution that 
does not change after DNA damage 
(Gamma). 
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damage regulators with chromatin. Essentially, the data acquired by this assay can be analyzed in 
exactly the same way as above (Schmiedeberg et al., 2004). However, due to the geometry of the 
bleached area (a narrow stripe in the middle of the nucleus, usually 2 µm wide), the time constants 
that are calculated from equations 2 and 8 cannot be directly related to the actual binding time. 
Instead, τ denotes the average time that a specific pool of the protein is immobilised within the 
bleached region. In the case where it is the laser damaged region that is being bleached, τ denotes 
the time of protein interaction with the site of DNA damage. Many nuclear proteins do not associate 
with chromatin, and thus their mobility can largely be attributed to passive diffusion. The strip-
FRAP assay is a popular tool to analyse the diffusion rate of such proteins, as the recovery of 
fluorescence in the bleached region can largely be ascribed to a one-dimensional diffusion process 
(The bleach pulse will eliminate the fluorescence of all molecules along the z-axis). Provided that 
no immobilizing interactions occur, the effective one-dimensional diffusion coefficient (Deff) can be 
calculated by fitting strip-FRAP data to equation 12 (Ellenberg et al., 1997; Essers et al., 2002). w is 
the width of the strip, and since this value is fixed, equation 12 is essentially a one-parameter 
model.  
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For mathematical analysis of FRAP data it is essential to choose the most appropriate model. One 
approach to this is to apply each model sequentially and visually inspect how well the model fits the 
experimental data. However, such an approach will inevitably become biased towards the models 
with an increasing number of parameters. The more independent parameters there are in a model,  
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Figure 25. Line-FRAP on cells  
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model in equation 8 (only 3 parameters if Y1 and Y2 are restrained to equal 1) will be superior in 
this aspect to the models in equations 2 and 12, where only a single parameter can be adjusted. As 
an example of this, a strip-FRAP experiment with cells expressing GFP-53BP1 is fitted to the 
diffusion model and the one- and two population chromatin binding models respectively in figure 
25.  
 
While the two population chromatin binding model gives a perfect fit, the two one-parameter 
models systematically deviate and do not describe the data well. The superiority of the first model is 
simply accounted for by the increased number of parameters and thus, this level of analysis is not 
sufficient to discard the two one-parameter models. Rather, the choice of model should also reflect 
biological knowledge of the dynamics of a given protein. In the case of 53BP1, we know that the 
protein has chromatin binding properties (Huyen et al., 2004; Sanders et al., 2004) and since many 
such proteins were shown to occupy two distinct binding sites (Phair et al., 2004b), equation 8 is 
suitable to apply to the FRAP data. If, however, we look at a very fast protein with no described 
chromatin interaction, the pure diffusion model of equation 12 makes most biological sense and 
should be applied to the FRAP data.  
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Results and Discussion 
 
While our knowledge of the central pathways that govern the DNA damage response has increased 
steadily over the past years, less attention has been paid to how the underlying reactions are 
executed in the complex context of the mammalian cell nucleus (Lukas et al., 2005). However, it is 
both relevant and important to consider the spatial and temporal aspects of the DNA damage 
response. The timing of different reactions determines both the pace and the hierarchical ordering of 
events associated with processes like cell cycle arrest and DNA repair. In yeast, DNA damage 
responsive proteins have been shown to assemble at sites of DSBs in a time-dependent and highly 
ordered fashion (Lisby et al., 2004). If a similar scenario exists in human cells, the mechanisms 
underlying such a sequential timing of events are important determinants for the temporal 
organization of the cellular response to DNA damage. On the other hand, the faithful execution of 
the DNA damage response poses massive spatial challenges to the cell. At the very earliest point, 
the DNA lesions have to be sensed by specialized proteins (Zhou and Elledge, 2000). DNA damage 
detection is accompanied by gross alterations of DNA- and chromatin structure, and we are only 
starting to get an insight into the nature and consequences of these modifications. Once detected, 
the presence of genotoxic lesions must be communicated to distant parts of the nucleus for the 
response to impact on diverse processes like DNA replication and transcription (Lisby et al., 2004). 
Most of the proteins involved in these processes are highly mobile, and only transiently associate 
with the site of DNA damage. To spread the damage alert signal to these proteins and to the 
immobile DNA structures where replication and transcription occur, specialized messenger proteins 
are needed (Lukas et al., 2005). These proteins, of which the Chk1 and Chk2 kinases are the most 
prominent, are highly mobile, allowing them to travel to distant parts of the nucleus within seconds. 
Yet they retain the capacity to interact transiently with sites of DNA damage where they are 
activated (Lukas et al., 2003). 
 
The aim of the present study is to increase our understanding of the many measures that the cell 
takes to organize the DNA damage response in time and space, and to advance our knowledge of 
some of the key components of these pathways. I have attempted to incorporate all aspects of how 
cells deal with DNA damage into my work, including the sensing of the lesions, the organization of 
the signalling processes and the silencing of the response during recovery from the checkpoint state. 
Here, my results are presented in the form of the original publications, which are subsequently 
discussed in the context of later findings and related to each other. Thus, this section is sub-divided 
into five parts dealing with the following issues: 
 
 

 First, the role of Mdc1 as a major organizer of the DSB-containing nuclear space will be 
discussed (Publications 1 and 2).  

 
 Second, our detailed analysis of sub-compartments at sites of DNA damage will be 

presented (Publication 3).  
 

 Third, I will proceed to discuss the spatio-temporal properties of the novel ATM substrate 
Kap1 (Publication 4).  

 
 Fourth, the roles of Claspin and TopBP1 in regulating Chk1 will be discussed (Publication 

5).  
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 Fifth, our finding that one checkpoint regulator, Claspin, can be targeted for SCF-mediated 

degradation elucidates important roles for proteolysis and the F-box protein β-Trcp both at 
the inception and termination of checkpoint signalling, and the implications of this are 
touched upon last in the discussion (Publication 6). 
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Publication 1 
 
Lukas, C., Melander, F., Stucki, M., Falck, J., Bekker-Jensen, S., Goldberg, M., Lerenthal, Y., 
Jackson, S.P., Bartek, J., and Lukas, J. (2004). Mdc1 couples DNA double-strand break recognition 
by Nbs1 with its H2AX-dependent chromatin retention. The EMBO journal 23, 2674-2683. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Publication 2 
 
Bekker-Jensen, S., Lukas, C., Melander, F., Bartek, J., and Lukas, J. (2005). Dynamic assembly 
and sustained retention of 53BP1 at the sites of DNA damage are controlled by Mdc1/NFBD1. The 
Journal of cell biology 170, 201-211. 
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Mdc1/NFBD1 controls cellular responses to DNA damage,

in part via interacting with the Mre11–Rad50–Nbs1 com-

plex that is involved in the recognition, signalling, and

repair of DNA double-strand breaks (DSBs). Here, we show

that in live human cells, the transient interaction of Nbs1

with DSBs and its phosphorylation by ATM are Mdc1-

independent. However, ablation of Mdc1 by siRNA or

mutation of the Nbs1’s FHA domain required for Mdc1

binding reduced the affinity of Nbs1 for DSB-flanking

chromatin and caused aberrant pan-nuclear dispersal of

Nbs1. This occurred despite normal phosphorylation of

H2AX, indicating that lack of Mdc1 does not impair this

DSB-induced chromatin change, but rather precludes the

sustained engagement of Nbs1 with these regions. Mdc1

(but not Nbs1) became partially immobilized to chromatin

after DSB generation, and siRNA-mediated depletion of

H2AX prevented such relocalization of Mdc1 and un-

coupled Nbs1 from DSB-flanking chromatin. Our data

suggest that Mdc1 functions as an H2AX-dependent inter-

action platform enabling a switch from transient, Mdc1-

independent recruitment of Nbs1 to DSBs towards sus-

tained, Mdc1-dependent interactions with the surround-

ing chromosomal microenvironment.

The EMBO Journal (2004) 23, 2674–2683. doi:10.1038/

sj.emboj.7600269; Published online 17 June 2004

Subject Categories: genome stability & dynamics

Keywords: cell cycle checkpoints; DNA damage; live-cell

imaging; Mdc1; Nbs1

Introduction

To prevent irreversible damage to genome integrity following

the generation of DNA double-strand breaks (DSBs), eukar-

yotic cells activate genome-surveillance signalling cascades

initiated by activation of the ATM (ataxia-telangiectasia-

mutated) protein kinase (Bakkenist and Kastan, 2003;

Shiloh, 2003). One of the key effectors of the ATM-regulated

DNA damage response is the evolutionarily conserved

Mre11–Rad50–Nbs1 (MRN) complex (D’Amours and

Jackson, 2002; Petrini and Stracker, 2003; van den Bosch

et al, 2003) involved in nucleolytic processing of DNA ends,

recombination, repair, and checkpoint signalling. The promi-

nent role of MRN in ATM-controlled genome surveillance is

illustrated by the fact that deficiency of any of its components

recapitulates some of the key defects (such as chromosomal

fragility, radiosensitivity, and genetic instability) observed in

cells derived from ataxia-telangiectasia (A-T) patients (Tauchi

et al, 2002). Despite all MRN components might be phos-

phorylated after DNA damage, the best-characterized event is

ATM-mediated phosphorylation of Nbs1 (Dong et al, 1999;

Kim et al, 1999; Gatei et al, 2000; Lim et al, 2000; Zhao et al,

2000). One established (yet mechanistically poorly character-

ized) function of this phosphorylation is inhibition of DNA

replication in response to ionizing radiation (IR), and failure

to activate this mechanism (so-called intra-S-phase check-

point) leads to radio-resistant DNA synthesis (RDS) (Painter

and Young, 1980). Whether and how phosphorylation of

Nbs1 and/or additional MRN components contribute to

other functions of this important DSB-associated enzyme is

not clear.

A more recently identified role of Nbs1 and Mre11 involves

their ability to facilitate the activation of ATM after low doses

of IR and/or radiomimetic drugs (Carson et al, 2003; Uziel

et al, 2003; Horejsi et al, 2004). However, the key issue of

how cells coordinate the switch between Nbs1’s effect on

ATM activity and its engagement in downstream checkpoint

signalling remains unclear. Better insight into this question

may be provided by the emerging assays capable of dissecting

the hierarchical and spatio-temporal organization of DNA

damage response. For instance, it was shown that following

its recruitment to the DSB-containing nuclear compartments,

Nbs1 undergoes a dynamic exchange between the DSB sites

and the neighbouring nucleoplasm (Lukas et al, 2003). A

moderate (yet significant) increase in the affinity of Nbs1 for

the damaged areas brings about the concentration of the

‘activated’ (ATM-phosphorylated) pool of Nbs1 in the vicinity

of DNA lesions, thereby preventing its ‘dilution’ in unda-

maged parts of the nucleus. Thus, it appears that the dynamic

accessibility of ATM-phosphorylated Nbs1 to DSB sites is

essential for the biological roles of the MRN complex.

However, the precise molecular determinants of the Nbs1’s

recruitment to, and the dynamic exchange at, the DSB sites

remain unknown.

While ATM-mediated phosphorylation of histone H2AX

(g-H2AX) in chromatin regions surrounding a DSB does not

constitute the initial DSB recognition signal for checkpoint
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regulators (including Nbs1), it is required for their subse-

quent accumulation in the so-called IR-induced nuclear foci

(IRIF) (Celeste et al, 2003). Furthermore, siRNA-based deple-

tion of the ‘checkpoint mediator’ Mdc1/NFBD1 (Ozaki et al,

2000; Goldberg et al, 2003; Lou et al, 2003; Shang et al, 2003;

Stewart et al, 2003; Xu and Stern, 2003a) prevented the

accumulation of MRN components in IRIF (Goldberg et al,

2003; Stewart et al, 2003; Xu and Stern, 2003b). Although

intriguing, these data did not elucidate the exact relationship

between the g-H2AX- and Mdc1-mediated controls over Nbs1

redistribution in response to DNA damage. Both Nbs1 and

Mdc1 contain FHA and BRCT domains that interact with

phospho-Ser or phospho-Thr residues such as those gener-

ated by ATM in the vicinity of DNA lesions (Ozaki et al, 2000;

Desai-Mehta et al, 2001; Cerosaletti and Concannon, 2003;

Goldberg et al, 2003; Lee et al, 2003; Shang et al, 2003;

Stewart et al, 2003). Indeed, both proteins have been pro-

posed to interact directly with g-H2AX in vitro (Kobayashi

et al, 2002; Stewart et al, 2003; Xu and Stern, 2003b). On the

other hand, the bulk of Mdc1 could be immunodepleted from

cell lysates with antibodies against the MRN core compo-

nents, suggesting that Mdc1 might be a constitutive part of

the MRN holocomplex (Goldberg et al, 2003). Thus, the key

question is whether Mdc1, Nbs1, or both are required for the

recognition of and productive interaction with g-H2AX-mod-

ified chromatin. Furthermore, whether and how Mdc1 parti-

cipates in the initial (g-H2AX-independent) recruitment of

Nbs1 to sites of DNA damage is unknown. Here, we address

these issues by combining biochemical approaches with

studies of DNA damage-induced redistribution of Mdc1 and

Nbs1 in their physiological environment—the nucleus of a

living cell.

Results

Recruitment kinetics of Nbs1 and Mdc1 to

DSB-containing nuclear compartments

To circumvent technical limitations of the ‘static’ assessment

of IRIF in fixed cells, we constructed an integrated imaging

unit that combines microlaser-assisted generation of spatially

defined DSB areas in mammalian cells with rapid, continuous

and interactive image acquisition (Supplementary informa-

tion 1). In addition, we generated a panel of cell lines derived

from checkpoint-proficient human U-2-OS cells stably expres-

sing Nbs1 or Mdc1 proteins tagged with green fluorescent

protein (GFP) and/or its spectral variant, yellow fluorescent

protein (YFP). The functionality and integration of these

constructs into ATM- and/or MRN-controlled pathways

have been characterized before (Lukas et al, 2003) and

additional evidence is provided in this study. In brief, the

chimeric proteins are expressed to near-physiological levels

(Supplementary information 2), and retain their normal

functions, including rapid recruitment to and a dynamic

exchange at the sites of DSBs (Figures 1 and 2). Together

with the ability of our system to assess simultaneously GFP-

and YFP-tagged proteins in mixed cell populations, these

tools enable an uninterrupted monitoring and direct compar-

ison of intranuclear redistribution of Mdc1 and Nbs1 at a

single-cell level, starting from a few seconds after DSB

generation.

These real-time measurements revealed an extremely rapid

accumulation of either protein around the laser-generated,

DSB-containing, subnuclear tracks (Figure 1A). The increase

of Nbs1-2YFP- and GFP-Mdc1-associated fluorescence in the

damaged nuclear regions became discernible already within

20–30 s (Figure 1A). Thereafter, both proteins underwent a

rapid accumulation in the DSB regions, and reached a steady-

state equilibrium by 8–10 min after laser exposure (Figure 1B).

The recruitment of both proteins to DSBs exhibited the

kinetics of a first-order response to a step change, implying

that recruitment of Mdc1 and Nbs1 as a function of time-

dependent DSB generation (step) is well described by a first-

order linear differential equation (Figure 1B, and

Supplementary information 1 for kinetics modelling). The

kinetic parameter (t) calculated after integrating measure-

ments from multiple cells (n¼ 18) indicated that the kinetics

of Mdc1 and Nbs1 recruitment to damaged chromosomal

regions is very similar (Table I). Together, these measure-

ments support the proposed functional link between Mdc1

and the MRN complex in DSB metabolism (see Introduction),

and extend the previous biochemical and cytological studies

by delineating the critical period from DSB generation to

Figure 1 Real-time recruitment of Nbs1 and Mdc1 to the micro-
laser-generated sites of DNA damage. (A) U-2-OS cells expressing
Nbs1-2YFP or GFP-Mdc1 were mixed (1:1) and co-cultivated for
24 h. The YFP and GFP signals were unmixed through the spectral
analyser to discriminate the Nbs1- and Mdc1-expressing cells. The
cells were microirradiated with a laser beam along 0.5–1-mm-wide
tracks spanning the entire nuclear diameter, and the redistribution
of the respective fluorophore-tagged proteins was recorded by a
repeated scanning of the same field at 20 s intervals. Selected time
points covering the earliest signs of Nbs1 and/or Mdc1 recruitment
up to their stabilized interaction with DSB are shown. The arrows
indicate the laser movement during microirradiation. Scale
bars¼ 10mm. (B) Kinetic curves of Nbs1 and Mdc1 recruitment to
laser-generated, DSB-containing nuclear compartments. The data
show examples of normalized data from one cell expressing Nbs1-
2YFP and GFP-Mdc1, fitted to a model for the first-order response to
a step change (step¼DSB generation; Supplementary information
1). The value of the calculated recruitment time constant (t) is
indicated by a green line.
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stabilized equilibrium of the Nbs1 and Mdc1 interaction with

the sites of DNA lesions. It seems plausible that this period

spans most (if not all) critical events in terms of sensing and

signalling the DNA damage.

Mdc1 undergoes partial immobilization in damaged

nuclear compartments

We employed fluorescence recovery after photobleaching

(FRAP), a method capable of resolving the dynamics of

protein interactions with defined cellular structures on a

subsecond scale (Supplementary information 1). To make

the measurements of Nbs1 and Mdc1 mobility directly com-

parable, both proteins were tagged with GFP to avoid poten-

tial differences in photobleaching efficiency between GFP and

YFP. Also, because of some cell-to-cell variability in the

amount of the GFP-tagged proteins in our cell lines, only

cells with GFP intensities comparable with approximately

equimolar amounts of the GFP-tagged Mdc1 and/or Nbs1

and their endogenous counterparts (Supplementary informa-

tion 2) were considered for FRAP analyses.

Surprisingly, despite the near-simultaneous recruitment of

Nbs1 and Mdc1 observed in the real-time assays, the compar-

ison of FRAP curves revealed notable distinctions. Most

significantly, while the Nbs1-2GFP signal within the bleached

regions placed in the undamaged nuclear compartments

rapidly recovered to the prebleach values, the recovery of

GFP-Mdc1 proceeded with a slower kinetics (Figure 2A)

indicating several distinct populations moving at different

rates. Indeed, calculation of the effective diffusion coeffi-

cients (Deff; Essers et al, 2002; see Supplementary informa-

tion 1) in undamaged nuclei revealed a slower diffusion rate

of Mdc1 when compared to Nbs1 analysed under identical

conditions (Table I). Together, these data indicate that with-

out DNA damage the interaction between Nbs1 and Mdc1 is

dynamic. The two proteins do not seem to migrate in

preassembled holocomplexes, and Mdc1 (the slower-moving

component) is likely involved also in interactions distinct

from those with MRN.

Strikingly, after arrival at the DSB sites, the differences in

mobility between Nbs1 and Mdc1 became even more pro-

nounced. After the bleach pulse, the DSB-associated Nbs1-

2GFP fluorescence rapidly recovered to the prebleach values,

indicating that even after establishing contacts with the

damaged sites the entire pool of the nuclear Nbs1-2GFP

protein remained mobile (Figure 2B; also see Lukas et al,

2003). In contrast, a sizable fraction of GFP-Mdc1 became

more durably associated with the microirradiated areas man-

ifested by the lack of complete recovery of the GFP-Mdc1-

associated fluorescence immediately after the bleach pulse

(Figure 2B, top panel), and by a relatively slow kinetics in

reaching the intensities close to the prebleach values

(Figure 2B, bottom panel). Specifically, the mean residence

time that Mdc1 spends bound to DSB was 6.68 s, a value

nearly 10-fold higher compared to DSB-associated Nbs1

(Table I). Consistently, a parallel biochemical assay revealed

that while the chromatin binding of Mdc1 substantially

increased in the presence of DSBs, the ability of Nbs1 to

interact with chromatin remained at the level observed in the

nondamaged cells (compare the P2 fractions in Figure 5A).

Hence, generation of DSBs has a differential impact on the

dynamics of Mdc1 and Nbs1, causing a marked immobiliza-

tion of the former while allowing rapid exchange of the latter.

Accumulation of Nbs1 in DSB-containing nuclear

compartments requires Mdc1 including the earliest

stages of the checkpoint response

To test whether Mdc1 modulates the dynamics of Nbs1

interaction with DSB sites, we applied the microirradiation/

real-time imaging technique to cells in which endogenous

Mdc1 had been depleted by RNA interference (RNAi). The

efficiency of the Mdc1-targeting siRNA oligonucleotides was

assessed by co-immunostaining of endogenous Mdc1 and

Figure 2 Distinct intranuclear movement of Nbs1 and Mdc1 before
and after DNA damage. U-2-OS cells expressing Nbs1-2GFP or GFP-
Mdc1 were microirradiated and 10 min later subjected to the FRAP
analysis (Supplementary information 1). The positions of the
microirradiated (red stripes) and the bleached regions (blue
boxes) in undamaged nucleoplasm (A) and in the DSB-containing
nuclear compartments (B) are schematically indicated. The total
duration of image recording in the postbleached period is indicated
by FAST (10 s) and EXTENDED (60 s). The latter protocol was used
to achieve the maximum recovery of both Nbs1 and Mdc1 in the
microirradiated nuclear compartments. The data integrate measure-
ments form 10 independent cells for each nuclear location.

Table I Effective diffusion coefficient (Deff), mean residence time
(tm), and recruitment time constant (t) of Mdc1 and Nbs1

Undamaged nucleoplasm DSB

Deff (mm2/s) tm (s) t (s)

GFP-Mdc1 2.0870.29* 6.68a 195.23719.58**
Nbs1-2GFP 2.5370.30* 0.69a 177.42741.16b,**

*P¼ 0.0195, **P¼ 0.36.
aSee Supplementary information 1 for standard deviation of tm and
for mathematical processing of all measurements included in this
table.
bNbs1-2YFP.
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g-H2AX, an established marker for DSBs in chromosomal

DNA (Rogakou et al, 1999). In control siRNA-treated cells,

Mdc1 underwent a quantitative relocalization from the dif-

fuse pan-nuclear pattern to the laser-treated areas (Figure 3A,

top) where it overlapped with g-H2AX-decorated chromatin

(Figure 3A, inset). This corresponded to a rapid and robust

recruitment of Nbs1-2YFP to the DSB sites measured by the

real-time recruitment assay (Figure 3A, bottom). In contrast,

the Mdc1-specific siRNA depleted the protein to levels below

immunochemical detection in both unstressed and microir-

radiated cells (Figure 3B, top). Under these conditions, the

accumulation of Nbs1-2YFP in regions of DNA damage was

grossly impaired, manifested by a barely discernible concen-

tration of Nbs1-2YFP in the irradiated areas (Figure 3B,

bottom, and Figure 7E for quantification). We conclude that

Mdc1 is required for the normal accumulation of Nbs1 to

regions of DNA damage, including the critical early stages of

the DSB-evoked checkpoint response. Importantly, the lack of

Nbs1 recruitment to DSBs in Mdc1-deficient cells occurred

despite the productive phosphorylation of histone H2AX in

the DSB-flanking chromosomal areas (Figure 3B).

Lack of Mdc1 causes dispersal of ATM-phosphorylated

Nbs1 to undamaged nuclear compartments

The inability of Nbs1 to concentrate around freshly generated

DSBs in Mdc1-deficient cells could be interpreted in two

ways. Loss of Mdc1 might either totally uncouple Nbs1

from DSBs and/or DSB-generated structures, or it may

allow initial DSB recognition but reduce the residence time

of Nbs1 at such sites. To discriminate between these scenar-

ios, we examined the distribution of ATM-phosphorylated

Nbs1, a specific pool of the protein directly engaged in the

DSB response. To this end, we employed phospho-specific

antibodies to Ser-343 (S343), one of the prominent sites of

Nbs1 phosphorylated by ATM (D’Amours and Jackson,

2002). In control cells, laser treatment triggered a marked

accumulation of phospho-S343-associated fluorescence in the

microirradiated areas and a moderate overall increase of the

fluorescence signal throughout the nucleoplasm (Figure 4A).

This is consistent with the dynamic exchange of Nbs1 at the

damaged nuclear compartments (Figure 2B; Lukas et al

2003). Strikingly, while siRNA-mediated ablation of Mdc1

did not abolish cytologically detectable increase in Nbs1

phosphorylation, it prevented its accumulation in the micro-

irradiated regions and allowed it to become dispersed

throughout the nucleoplasm (Figure 4B). Similar results

were obtained with other antibodies to phospho-S343 (un-

published results), and the normal kinetics of Nbs1 phos-

phorylation in Mdc1-depleted cells was validated by a time-

course experiment in cells exposed to low-dose IR (Figure 4C).

The aberrant localization of Nbs1 in the Mdc1-depleted

cells poses an important question of what are the spatial

requirements for Nbs1 phosphorylation. Two scenarios could

be envisaged. First, even in the absence of Mdc1, Nbs1 still

requires a transient contact with DSBs for a productive

enzyme–substrate interaction with ATM. Second, the lack

of Mdc1 disrupts the physiological spatio-temporal require-

ments of ATM–Nbs1 interactions (restricted normally to

DSBs) thereby allowing ectopic phosphorylation of the latter

in undamaged nuclear compartments. To discriminate be-

tween these two possibilities, we employed a strategy similar

to that used previously in studying Chk2 response to local

DSBs (Lukas et al, 2003) and generated an immobile version

of Nbs1-GFP by in-frame fusion with histone H2B, a consti-

tutive component of mammalian chromatin (Supplementary

information 3). Although present throughout the nucleus, the

immobile Nbs1 was still phosphorylated only in the micro-

irradiated areas even after quantitative downregulation of

endogenous Mdc1 and detergent pre-extraction (the latter

treatment was used to facilitate evaluation of the immobile

Nbs1 without interference with the endogenous protein)

(Figure 4D). These data suggest that the lack of Mdc1 does

not impair the initial recognition of DSBs by Nbs1, and does

not interfere with the productive enzyme–substrate interac-

tion between Nbs1 and ATM at sites of DNA damage. Instead,

the absence of Mdc1 precludes the ability of Nbs1 to gain

physiological affinity for, and to concentrate within, the

damaged nuclear compartments.

Depletion of Mdc1 or H2AX uncouples Nbs1 from

sustained interaction with DSB-modified chromatin

To identify which structure(s) at or around DSBs serve as an

‘anchor’ for a sustained Nbs1 interaction, we took advantage

of the fact that the engagement of Nbs1 with DSB compart-

ments is accompanied by an increased resistance to extrac-

tion with mild detergent-containing buffers (Mirzoeva and

Petrini, 2001; Lukas et al, 2003). We therefore reproduced the

previous experiments after a short pre-extraction of the

microirradiated cells before fixation and immunostaining. In

control siRNA-treated cells, phosphorylated Nbs1 resisted

extraction and the protein remained tightly associated with

Figure 3 Decreased affinity of Nbs1 to the DSB-containing nuclear
compartments in cells lacking Mdc1. U-2-OS cells were treated with
control (A, top panel) and the Mdc1-targeting (B, top panel) siRNA
oligonucleotides for 96 h. The nuclei were then subjected to local
microirradiation, fixed 10 min later, and immunostained with anti-
bodies to g-H2AX (green) and total Mdc1 (red). The insets in (A, B)
show a higher magnification of the respective microirradiated areas.
In parallel, U-2-OS cells stably expressing Nbs1-2YFP were treated
with control siRNA (A, bottom panel) or Mdc1-targeting siRNA (B,
bottom panel) and analysed by the in vivo real-time recruitment
assay as described in Figure 1. The arrows indicate the laser
movement during microirradiation. Scale bars¼ 10mm.
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microirradiated, g-H2AX-coated chromosomal areas

(Figure 4E). In contrast, the bulk of the disseminated Nbs1

in Mdc1-depleted cells was quantitatively removed under

these conditions (Figure 4F). Importantly, detergent extrac-

tion in Mdc1-deficient cells ‘unmasked’ a small fraction of

phosphorylated Nbs1 in a form of microfoci randomly dis-

tributed along the centre of the microirradiated nuclear tracks

(Figure 4F). Because no traces of endogenous Mdc1 were

detected in the microirradiated regions (Figure 3B, inset),

these structures likely reflect Mdc1-independent binding of

Nbs1 to the physical sites of DSBs. Consistently, the previous

real-time analyses of Nbs1 redistribution also revealed min-

ute amounts of the total Nbs1-2GFP protein in the micro-

irradiated areas even after Mdc1 depletion (Figure 3B, and

Figure 7E for quantification). Most significantly, apart from

these residual Nbs1 microfoci, the bulk of the g-H2AX-

decorated chromatin was largely free from phosphorylated

Nbs1 (Figure 4F, inset). Thus, while ablation of Mdc1 does

not seem to impair recognition of DNA breaks as such, it

uncouples Nbs1 from the DSB-flanking chromatin and con-

verts it into a more soluble protein despite prominent histone

H2AX phosphorylation.

Two additional pieces of evidence support the above con-

clusions. First, downregulation of H2AX by siRNA prevented

relocalization of endogenous Mdc1 to DSB sites (Figure 6A

and B), triggered pan-nuclear dissemination of ATM-phos-

phorylated Nbs1 (Figure 6C and D), and impaired Nbs1

association with the DSB regions in vivo, as measured by

the real-time recruitment assay (Figure 6E and F). Second, a

complementary biochemical analysis of a HeLa cell line

where the endogenous Mdc1 was stably knocked down by

RNA interference (Materials and methods) revealed that the

presence of Mdc1 is required to promote efficient binding of

the MRN complex to phosphorylated peptides derived from

the H2AX C-terminus (Figure 5B). Together, these data sup-

port and extend the notion that Mdc1 functions as a mole-

cular linker between the ATM-generated phospho-epitopes on

the DSB-modified chromatin and the sustained accumulation

of the MRN complex within these regions.

Disruption of the Nbs1 FHA domain abrogates

its interactions with DSB-flanking chromatin

To elucidate whether phosphorylation of Nbs1 by ATM and/

or its ability to interact with other ATM-phosphorylated

Figure 4 Impaired redistribution of ATM-phosphorylated Nbs1 in
Mdc1-depleted cells. (A, B) U-2-OS cells were treated with control
(A) and Mdc1-specific (B) siRNA oligonucleotides for 96 h, micro-
irradiated, incubated for 10 min, fixed, and co-immunostained with
phospho-specific antibodies to g-H2AX and Nbs1(S343). (C) U-2-OS
cells were transfected with control or Mdc1-specific siRNA duplexes
for 96 h and exposed to IR (2 Gy). At the indicated time points, the
cell lysates were analysed by immunoblotting with the phospho-
specific antibody to Nbs1(S343). (D) U-2-OS cells were treated with
Mdc1-specific siRNA oligonucleotides for 72 h, microinjected with
the Nbs1-H2B-GFP expression plasmid (10mg/ml), incubated for
additional 36 h, pre-extracted to remove the bulk of endogenous
Nbs1 (Materials and methods), fixed, and immunostained with the
indicated antibodies. Note the stronger, DSB-restricted Nbs1-S343
phosphorylation in the cell nucleus expressing the immobile form of
Nbs1 (marked by solid circle) compared to the neighbouring control
nucleus (dashed circle). The insets show enlargements of the
respective segments in the merged image. (E, F) U-2-OS cells
were treated with control (E) or Mdc1-targeting (F) siRNA oligonu-
cleotides, and microirradiated as in (A, B). After 10 min, the cells
were pre-extracted for 5 min (Materials and methods), fixed, and co-
immunostained with the indicated phospho-specific antibodies. The
insets show magnified microirradiated fields. The arrows indicate
the laser movement during microirradiation. Scale bars¼ 10mm.

Figure 5 (A) Mdc1 but not Nbs1 chromatin binding increases upon
induction of DSBs. HeLa cells stably expressing Mdc1-targeting (M)
or a LacZ (Z) control shRNA were exposed to 10 Gy of IR. After 1 h,
the cell lysates were fractionated (Materials and methods) to
separate cytoplasmic (S1) and soluble nuclear (S2) proteins from
chromatin. The chromatin pellet was subsequently washed with
increasing salt concentrations (125 and 250 mM, respectively), and
the remaining pellet (P2) was resuspended in SDS sample buffer
and briefly sonicated to release the chromatin-bound proteins. All
fractions were analysed by immunoblotting with antibodies to the
indicated proteins. (B) Binding of MRN to g-H2AX requires Mdc1.
Nuclear extracts from HeLa cells stably expressing Mdc1-targeting
(M) or a LacZ (Z) control shRNA were incubated with phosphory-
lated (H2AX-P) or nonphosphorylated (H2AX) peptides (Materials
and methods). The bound proteins were analysed by immunoblot-
ting with the indicated antibodies.
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proteins affects its DNA damage-induced redistribution, we

generated U-2-OS cell lines stably expressing low levels of

GFP-tagged Nbs1 mutants with the three ATM phosphoryla-

tion sites (S278, S343, S397) substituted by alanines (3�A),

and with a point mutation in the phosphate-binding FHA

domain (R28A). These cells were microirradiated, pre-ex-

tracted before fixation, and analysed for their ability to bind

DSBs and/or the neighbouring chromatin regions with or

without concomitant downregulation of endogenous Mdc1.

Under these conditions, wild-type Nbs1-2GFP recapitu-

lated the behaviour of the endogenous, ATM-phosphorylated

Nbs1 (compare Figure 7A and B with Figure 4E and F). Thus,

while in control cells the wild-type Nbs1-2GFP resisted

detergent extraction throughout the microirradiated nuclear

compartments (Figure 7A), Mdc1 depletion by siRNA pre-

vented Nbs1-2GFP binding to the g-H2AX-coated areas except

for a small fraction of the protein scattered along the irra-

diated path (Figure 7B). The phosphorylation-deficient

(3�A) mutant behaved indistinguishably from the wild-

Figure 6 Transient ablation of H2AX impairs Mdc1 recruitment to
DSBs and attenuates sustained interaction of Nbs1 with the da-
maged nuclear compartments. (A, B) U-2-OS cells were treated with
control (A) and the H2AX-targeting (B) siRNA oligonucleotides for
96 h, microirradiated, and after additional 10 min fixed and co-
immunostained with phospho-specific antibodies to g-H2AX and
total Mdc1. (C, D) U-2-OS cells were treated as in (A, B), and co-
immunostained with phospho-specific antibodies to g-H2AX and
Nbs1(S343). (E) U-2-OS cells stably expressing Nbs1-2GFP were
treated with control siRNA or H2AX-targeting siRNA as indicated
and analysed by the in vivo real-time recruitment assay (Figure 1).
The arrows indicate the laser movement during microirradiation.
Scale bars¼ 10mm. (F) Quantification of the real-time recruitment
data obtained in (E). The graph integrates the data from 10 cells for
each setting and shows the fold of increase of relative GFP-asso-
ciated fluorescence in the microirradiated areas during the first
10 min after the laser treatment.

Figure 7 Disruption of the FHA domain uncouples Nbs1 from the
g-H2AX-modified chromatin regions. (A, B) U-2-OS cells stably
expressing the wild-type (wt) form of Nbs1-2GFP were treated
with control (A) or Mdc1-targeting (B) siRNA for 96 h, microirra-
diated, pre-extracted fixed after 10 min, and immunostained with
phospho-specific antibodies to g-H2AX. (C, D) U-2OS cells expres-
sing the FHA-deficient (R28A) form of Nbs1-2GFP were treated with
siRNA oligonucleotides as indicated and processed as in (A, B). (E)
U-2-OS cells expressing the indicated forms of Nbs1-2GFP were
microirradiated and subjected to the kinetic measurement of their
DSB recruitment as described in Figure 1. Where indicated, endo-
genous Mdc1 was depleted by the siRNA oligonucleotides for 96 h
before microirradiation. The graph integrates the data from 10 cells
for each setting and shows the fold of increase of relative GFP-
associated fluorescence in the microirradiated areas during the first
10 min after the laser treatment. (F) U-2-OS cells were transfected
with expression plasmids coding for wild-type or R28A forms of
Nbs1-2GFP. At 24 h after transfection, the cells were exposed to 2 Gy
of ionizing radiation and cultured for additional 1 h. The cell lysates
were immunoprecipitated with anti-Mdc1 antibody and immuno-
blotted with antibodies to Mdc1 or Nbs1 as indicated. The arrows
indicate the laser movement during microirradiation. Scale
bars¼ 10mm.
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type protein (Supplementary information 4). In contrast,

disruption of the FHA domain grossly impaired the ability

of Nbs1 to accumulate within the g-H2AX modified regions

regardless of the presence of Mdc1 (Figure 7C and D). The

recruitment of the R28A mutant (irrespective of the Mdc1

status) was reduced to a thin line of sub-micrometre foci

along the laser path (Figure 7C and D). The size and intensity

of these structures closely resembled the Nbs1-containing

microfoci retrieved after detergent extraction of FHA-profi-

cient forms of Nbs1 in Mdc1-depleted cells (Figure 4F;

Supplementary information 4). Although the exact nature of

these structures must await development of suitable cytolo-

gical markers, we speculate that they represent the direct,

chromatin-independent interaction of Nbs1 with DNA breaks.

Consistent with the impaired affinity of the Nbs1(R28A)

mutant to DNA damage-modified chromatin, the kinetics

of its recruitment to the microirradiated areas was reduced

to an extent that was very similar to the inefficient accumula-

tion of wild-type Nbs1 in Mdc1-deficient cells (Figure 7E).

Furthermore, the interaction of this FHA-deficient Nbs1 mu-

tant with endogenous Mdc1 was markedly diminished com-

pared to the wild-type Nbs1 (Figure 7F). Thus, the disruption

of the Nbs1 FHA domain recapitulates the impact of Mdc1

deficiency on the ability of Nbs1 to undergo a sustained

interaction with large chromosomal regions flanking the

sites of DSBs.

Discussion

Several recent studies concluded that the MRN components

do not form IRIF in the absence of Mdc1 (Goldberg et al,

2003; Stewart et al, 2003; Xu and Stern, 2003b). Our present

work provides new insights into the Mdc1–MRN relationship

by showing that only some—but not all—aspects of Nbs1’s

engagement with the DSB sites are regulated by Mdc1. First,

through siRNA-mediated Mdc1 ablation and targeted immo-

bilization of Nbs1 to chromatin, we provide evidence that

Nbs1 phosphorylation does not occur stochastically in the

undamaged nucleoplasm but requires interaction with ATM

specifically at DSB sites. Together with our observation that

in the absence of Mdc1 Nbs1 remains phosphorylated with-

out being visibly tethered to the DSB regions, these data

imply that both recognition of DSBs by Nbs1 and its produc-

tive interaction with ATM on these structures are rapid and

transient events, and that neither of these processes require

Mdc1 as a mediator. The modelling of kinetic properties of

Mdc1 and Nbs1 derived from the FRAP measurements sup-

port this conclusion by showing that their interaction is

dynamic and that Mdc1 is not a constitutive component of

the MRN complex. Furthermore, our approaches identified a

small fraction of Nbs1 within the damaged nuclear compart-

ments that resisted detergent extraction. As no immuno-

chemically detectable Mdc1 was found in these microfoci,

these structures likely reflect Mdc1-independent interaction

of Nbs1 directly with the DNA breaks. In a broader sense,

elimination of Mdc1 ‘reduced’ the complex spatio-temporal

pattern of Nbs1 close to that described for the Chk2 kinase,

another component of the ATM-controlled checkpoint pro-

gram. We have previously shown that Chk2 (like Nbs1 in

Mdc1-deficient cells) undergoes only a transient interaction

with DSBs, from where—after phosphorylation by ATM—it

rapidly spreads throughout the nucleus (Lukas et al, 2003).

Hence, transient protein interactions (undetectable by cyto-

logically discernible accumulation) appear to be sufficient for

a direct interaction of checkpoint proteins with DNA breaks

and for a productive communication between ATM and its

substrates at DSB sites.

The second mode of Nbs1’s interaction with damaged

chromosomal regions strictly depends on Mdc1. Our data

together with other evidence strongly suggest that Mdc1

represents a key molecular linker responsible for bridging

Nbs1 with phospho-epitopes generated in DSB-flanking chro-

matin. Thus, Mdc1 localizes to the entire regions of the g-

H2AX-decorated chromatin in situ (Figure 3), it interacts with

g-H2AX in vitro (Stewart et al, 2003; Xu and Stern, 2003b)

and, more specifically, Mdc1 directly binds H2AX peptides

in a phosphorylation-dependent manner (Figure 5). Consis-

tently, the recruitment of Mdc1 to IRIF requires the activity of

the phosphatidylinositol-3-OH kinase-like family members

(Goldberg et al, 2003; Stewart et al, 2003; Xu and Stern,

2003a). Furthermore, when physically uncoupled from Mdc1

(either through siRNA-mediated Mdc1 ablation or via muta-

tion of its Mdc1-binding FHA domain), Nbs1 loses the ability

to interact with DSB-surrounding chromosomal regions de-

spite the fact that they contain g-H2AX (Figures 3, 4 and 7).

The latter in vivo observations were further supported by the

in vitro binding assays revealing that MRN cannot bind

phosphorylated H2AX peptides without a concomitant pre-

sence of Mdc1 (Figure 5). Collectively, these data are con-

sistent with a model whereby Mdc1 functions as a molecular

switch between the transient binding to DNA breaks by Nbs1

and its more durable accumulation within the flanking chro-

mosomal regions delineated by the extent of ATM-mediated

phosphorylation of H2AX. Only this latter mode manifests

itself as a cytologically discernible protein accumulation (IRIF

formation).

Consistent with this model, siRNA-mediated ablation of

human H2AX recapitulated the impact of Mdc1 loss on

Nbs1’s ability to interact with the DSB-surrounding chromo-

somal areas (Figure 6). A recent study reported cytologically

discernible accumulation of several DSB regulators around

DSBs in mouse cells lacking H2AX in early stages after laser-

generated DNA damage (Celeste et al, 2003). The differences

in the extent of cytological manifestation of Nbs1’s chroma-

tin-independent interactions between our study and that of

Celeste and co-workers likely reflect technical differences

between the respective experimental systems. For instance,

the density of DSBs in the microirradiated areas in sensitized

mouse cells (Celeste et al, 2003) could be inherently higher

than in human cells (this study), thereby making the former

system more prone to see the transient interactions of pro-

teins with a high number of closely neighbouring DNA

breaks. Our system has been ‘tuned down’ to measure

protein redistribution at the lowest possible laser energy

that still elicits the DSB response (Supplementary information

1) thereby avoiding aggregation of excessive DNA damage in

the microirradiated regions and allowing to discriminate

between the low and high affinities of proteins to various

DSB-associated structures. Regardless of these differences,

our conclusions agree with the main findings of Celeste and

co-workers in terms of a rapid recruitment of checkpoint

proteins to DSBs independent of the H2AX phosphorylation.

Our results extend these findings by showing that in human

cells these chromatin-independent interactions are very
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transient, do not cause readily detectable protein concentra-

tion, and are not restricted only to the earliest stages of the

DSB response but rather coexist with the chromatin-mediated

interactions until the efficient DSB repair.

The existence of two modes of Nbs1’s interaction with

damaged nuclear compartments (DSBs versus surrounding

chromosomal areas) raises a question about their respective

significance for the MRN functions. We show that while

disruption of the FHA domain uncoupled Nbs1 from the g-

H2AX-modifed chromatin, it did not abolish interaction with

structures resembling freshly generated and/or unrepaired

DNA breaks (Figure 7). In this regard, it is important to note

that a mutation in the FHA domain disrupted binding of Nbs1

to Mdc1 and, consistently, that the spatio-temporal defects of

this mutant essentially recapitulated the aberrant behaviour

of wild-type Nbs1 in Mdc1-deficient cells. Although the

cellular phenotype caused by Mdc1 depletion is complex,

one important aberration—an increased sensitivity to IR—is

shared by cells with reduced Mdc1 and NBS cells reconsti-

tuted with the FHA-deficient forms of Nbs1 (Lee et al, 2003;

Peng and chen, 2003; Stewart et al, 2003; Horejsi et al, 2004).

Thus, it appears that the decreased survival of irradiated cells

correlates with the inability of Nbs1 to undergo sustained,

Mdc1-controlled engagement with the DSB surrounding chro-

mosomal microenvironment.

It has been recently suggested that reduction of Mdc1

levels impairs activation of the ATM pathway (Mochan et al,

2003). In our hands, a detailed time-course approach re-

vealed that quantitative depletion of Mdc1 by siRNA did

not preclude efficient initiation of the ATM-controlled phos-

phorylation events (Supplementary information 5). Never-

theless, in some experiments, we did detect a moderate delay

in the ATM auto-activation and in ATM-dependent Smc1

phosphorylation, indicating that while Mdc1 does not deter-

mine ATM activation per se, it can modulate the proper timing

and velocity of the ATM-controlled checkpoint signalling

(Supplementary information 5). The fact that the bulk of

ATM activities remained preserved in Mdc1-deficient cells is

consistent with our recent results showing that reconstitution

of NBS cells with the FHA-deficient R28A mutant of Nbs1

(found here to mimic the lack of Mdc1 in terms of spatio-

temporal aberrations) resulted in a near-complete restoration

of ATM activation and phosphorylation of some of the tested

ATM targets (Horejsi et al, 2004). Due to the relatively subtle

impact of Mdc1 on the extent of ATM phosphorylations, we

can envisage that the sustained (Mdc1-dependent) mode of

Nbs1 interaction with the DSB-surrounding chromatin may

not be restricted to the signalling and repair of the primary

lesions. Even after the repair of the bulk of ‘acute’ DNA

breaks is accomplished (which would lead to cancellation of

the DSB-dependent recruitment of Nbs1), the continuous

availability of the MRN complex might be necessary to secure

restoration of the chromosomal architecture and other events

ongoing in the vicinity of the original DNA lesions, such as

recombination, replication, and chromatin remodelling.

When combined, the timing, velocity, and efficiency of all

these processes may, in a long run, increase the chance to

restore the genome integrity in full thereby increasing the

chances for survival after exposure to genotoxic stress.

Finally, our analyses revealed that despite their intimate

link in DSB metabolism, the interaction between Nbs1 and

Mdc1 is surprisingly flexible (Figure 2). The slower and more

complex pattern of Mdc1’s mobility in undamaged nucleo-

plasm indicates that it is likely engaged in interactions with

proteins or nuclear structures that can compete with the MRN

complex. The increased (and selective) immobilization of

Mdc1 to chromatin after DSB generation (observed both by

FRAP measurements and biochemical fractionation) raises

the question of why the generation of DSBs increases the

residence time of Mdc1 in the damaged nuclear regions while

allowing Nbs1 to ‘shuttle’ rapidly between the DSB areas and

the neighbouring nucleoplasm. The answer might be pro-

vided by several recent studies indicating that the ‘mediator’

role of Mdc1 is not restricted to the MRN complex. Mdc1 was

reported to interact with other critical DSB-induced factors

such as ATM, 53BP1, FANCD2, and Chk2 (Lou et al, 2003;

Stewart et al, 2003; Xu and Stern, 2003b), and to colocalize in

IRIF with others such as BRCA1 (Lou et al, 2003; Stewart et al,

2003). Thus, the more durable residence of Mdc1 in the

damaged nuclear areas may generate the essential ‘affinity

platform’ for a plethora of factors whose more dynamic

exchange might be instrumental to adjust rapidly their re-

spective concentrations at and around the DSBs according to

the acute requirements of the ongoing repair processes.

Materials and methods

Plasmids
The Nbs1-2GFP expression plasmid has been described previously
(Lukas et al, 2003). To generate Nbs1-2YFP, the tandem GFP
cassette in the former plasmid was replaced by two in-frame linked
units of YFP. The GFP/YFP-tagged phosphorylation-deficient
(3�A; Falck et al, 2002) and FHA-deficient (R28A; Horejsi et al,
2004) variants of Nbs1 were constructed as above. Chromatin-
tethered Nbs1 was generated by in-frame insertion of the cDNA for
histone H2B between the Nbs1 and the GFP moiety. The GFP-Mdc1
expression plasmids were gifts from Takashiro Nagase and Phang-
Lang Chen (Ozaki et al, 2000; Shang et al, 2003).

Cell culture
Human U-2-OS osteosarcoma cells (ATTC) were transfected by
Fugene 6 Reagent (Roche) with the expression plasmids containing
the GFP/YFP-tagged Mdc1 and Nbs1 and the neomycin resistance
gene. After selection with neomycin (G418, Invitrogen; 400 mg/ml),
the resistant clones were tested for the expression and functionality
of the GFP/YFP-tagged proteins. For live-cell experiments, the cells
were plated on the Lab-Tek chambered coverglass (Nalge Nunc
International). The culture medium was supplied with 10mM
50-bromo-2-deoxyuridine (BrdU; Sigma) for 24 h to presensitize
the cells for the generation of DSBs after focal exposure to UVA
light (Limoli and Ward, 1993; Supplementary information 1). This
presensitization treatment by itself did not elicit any measurable
DNA damage response (Supplementary information 6). Immedi-
ately before microirradiation, the cells were supplied with a phenol
red-free, CO2-independent medium (Invitrogen). Cells were placed
into the XL 371C-tempered incubator (Zeiss) mounted over the
microscope stage. Nuclear microinjection of the expression plas-
mids was performed as described (Lukas et al, 2003).

RNA interference
The Mdc1-targeting siRNA duplexes were designed according to a
previous report (Goldberg et al, 2003) and synthesized by
Dharmacon Research. All experiments including Mdc1-directed
RNAi were independently reproduced with the siRNA oligonucleo-
tide described by Stewart et al (2003). The sequence for H2AX-
targeting oligonucleotide was CAA CAA GAA GAC GCG AAU CdTdT.
The control siRNA duplexes containing nonspecific sequences that
do not have a match in human genome were provided by
Dharmacon research (D-001205-01). Transfection of U-2-OS cells
with the above siRNA oligonucleotides was performed with
Oligofectamine (Invitrogen). Stable inhibition of the Mdc1 gene
was obtained in HeLa cells expressing in the retroviral vector
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pSUPER-retro (Brummelkamp et al, 2002) a 19 nt sequence
beginning at position 6142 of Mdc1 mRNA (accession no.
XM_376479). The sequence of the insert was 50-gatccccgtctccca
gaagacagtgattcaagagatcactgtcttctgggagactttttggaaa-30.

A control cell line was established by stable expression of siRNA
corresponding to the gene encoding the LacZ protein in Escherichia
coli. The insert in this construct was 50-agcttttccaaaaagtctcccagaa
gacagtgatctcttgaatcactgtcttctgggagacggg-30.

Immunochemical techniques
The rabbit antibody to human Mdc1 has been described previously
(Goldberg et al, 2003). Total Nbs1 was detected with a rabbit
antibody (Ab398; Novus Biologicals). The phospho-Nbs1-Ser343
was detected by a rabbit antibody (3001; Cell Signalling Technol-
ogy) and by a mouse monoclonal antibody (05-663; Upstate
Biotechnology). Rabbit antibody (07-164) and mouse monoclonal
antibody (05-636) to phospho-histone H2AX-Ser139 were from
Upstate Biotechnology. Highly cross-absorbed secondary reagents
for dual-colour detection (Alexa-488 and -568) were from Molecular
Probes. Immunoblotting procedures (Falck et al, 2002) and isolation
of chromatin-bound proteins (Mendez and Stillman, 2000) have
been described previously. For peptide pull-down, biotinylated
H2AX C-terminal peptides were synthesized at the Department of
Biochemistry, University of Bristol, UK. The sequences were
BIOTIN-SGSTVGPKAPSGGKKATQASQEY and BIOTIN-SGSTVGPKA
PSGGKKATQAS(p)QEY, respectively. Peptides were coupled to
streptavidin-coated Dynabeads M-280 (Dynal), incubated with the
cell extracts in the presence of phosphatase inhibitors, washed with

TBST, and resuspended in SDS sample buffer before loading on
SDS–PAGE.

Microscopy
For immunofluorescence studies, cells grown on grid glass cover-
slips (Eppendorf) were fixed in 4% formaldehyde (15 min at room
temperature), permeabilized in 0.2% Triton X-100 (5 min), and
immunostained with the combination of antibodies specified in the
figure legends. Where indicated, the cells were pre-extracted before
fixation for 5 min at 41C in the buffer containing 25 mM Hepes at pH
7.5, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 300 mM sucrose, and
0.5% Triton X-100. Confocal fluorescence images were captured
using a Zeiss LSM510 laser-scanning microscope. The construction
of the integrated unit combining laser microirradiation with live-cell
imaging together with description of real-time measurements of
protein redistribution to local DSBs and the photobleaching
analyses are described in detail in Supplementary information 1.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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3BP1 is a key component of the genome surveil-
lance network activated by DNA double strand
breaks (DSBs). Despite its known accumulation at

the DSB sites, the spatiotemporal aspects of 53BP1 interac-
tion with DSBs and the role of other DSB regulators in this
process remain unclear. Here, we used real-time micros-
copy to study the DSB-induced redistribution of 53BP1 in
living cells. We show that within minutes after DNA dam-
age, 53BP1 becomes progressively, yet transiently, immo-
bilized around the DSB-flanking chromatin. Quantitative
imaging of single cells revealed that the assembly of

5

 

53BP1 at DSBs significantly lagged behind Mdc1/NFBD1,
another DSB-interacting checkpoint mediator. Further-
more, short interfering RNA-mediated ablation of Mdc1/
NFBD1 drastically impaired 53BP1 redistribution to DSBs
and triggered premature dissociation of 53BP1 from these
regions. Collectively, these in vivo measurements identify
Mdc1/NFBD1 as a key upstream determinant of 53BP1’s
interaction with DSBs from its dynamic assembly at the
DSB sites through sustained retention within the DSB-
flanking chromatin up to the recovery from the checkpoint.

 

Introduction

 

Protection of genome integrity against mutagenic effects of
DNA damage relies on a flawless execution of genome surveil-
lance pathways (so-called “checkpoints”) that coordinate cell
cycle progression with DNA repair (Zhou and Elledge, 2000;
Nyberg et al., 2002). In response to DNA double strand breaks
(DSBs), mammalian checkpoints launch a cascade of phos-
phorylation events initiated by the ataxia-telangiectasia mutated
(ATM) protein kinase (Shiloh, 2003). Given its central role in
the DSB response, inactivating mutations of 

 

ATM

 

 and/or the
genes involved in regulation of ATM activity cause severe ge-
netic disorders manifested by chromosomal instability, radiation
sensitivity, and cancer predisposition (Kastan and Bartek, 2004).

A group of proteins named “checkpoint mediators” play a
key role in supporting the timely and effective ATM signaling
(Lukas et al., 2004b). Among the checkpoint mediators, 53BP1
has recently attracted particular attention (Mochan et al., 2004).
Identified originally as a p53-binding protein (Iwabuchi et al.,
1994), 53BP1 was later shown to localize to the DSB sites in

cells exposed to ionizing radiation (IR) or radiomimetic drugs
(Schultz et al., 2000; Anderson et al., 2001). Indeed, several
ensuing observations strongly supported a close functional link
between 53BP1 and the ATM-regulated events. First, 53BP1
itself becomes phosphorylated by ATM in a DNA damage–
dependent manner, suggesting that 53BP1 participates in
propagating the ATM signaling to its downstream effectors
(Anderson et al., 2001; Ward et al., 2003b). Second, phos-
phorylation of some ATM targets in 53BP1-deficient mice and
human cells is impaired (DiTullio et al., 2002; Wang et al., 2002;
Ward et al., 2003a). Third, it has been suggested that 53BP1
may regulate ATM activity by itself (Mochan et al., 2003).
Together with the fact that 53BP1 knockout mice suffer from
similar (although generally milder) defects as the ATM-deficient
mice (Morales et al., 2003; Ward et al., 2003b), the aforemen-
tioned findings illustrate that 53BP1 plays an important role in
regulating the effectiveness of the ATM-controlled events.

Interestingly, the interaction of 53BP1 with DSBs pro-
ceeds in a complex, bimodal fashion. Thus, the assembly at the
acute DSB lesions requires direct interaction between the Tudor
domain of 53BP1 and dimethylated lysine 79 of histone H3
(H3-dmK79; Huyen et al., 2004). Because this chromatin
modification exists in undamaged cells and does not increase
in response to DNA damage, it was proposed that chromosomal
restructuring adjacent to the DSB lesions locally “unmasks” the
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methylated lysine residues, thereby allowing their recognition
by 53BP1 (Huyen et al., 2004). After establishing the primary
contact with DSBs, the retention of 53BP1 in these regions re-
quires another chromatin modification, the ATM-mediated
phosphorylation of histone H2AX on serine 139 (

 

�

 

-H2AX;
Fernandez-Capetillo et al., 2002; Celeste et al., 2003). Unlike
H3-dmK79, 

 

�

 

-H2AX is low in undamaged nuclei and becomes
rapidly induced by DSB-generating insults in chromatin areas
flanking each DSB (Rogakou et al., 1999).

These findings raise important conceptual questions:
What is the functional interplay between the H3-dmK79–medi-
ated assembly and 

 

�

 

-H2AX–dependent retention of 53BP1 at
the DSB sites? Are these two phases of DSB–53BP1 interaction
temporally separated and differently regulated? If so, what is the
nature of the molecular switch between them? Furthermore,
although H2AX phosphorylation occurs rapidly after DNA
damage, how does it becomes relevant for 53BP1 interaction
with the DSB regions only later during the DSB response?

To understand the mechanisms (and indeed the purpose)
of 53BP1 redistribution after DNA damage, it is important to re-
alize that mammalian cells possess several checkpoint mediators
and that all these proteins avidly accumulate in the so-called IR-
induced foci. On the one hand, this raises several additional spa-
tiotemporal “problems” such as: How do all these large proteins
organize themselves in relatively small areas containing DSBs
and limited regions of modified chromatin? Is there a strict
“timetable” for an orderly assembly and disassembly of individ-
ual checkpoint mediators or do they interact with the DSB mi-
crocompartments in a more dynamic and competitive fashion?
On the other hand, it is possible that at least some checkpoint
mediators may influence each other in terms of their interaction
with DSBs and the surrounding chromatin, a notion that might
be instrumental to understanding the mechanisms behind early
assembly versus late retention of these proteins at the sites of
DNA damage. Translated to 53BP1, several papers studied the
dependency of 53BP1 accumulation in IR-induced foci as a
function of Mdc1/NFBD1 (henceforth Mdc1), another recently
characterized checkpoint mediator (Stucki and Jackson, 2004).
Although intriguing, these studies reached conflicting results
and left a considerable confusion regarding the requirement of
Mdc1 for 53BP1 interaction with the DSB sites (Mochan et al.,
2004). Thus, whereas two studies reported productive formation
of 53BP1-decorated foci (Goldberg et al., 2003; Mochan et al.,
2003), another study failed to detect any focal accumulation of
53BP1 in Mdc1-deficient cells after IR (Stewart et al., 2003).

Resolving these issues appears important for several rea-
sons. Most notably, 53BP1 appears to be the closest structural
and functional homologue of the “ancestral” checkpoint media-
tor in unicellular organisms (Rad9 in 

 

Saccharomyces cerevisiae

 

and Crb2 in 

 

Schizosaccharomyces pombe

 

, respectively; Mochan
et al., 2004). In this sense, deeper insight into its nuclear dy-
namics may not only clarify the lingering discrepancies about
53BP1 itself but it can also elucidate some of the outlined con-
ceptual questions of how checkpoint mediators interact with
DSBs. In the present study, we performed a detailed spatiotem-
poral analysis of intranuclear redistribution of 53BP1 in its
physiological environment: the nucleus of a living mammalian

cell. Our results provide new insights into cooperation between
Mdc1 and 53BP1 checkpoint mediators in organizing the chro-
matin microenvironment around the DSBs, help explain the
hitherto elusive molecular switch between the assembly and re-
tention of 53BP1 at the DSB sites, and provide evidence for a
key role of Mdc1 in mediating sustained interaction of DSB
regulators with the DNA damage–modified chromatin.

 

Results

 

A cellular system to study DSB-induced 
redistribution of 53BP1 in vivo

 

To investigate spatiotemporal behavior of 53BP1 in live cells,
we have generated U-2-OS cell lines stably expressing near-
physiological levels of 53BP1 tagged on its NH

 

2

 

 terminus with
the GFP. We have previously shown that U-2-OS cells are pro-
ficient in the DSB-induced cell cycle checkpoints and amena-
ble to real-time imaging of DSB-induced protein redistribution
(Lukas et al., 2004a). For most experiments in this study, we
used the cell line U-2-OS/GFP-53BP1-M1 (henceforth M1) ex-
pressing full-length murine 53BP1 (Jullien et al., 2002) tagged
with GFP at its NH

 

2

 

 terminus. This cell line was chosen be-
cause the level of GFP-53BP1 matched that of the endogenous
protein (Fig. 1 A) and showed little variation in abundance
among individual cell nuclei (Fig. 1 B), and the ectopic protein

Figure 1. Characterization of the cellular model to study 53BP1 dynamics
in vivo. (A) Lysates from naive U-2-OS cells and M1 cell line stably express-
ing murine GFP-53BP1 (25 �g of total protein per lane) were analyzed by
immunoblotting with antibodies to GFP (left) and 53BP1 (right). (B) A snap-
shot of a live, exponentially growing M1 cell line showing nuclear localiza-
tion of GFP-53BP1 and its accumulation in distinct nuclear speckles in a
subset of cells. (C) Naive, asynchronously growing U-2-OS cells were fixed
and immunostained with an antibody to endogenous (endo) 53BP1. (D) Ex-
ponentially growing M1 cells were immunostained as in C. Note that the
accumulation of the endogenous 53BP1 in the nuclear speckles tightly cor-
relates with decoration of these subnuclear compartments with the GFP-
tagged protein (in several hundred M1 cells examined by this approach,
we never detected a nuclear speckle with endogenous 53BP1 that would
not contain also the increased GFP signal). Bars, 10 �m.  on June 22, 2006 
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recapitulated hallmarks of the physiological functions of
53BP1. Thus, the GFP-53BP1 protein migrated with a pre-
dicted size on the SDS gels (Fig. 1 A) and showed largely ho-
mogeneous, pan-nuclear distribution except for the nucleoli
that were void of the protein (Fig. 1 B). In a subset of cells,
both GFP-53BP1 in the M1 cell line (Fig. 1 B) and the endoge-
nous 53BP1 in naive U-2-OS (Fig. 1 C) concentrated in one or
several bright speckles that likely represent regions with spon-
taneous DNA damage and/or rearrangements and that were
previously described in various human cell types (Mochan et
al., 2004). Importantly, the GFP-decorated nuclear speckles al-
ways colocalized with those containing the endogenous 53BP1,
excluding nonspecific aggregation of the GFP-53BP1 in the
M1 cell line (Fig. 1 D). Finally, GFP-53BP1 rapidly relocated
to DSBs (generated both by the microlaser and by IR) with
very similar kinetics to the endogenous protein (Figs. 2 and 3
and Fig. S1 A, available at http://www.jcb.org/cgi/content/full/
jcb.200503043/DC1). The key findings were reproduced in un-
cloned U-2-OS-GFP-53BP1 cells, and the nuclear mobility of
the murine 53BP1 was indistinguishable from its GFP-tagged
human counterpart (unpublished data).

 

Real-time assembly and dynamic 
exchange of 53BP1 at the DSB sites

 

Next, we used a real-time assay for monitoring protein assem-
bly at the laser-generated DSB sites, an approach that has pro-
vided invaluable insights into protein redistribution and/or
modification in response to DSBs (Rogakou et al., 1999; Ta-
shiro et al., 2000; Celeste et al., 2003; Lukas et al., 2003) and
that we recently optimized to study these phenomena directly
in living mammalian cells (Lukas et al., 2004a). In brief, expo-
nentially growing M1 cells were first presensitized with halo-
genated thymidine analogues and subsequently microirradiated
by a focused UV-A laser beam to generate narrow DSB-con-
taining tracks spanning the entire diameter of cell nuclei. Imme-
diately thereafter, the microirradiated fields were subjected to a
time-lapse recording of the GFP-53BP1 protein redistribution
(see Materials and methods). Fig. 2 A shows that the assembly
of GFP-53BP1 in the DSB-containing nuclear tracks became
cytologically discernible after 2 min and reached a steady-state
equilibrium between 14–18 min after microirradiation. A very
similar kinetic profile was obtained by an immunofluorescence
analysis of the endogenous 53BP1 both after laser microirradia-
tion (Fig. 3 C, bottom) and after exposure of a low dose (2 Gy)
of IR (Fig. S1 A). These data further support the notion that
GFP-53BP1 is biologically active and that the type and extent
of the chromosomal lesions generated by the laser are similar to
those produced by IR. The detailed mathematical analysis of the
GFP-53BP1–associated fluorescence revealed that the assembly
of 53BP1 at the DSB sites followed a second order response to a
step change, step being defined here as the DSB generation
(Fig. 2 B and Table I). The kinetic values (

 

�

 

) derived from this
modelling proved instrumental to directly compare the assem-
bly dynamics between 53BP1 and the related checkpoint medi-
ator Mdc1 (Fig. S2 A, available at http://www.jcb.org/cgi/
content/full/jcb.200503043/DC1; and see section The assembly
of 53BP1 at the DSB sites lags behind that of Mdc).

To gain deeper insight into the 53BP1 interaction with
DSBs, we applied FRAP to measure the rate of GFP-53BP1
exchange between the microirradiated nuclear regions and the
neighboring nucleoplasm (see Materials and methods). These
FRAP measurements revealed that after a single bleach pulse,
the GFP-53BP1–associated fluorescence within the DSB
tracks recovered with a markedly slower kinetics compared
with that in the undamaged nuclei, indicating that a fraction of
GFP-53BP1 became transiently immobilized at the DSB sites
(Fig. 2 C). Indeed, the mathematical modelling of these FRAP
curves supported and further corroborated this conclusion.
Thus, the calculated kinetic values (Table I) show that the mo-
bility of GFP-53BP1 could be dissociated into distinct popula-
tions with fast- and slow-binding kinetics. Because this pattern

Figure 2. Dynamic assembly of 53BP1 at the DSB sites. (A) M1 cells
were subjected to laser microirradiation followed by the real-time record-
ing of the GFP-53BP1 assembly kinetics. Dotted arrow in the first image
frame indicates the laser paths across the cell nuclei. (B) The M1 cells
were assayed as in A, and the fluorescence intensity values reflecting the
progressive accumulation of GFP-53BP1 at the DSB sites were recorded,
pooled from 10 independent experiments, and fitted to the solutions of
linear differential equations of increasing order. NFU, normalized fluores-
cence units. (C) A summary of the FRAP analysis integrated from 10 inde-
pendent measurements at the DSB tracks and in undamaged nuclei. Error
bars represent twice the SD. (D) Cell lines expressing wild-type (M1) and
the Tudor-deficient (Y1487L) forms of GFP-53BP1 were subjected to laser
microirradiation as in A. The fold increase in GFP-associated fluorescence
along the DSB tracks was calculated and plotted as a function of time. The
displayed assembly curves were generated after integrating data from 10
independent experiments for each 53BP1 variant. (E) Undamaged nuclei
of M1 and Y1487L cell lines were subjected to FRAP analysis as in C.
Note that the recovery profiles are significantly different (compare also the
� values in Table I). Bar, 10 �m.
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(including the residence time values for both populations) is
reminiscent of several chromatin-associated proteins analyzed
by analogous approaches (Phair et al., 2004), these data pro-
vide in vivo evidence that even in intact nuclei, 53BP1 dynam-
ically interacts with chromatin. In the microirradiated tracks,
this distribution was shifted toward the slower population
(39% in undamaged nuclei vs. 58% at the DSB sites; Table I)
and the average residence time of this “slow” 53BP1 (the form
that presumably binds chromatin with a higher specific affin-
ity) was at least 2.5 times longer at the DSB sites compared
with the dispersed protein in the nucleoplasm (Table I). Col-
lectively, these mobility parameters indicate that 53BP1 un-
dergoes a dynamic interaction with chromatin in undamaged
cells and that this can be flexibly converted to an increased
(yet still transient) immobilization at the DSB sites including
the surrounding chromosomal regions.

 

The Tudor domain determines 
intranuclear mobility of 53BP1 both 
before and after DNA damage

 

Next, we exploited the recent discovery that the Tudor domain
of 53BP1 directly interacts with H3-dmK79 (Huyen et al., 2004),
thereby determining the productive accumulation of 53BP1 in
the IR-induced foci. We have generated another U-2-OS–derived
cell line stably expressing GFP-tagged murine 53BP1 with an
inactivating mutation (Y1487L) in the core part of the Tudor
domain. As predicted, this Tudor-deficient 53BP1 completely
failed to assemble along the laser-generated DSB tracks (Fig.
2 D). Surprisingly, FRAP measurements revealed that the Tudor
domain disruption accelerated the 53BP1’s mobility also in un-
damaged nuclei manifested by a faster recovery of the GFP-
53BP1-Y1487L and a significant decrease of its intranuclear
residence time (Fig. 2 E and Table I). Thus, the integrity of the
Tudor domain appears to have an impact not only on the ability
of 53BP1 to assemble around the DSB lesions but also on its
physiological rate of binding to chromatin during unperturbed
cell cycle progression (see Discussion).

 

The assembly of 53BP1 at the DSB 
sites lags behind that of Mdc1

 

To gain deeper insight into the dynamics of 53BP1 interaction
with DSB-surrounding chromatin, we cross-examined redistri-
bution of 53BP1 and Mdc1 in living cells exposed to the laser-
generated DSB tracks. This strategy was inspired by our findings
that the assembly of Mdc1 at the DSB sites is required to tran-
siently immobilize the Mre11–Rad50–Nbs1 (MRN) complex
(DSB sensor and a key component of early ATM-controlled
signaling) in these regions (Lukas et al., 2004a). Given this ca-
pacity of Mdc1 to “organize” other proteins within the DSB-
flanking chromatin, we tested whether it also contributes to
53BP1 assembly at the DSB sites on a complete checkpoint
time scale.

First, we compared the kinetics of 53BP1 and Mdc1 as-
sembly at the freshly generated DSBs. To ensure identical
experimental conditions, we cocultivated the GFP-53BP1–
expressing M1 cells with U-2-OS cells stably expressing
GFP-Mdc1 (Lukas et al., 2004a). To discriminate these two
cell lines during imaging (both contain GFP-tagged proteins),
we labeled the GFP-Mdc1–expressing cells with a cytosolic
cell tracker detectable within the red (

 

� � 

 

600 nm) emission
spectrum (Fig. 3 A; and see Materials and methods). Real-
time imaging of these mixed cultures exposed to laser micro-
irradiation revealed that the assembly of GFP-53BP1 in the
DSB areas was delayed and proceeded with a significantly
slower kinetics compared with that of GFP-Mdc1 (Fig. 3, A
and B; and compare

 

 �

 

 values in Table I). This temporal dif-
ference in Mdc1 and 53BP1 accumulation at the DSB sites
was confirmed also for the endogenous proteins analyzed by
immunofluorescence in the same cells fixed in short intervals
after laser microirradiation (Fig. 3 C). Together, these data
suggest that the DSB-associated local chromatin modifica-
tions that direct the respective checkpoint mediators to the
sites of DNA damage are generated (or become accessible)
with different kinetics.

Figure 3. 53BP1 assembly at the DSB sites is delayed compared with that
of Mdc1. (A) U-2-OS cells stably expressing GFP-Mdc1 were labeled with
a cytosolic cell tracker (see the extranuclear red fluorescence) and mixed
with the GFP-53BP1–expressing cell line. After 24 h, these mixed cell cul-
tures were subjected to laser microirradiation followed by the real-time
recording of the GFP-53BP1 and/or GFP-Mdc1 assembly kinetics (dotted
arrow indicates the laser paths across the cell nuclei). (B) The kinetic assem-
bly profiles of GFP-Mdc1 and GFP-53BP1 derived from 10 independent ex-
periments (compare also the � values in Table I). (C) Naive, asynchro-
nously growing U-2-OS cells were plated on grid glass coverslips and
microirradiated along a narrow linear region. The exact time of micro-
irradiation was recorded for each individual cell. Immediately after the
microirradiation of the last cell, the entire cell population was fixed and
coimmunostained with antibodies to Mdc1 (top) and 53BP1 (bottom). The
microirradiated regions were retrieved via the coverslip grid and ana-
lyzed for the cytologically discernible accumulation of the endogenous
proteins in the DSB-containing nuclear tracks. The arrowheads in A and C
indicate the time points of the first cytologically detectable accumulation of
each protein. Error bars equal twice the SD of the normalized data at the
respective time points. Bars, 10 �m.
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Mdc1 is required for a productive 
assembly of 53BP1 at the DSB sites

 

The aforementioned observation prompted us to investigate
whether Mdc1 (the faster DSB interactor) influences the kinet-
ics and/or the magnitude of 53BP1 assembly at the DSB sites.
To this end, we quantitatively depleted endogenous Mdc1 in
M1 cells by short interfering RNA (siRNA; Fig. 4 A, left) and
measured the increase of the GFP-53BP1–associated fluores-
cence after laser microirradiation. Strikingly, these analyses
showed that the saturation amounts of GFP-53BP1 in the micro-
irradiated regions were drastically reduced compared with the
Mdc1-proficient cells (Fig. 4 A, right; Fig. 4 B; and Fig. S3,
available at http://www.jcb.org/cgi/content/full/jcb.200503043/
DC1). Similar impairment in 53BP1 assembly at the DSB sites
was observed also in Mdc1-deficient cells exposed to IR (Fig.
S1 B). In a reciprocal experiment, an equally quantitative,
siRNA-mediated depletion of 53BP1 from the GFP-Mdc1 cells
(Fig. 4 C, left) had no significant effect on the kinetics of GFP-
Mdc1 assembly around the laser-generated DSBs (Fig. 4 C,
right). Together with the aforementioned temporal distinctions
between the Mdc1 and 53BP1 assembly kinetics (Fig. 3), and
additional FRAP measurements revealing that the Mdc1 deple-
tion reduced the size of the slow binding fraction of GFP-
53BP1 in the microirradiated areas (Fig. S2 B), these data sug-
gest that the lack of Mdc1 causes severe limitations for 53BP1
to interact with the DSB sites, including the earliest stages of
the DSB response.

To further substantiate this conclusion, we took advan-
tage of our previous results showing that the sustained en-
gagement of Mdc1 with the DSB-flanking chromatin requires

 

�

 

-H2AX (Lukas et al., 2004a). The clear prediction from these
data is that the interference with ATM, the principle DSB-
induced kinase involved in H2AX phosphorylation, should not
only impair Mdc1 accumulation at the DSB sites but also atten-
uate the assembly of 53BP1 in these regions. To test this pre-
diction in an isogenic system used for all other kinetic mea-
surements in this study, we knocked down endogenous ATM in
the M1 cell line by siRNA (Fig. 5, left). Indeed, ablation of
ATM attenuated the assembly of GFP-53BP1 in the laser-
generated DSB tracks and the extent of this inhibition was very
similar to that achieved by a short pretreatment of cells with
caffeine, a drug that under the conditions used (10 mM) inhib-
its ATM and its close homologue ATR (Fig. 5, right). The fact
that the impairment of 53BP1 assembly under these conditions

was less dramatic than that obtained by a quantitative Mdc1 ab-
lation is expected given the ability of DNA-PK (another mem-
ber of the ATM-related kinases) to partially compensate for the
lack of ATM in supporting H2AX phosphorylation (Falck et

 

Table I. 

 

Kinetic parameters of 53BP1 and Mdc1

Real-time assembly (DSBs) Intranuclear residence time

 

�

 

 (min

 

�

 

1

 

)

 

�

 

 (s)

 

GFP-Mdc1 0.79 

 

�

 

 0.02 GFP-53BP1 Fast population Slow population
wild type 60% 

 

� 

 

1.0 39% 

 

� 

 

1.0
(undamaged) 1.6 s 

 

�

 

 0.1 16.0 s 

 

�

 

 0.5
wild type 40% 

 

�

 

 0.9 58% 

 

�

 

 0.6
(DSBs) 2.2 s 

 

�

 

 0.1 42.0 s 

 

�

 

 1.7
GFP-53BP1 0.35 

 

�

 

 0.01 Y1487L 66% 

 

�

 

 0.8 34% 

 

�

 

 0.8
(undamaged) 1.1 s 

 

�

 

 0.0 11.5 s 

 

�

 

 0.3

 

See Materials and methods for mathematical modeling.

Figure 4. Impaired assembly of 53BP1 at the DSB sites in the absence of
Mdc1. (A) Lysates from M1 cells transfected with control- or Mdc1-directed
siRNA duplexes for 72 h were analyzed by immunoblotting with the indi-
cated antibodies (left). In parallel, the siRNA-treated cells were microirradi-
ated and subject to the real-time assembly measurement of GFP-53BP1 as in
Fig. 2 A (right). The fold increase in GFP-associated fluorescence along the
DSB tracks was calculated and displayed as in Fig. 3 B. (B) A snapshot of live
M1 cells treated with the indicated siRNA duplexes as in A and recorded 15
min after laser microirradiation. Note the reduced intensity of the GFP-
53BP1–associated fluorescence at the DSB areas in Mdc1-depleted cells. (C)
Lysates from a GFP-Mdc1–expressing cell line transfected with control- or
53BP1-directed siRNA duplexes were analyzed by immunoblotting with the
indicated antibodies (left). 72 h after siRNA transfections, the cells were mi-
croirradiated and subjected to the real-time assembly measurement of GFP-
Mdc1 (right). Smc1 immunoblots in A and C serve as loading controls. All
kinetic experiments in this figure were derived from three independent exper-
iments with 10 cells evaluated for each condition. Error bars equal twice the
SD of the normalized data at the respective time points. Bars, 10 �m.
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al., 2005). Thus, these data strengthen the notion that the effi-
cient 53BP1 assembly requires the preceding formation of the

 

�

 

-H2AX–Mdc1 complex at the DSB sites and indicate that one
of the important functions of ATM is to stabilize otherwise
transient (or inefficient) protein interactions with the sites of
DNA damage.

 

Mdc1 is required for a sustained 
retention of 53BP1 at the DSB sites

 

Next, we investigated the dynamics of 53BP1 interaction with
DSBs (and the role of Mdc1 in this process) during the ad-
vanced stages of the DSB response, spanning the checkpoint
maintenance and recovery. We extended the real-time record-
ing of microirradiated M1 cells for several hours and con-
firmed that under our experimental conditions, the extent of
DNA damage did not exhaust the cellular capacity to repair the
DSB lesions. Indeed, we could generate conditions compatible
with uninterrupted, single cell–based imaging of a complete
disassembly of GFP-53BP1 from the microirradiated tracks
followed by apparently normal mitosis (Fig. 6 A). The division
of the microirradiated cells was delayed compared with other-
wise unstressed cells assayed under the same conditions, but
the majority of the laser-treated cells remained viable, consis-
tent with inducing a bona-fide cell cycle checkpoint by the local
DSB tracks (Table II). We then used this approach to measure
dissociation of GFP-53BP1 from the DSB regions by determin-
ing the time when the GFP-53BP1–specific fluorescence in the
microirradiated tracks reequilibrated with that in the undamaged
parts of the same nucleus. These time-lapse analyses revealed
that Mdc1 was critically required for a sustained interaction of
53BP1 with these regions (Fig. 6 B). Thus, the bulk of the
Mdc1-proficient cells lost GFP-53BP1 from the DSB tracks
between 7 and 12 h after microirradiation. In contrast, deple-
tion of the endogenous Mdc1 not only impaired the magnitude
of GFP-53BP1 assembly at the DSB sites (Fig. 4, A and B; and
Figs. S1 B and S3) but also reduced the overall period of the
cytologically discernible GFP-53BP1 accumulation in these re-
gions to 

 

	

 

6 h. In fact, the majority of these Mdc1-deprived cells
completely lost GFP-53BP1 from the DSB sites already 2 h

after microirradiation (Fig. 6 B). This unscheduled dissociation
of 53BP1 in microirradiated Mdc1-deprived cells was accom-
panied by a complete lack of normal cell division and by mark-
edly decreased cell viability (Table II). Also in this case, we
validated the data obtained by laser microirradiation with an in-
dependent source of DSB. Indeed, very similar results (marked
impairment of GFP-53BP1 interaction with DSBs in later
stages of the checkpoint response) were obtained in cells ex-
posed to low doses (2 Gy) of IR (Fig. S1 B). Importantly, the
premature dissociation of 53BP1 in Mdc1-deficient cells was
not a simple consequence of its inefficient assembly. When we
increased the laser output to generate more DSBs and thereby

Figure 5. Inhibition of the ATM kinase recapitulates the impact of Mdc1
down-regulation on the 53BP1 assembly at the DSB sites. M1 cells were
treated with control or ATM-targeting siRNA duplexes for 72 h and ana-
lyzed by immunoblotting for the efficiency of ATM down-regulation (left;
Smc1 immunoblot serves as a loading control). In parallel, the siRNA-
treated cells were subject to local laser microirradiation followed by the
real-time recording of the GFP-53BP1 assembly kinetics (right). Where in-
dicated, caffeine (10 mM) was added to the culture media immediately
before microirradiation.

Figure 6. 53BP1 undergoes premature dissociation from the DSB sites in
the absence of MDC1. (A) M1 cells were microirradiated as described in
Fig. 2 A and subject to an extended time-lapse recording. Red arrows
trace a cell where GFP-53BP1 progressively dissociated from the DSB
tracks and which then underwent a complete mitosis. (B) M1 cells were
treated with control- and Mdc1-directed siRNA for 72 h, microirradiated,
and subject to the extended time-lapse analyses as in A. The disassembly
rate of GFP-53BP1 from the DSB tracks was assessed by recording the
time when the GFP-associated fluorescence in the DSB areas equilibrated
with that in the undamaged parts of the same nucleus. (C) M1cells were
treated with the indicated siRNAs and microirradiated with the low and
high laser energy output to generate an increasing amount of DNA dam-
age (see Materials and methods). 4 h after microirradiation, the cells were
fixed and immunostained with an antibody to �-H2AX. Note that the
Mdc1 depletion drastically impaired GFP-53BP1 interaction with the DSB
sites at the time when focal accumulation of �-H2AX remained clearly
discernible in these regions. Bars, 10 �m.
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elevate the relative abundance of GFP-53BP1 in the microirra-
diated tracks to the level achieved by a lower laser dose in con-
trol cells, GFP-53BP1 was still lost several hours earlier in
cells without Mdc1 (Fig. S4, available at http://www.jcb.org/
cgi/content/full/jcb.200503043/DC1).

It has been reported by others in IR-treated cells (Stewart
et al., 2003) and noticed by ourselves after laser microirradia-
tion (this study) that the abundance of 

 

�

 

-H2AX at the DSB
sites was somewhat reduced in the Mdc1-depleted cells (this
phenomenon was more pronounced after low irradiation doses
and at later time points; Fig. 6 C). In addition, H2AX is re-
quired for the sustained interaction of 53BP1 at DSBs (Celeste
et al., 2003). This raises the important conceptual question of
whether Mdc1 regulates the assembly of 53BP1 directly (for
instance by actively promoting chromatin rearrangements; see
Discussion) or indirectly through its impact on the extent of
H2AX phosphorylation. To discriminate between these possi-
bilities, we analyzed 

 

�

 

-H2AX and GFP-53BP1 colocalization
at multiple time points after Mdc1 depletion and local microir-
radiation of M1 cells with the increasing laser energy output (to
generate moderate and high DNA damage within the laser-
exposed nuclear regions). Importantly, these immunofluores-
cence analyses identified a clear time window (between 3 and
4 h after microirradiation) when 

 

�

 

-H2AX was still clearly
present in the DSB tracks (especially apparent after high irradi-
ation dose), whereas GFP-53BP1 became completely dispersed
throughout the nucleoplasm (Fig. 6 C). Together, these data
strongly suggest that the productive assembly and/or mainte-
nance of 53BP1 in the DSB-flanking chromatin cannot be
achieved by 

 

�

 

-H2AX alone and support the central role of
Mdc1 in bridging the 

 

�

 

-H2AX–marked chromatin with the sus-
tained engagement of 53BP1.

 

Discussion

 

Our data provide in vivo evidence that without Mdc1 the inter-
action of 53BP1 with the DSB-surrounding chromatin is rather
inefficient and that the time period during which 53BP1 gains
access to the DSB sites is substantially shortened. Specifically,
Mdc1-deficient cells never accumulate 53BP1 in the DSB areas

to physiological levels and they tend to lose 53BP1 from these
regions several hours before restoration of the DNA and/or
chromatin integrity. Together with our previous kinetic mea-
surements of Mdc1 (Lukas et al., 2004a), these results help
reconcile the current discrepancies in terms of Mdc1-53BP1
interplay in DSB interaction (Introduction) and begin to shed
light on the quantitative and temporal aspects of the DSB-sur-
rounding chromatin organization in living mammalian cells.
The salient points of the current model (Fig. 7) are as follows.

In the context of intact nucleosomes, the H3-dmK79 resi-
dues are poorly accessible and support only very transient inter-
action of 53BP1 with chromatin. After generation of DSBs and
their recognition by the MRN complex, recruitment of active
ATM generates areas of 

 

�

 

-H2AX in the vicinity of the DNA le-
sions. This provides a high-affinity template for a rapid and
quantitative assembly of Mdc1 in the DSB-flanking chromatin.
Interruption of DNA integrity is likely accompanied also by lo-
cal physical alterations of the surrounding chromatin (such as
changes in tension within a given chromosomal domain) that
may increase exposure of a limited amount H3-dmK79 residues
and thereby promote immobilization of a small amount of

 

Table II. 

 

Cellular responses to the indicated siRNAs and/or laser 
microirradiation

Normal mitosis No cell division
viable cells

Cell death

 

No microirradiation;
No siRNA
(

 

n

 

 

 

�

 

 129)

90% 4% 6%

Microirradiated;
No siRNA
(

 

n

 

 

 

�

 

 202)

21% 62% 17%

Microirradiated;
Control siRNA
(

 

n

 

 

 

�

 

 140)

10% 67% 23%

Microirradiated;
Mdc1 siRNA
(

 

n

 

 

 

�

 

 167)

0% 40% 60%

 

Assayed during 40 h of continuous time-lapse imaging.

Figure 7. Model of the spatiotemporal organization of the chromosomal
microcompartments surrounding the DSB sites. DSB detection by the MRN
complex is followed by the recruitment of active ATM and phosphorylation
of H2AX in the DSB-flanking chromatin. At this stage, H3-dmK79 remains
poorly accessible and allows only a very transient 53BP1–chromatin inter-
action (top). Generation of �-H2AX triggers assembly of Mdc1. The physi-
cal changes in the DSB-surrounding chromatin also initiate accumulation
of 53BP1 by an increased exposure of a limited number of H3-dmK79 res-
idues. However, this interaction is relatively inefficient and manifests by a
temporal delay of 53BP1 assembly compared with that of Mdc1 (middle).
Continuing accumulation of �-H2AX–Mdc1 complexes in the DSB regions
followed by ATM-dependent phosphorylation of Mdc1 triggers the full-scale
assembly of 53BP1. This may be achieved either by promoting further struc-
tural rearrangements of the DSB-surrounding chromatin compatible with an
increased exposure of interaction-competent H3-dmK79 residues (bottom,
left) or by stabilization of the 53BP1-H3-dmK79 binding. In parallel, accu-
mulation of ATM-phosphorylated Mdc1 in the vicinity of the DNA lesions
stabilizes the interaction of the MRN complex with these regions via direct
protein–protein interaction (bottom, right; see Discussion).
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53BP1. This explains why several previous studies concluded
that 53BP1 could be seen in IR-induced foci in the absence of
Mdc1 (Goldberg et al., 2003; Mochan et al., 2003). However,
we would like to emphasize that this degree of 53BP1 accumu-
lation at DSBs is grossly subphysiological and transient; the lat-
ter finding providing a likely explanation for why another study
failed to detect focal accumulation of 53BP1 several hours after
DNA damage in Mdc1-depleted cells (Stewart et al., 2003). Our
quantitative real-time measurements strongly suggest that only
after assembly of a threshold amount of Mdc1 around the DSB
sites, and presumably also by its phosphorylation by ATM (see
the following paragraphs and Fig. 7), the DSB-surrounding
chromatin undergoes large-scale structural changes necessary
and sufficient for the unrestrained accessibility of H3-dmK79
followed by a full-scale assembly of 53BP1 (Fig. 7). Whether
the increased exposure of H3-dmK79 reflects a local chromatin
relaxation (thereby “unmasking” the otherwise hidden parts of
the nucleosomes) or a higher degree of chromatin compaction
as recently proposed (Fernandez-Capetillo et al., 2004; the latter
may concentrate the otherwise “scattered” H3-dmK79 residues
to the vicinity of the primary DSB lesions) remains to be eluci-
dated. In either case, the key addition of the present study to this
model is the evidence that accumulation of a critical amount of
Mdc1 at the DSB sites appears to serve as a molecular switch
converting the inefficient assembly of 53BP1 at the DSB sites to
its robust and sustained engagement with the DSB-surrounding
chromosomal regions.

In addition to integrating 53BP1 to the spatiotemporal
“map” of the DSB response, interesting conclusions could be
derived from the analysis of its mobility in undamaged nuclei.
The distribution of the nuclear pool of 53BP1 into fast and
slow moving fractions (Table I) indicate that even in the ab-
sence of DNA damage 53BP1 associates with chromatin (Phair
et al., 2004). This basal 53BP1–chromatin interaction is tran-
sient (thereby allowing relatively rapid movement and avail-
ability of a sizable pool of 53BP1 throughout the nucleus), it is
partly dependent on the integrity of the methyl-binding Tudor
domain (suggesting that H3-dmK79 could be transiently ex-
posed during unperturbed cell cycle, likely as a result of the dy-
namic conformational changes of nucleosomes; Li et al., 2005),
and could be instantly converted to a more sustained immobili-
zation of 53BP1 at the acutely emerging sites of DNA breaks.
Such protein redistribution after DNA damage is not unprece-
dented. Rapid movement of repair factors and their transient
immobilization after stochastic collisions with DNA lesions
was originally described for proteins involved in the nucleotide
excision repair (Houtsmuller et al., 1999) and later confirmed
as a prevailing way of protein communication with other types
of DNA lesions including DSBs (Essers et al., 2002; Lukas et
al., 2003, 2004a).

How does Mdc1 influence 53BP1 redistribution? One pa-
rameter that can explain the gain of Mdc1’s ability to organize
53BP1 and other proteins specifically in the context of DNA
damage is its own, ATM-mediated phosphorylation (Stucki
and Jackson, 2004). This idea was originally inspired by our
finding that the switch between transient interaction and sus-
tained accumulation of MRN at the DSB sites requires both

Mdc1 and the intact FHA domain of Nbs1 (Lukas et al.,
2004a). As the FHA domains bind DNA damage-induced
phosphothreonines (Durocher et al., 2000), it is likely that both
physical presence and phosphorylation of Mdc1 determine the
increased immobilization of Nbs1 in the DSB regions (Fig. 7).
Although the 53BP1 contains a tandem BRCT domain, which
is an equally avid phosphothreonine interactor (Manke et al.,
2003; Yu et al., 2003), its accumulation at the DSB sites seems
to differ from the Mdc1-Nbs1 interplay, because deletion and/
or mutation of the BRCT domains neither changed the assem-
bly nor modified the residence time of 53BP1 at the DSB sites
(unpublished data). Instead, we propose that after its assembly
around DSBs and phosphorylation by ATM, Mdc1 gains the
ability to facilitate the recruitment of chromatin-remodelling
enzymes (Fig. 7), such as those that had been reported to inter-
act with phosphorylated histone H2A in yeast (Downs et al.,
2004; Morrison et al., 2004; van Attikum et al., 2004). The en-
suing nucleosomal rearrangements may then promote and/or
stabilize exposure of H3-dmK79. An alternative (but not mutu-
ally exclusive) scenario is that the presence of phosphorylated
Mdc1 at the DSB-flanking chromatin directly stabilizes bind-
ing between 53BP1 and interaction-competent H3-dmK79 resi-
dues. Thus, together with the recent biochemical evidence for
its ability to integrate multiple DSB regulators at the sites of
DNA damage (Goldberg et al., 2003; Lou et al., 2003b; Peng
and Chen, 2003; Stewart et al., 2003; Xu and Stern, 2003),
Mdc1 appears to perform a key role in organizing the DSB-sur-
rounding chromosomal microenvironment, a function that may
have important biological ramifications. In particular, the in-
ability to concentrate proteins such as MRN and 53BP1 at the
DSB sites in Mdc1-deficient cells could impair timely and pro-
ductive DSB repair and thereby explain the decreased survival
of such cells reported previously in clonogenic assays (Lou et
al., 2003a; Stewart et al., 2003) and confirmed in this study by
the real-time imaging of individual cells (Table II).

Finally, the quantitative and temporal aspects of our mea-
surements, combined with a direct comparison of intranuclear
protein redistribution under identical experimental conditions,
challenge another intensively debated issue, namely the nature
of the mechanisms that sense DSB lesions and initiate the ge-
nome surveillance program. In particular, it has been proposed
that Mdc1 and 53BP1 constitute two branches of cellular
mechanism to activate ATM-dependent signaling in cells ex-
posed to DSBs (Mochan et al., 2003). However, our new data
showing that the assembly of 53BP1 at the freshly generated
DNA lesions lags behind Mdc1 and that the proficient 53BP1-
DSB assembly is indeed dependent on Mdc1 are not consistent
with 53BP1 being the prime sensor of DSBs. Moreover, our
previous results strongly suggest that Mdc1 is not involved in
the initial DSB detection either. The key arguments here are
that Mdc1 is not a constitutive structural component of the
MRN complex (the likely DSB sensor; see the following para-
graph) and that the interaction of Mdc1 with the DSB-flanking
chromatin is critically dependent on the H2AX phosphoryla-
tion (i.e., downstream of at least the first “wave” of ATM ac-
tivity; Lukas et al., 2004a). Instead, our data indicate that
both Mdc1 and 53BP1 function as genuine “mediator” and/or
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“adaptor” proteins and that their main role is to enhance and
locally concentrate the efficiency of multiple interactions be-
tween activated ATM and its substrates, thereby facilitating the
pace and velocity of the ATM-controlled signaling.

What, then, is the true DSB sensor? Kinetic measurements
in yeast (Lisby et al., 2004) and our own results in mammalian
cells (Lukas et al., 2004a) revealed that so far the only nuclear
factor whose productive interaction with DSBs does not seem to
require other proteins and/or protein modifications and whose
arrival at the freshly generated DSBs precedes that of all DSB
regulators analyzed so far is the MRN (MRX in 

 

S. cerevisiae

 

)
nuclease complex. Unlike 53BP1, the MRN complex has a dis-
tinctly dual mode of interaction with the DSB sites, including
direct and transient binding to DNA (D’Amours and Jackson,
2002) and the more sustained, chromatin-dependent accumula-
tion in the DSB-flanking chromatin (Lukas et al., 2004a). Al-
though the first mode (Mdc1 independent) is compatible with
the proposed role of MRN as a DSB sensor, the second one
(Mdc1 dependent) likely serves other purposes such as prevent-
ing dispersal of the ATM-activated MRN to the undamaged nu-
clear compartments (Lukas et al., 2004a). In contrast, the recent
biochemical analyses (Huyen et al., 2004) revealed no evidence
for the direct interaction of 53BP1 with DNA, a notion fully
consistent with our present single cell–based approach. Thus,
unlike the MRN complex (that can interact with DSBs in both
DNA-dependent and chromatin-dependent modes), the produc-
tive assembly of 53BP1 at DSBs relies on a single interaction
mode that is largely (if not exclusively) dependent on tempo-
rally preceding chromatin modifications, specifically on the for-
mation of the 

 

�

 

-H2AX–Mdc1 complex. Together, this strongly
suggests that although 53BP1 may reinforce DSB signaling, it is
not the primary DSB sensor.

 

Materials and methods

 

Plasmids

 

The expression plasmid for mouse GFP-53BP1 was a gift from Y. Adachi
(The University of Edinburgh, Edinburgh, UK; Jullien et al., 2002). A point
mutation resulting in a substitution of tyrosine 1487 of the Tudor domain
to leucine (Y1487L) was generated by PCR using the Quick Change Kit
(Stratagene).

 

Cell culture and RNA interference

 

For generation of stable cell lines, the human U-2-OS osteosarcoma cells
(American Type Culture Collection) were cotransfected with the expression
plasmids containing various forms of GFP-53BP1 and the pBabe-puro con-
taining the puromycin resistance cassette. Upon selection with 1 

 

�

 

g/ml
puromycin (Sigma-Aldrich) for 10 d, resistant clones were tested for the ex-
pression and functionality of the GFP-tagged proteins. The U-2-OS–derived
cell line stably expressing GFP-Mdc1 was described previously (Lukas et
al., 2004a). For live-cell experiments, the cells were plated on the Lab-Tek
chambered coverglass (Nunc) or on Cellocate grid coverslips (Eppendorf).
The culture medium was supplied with 10 

 

�

 

M BrdU (Sigma-Aldrich) for
24 h to sensitize the cells for DSB generation by UV-A laser (Lukas et al.,
2003, 2004a). For every live-cell manipulation and/or recording, the
cells were supplied with a phenol red-free, CO

 

2

 

-independent medium (In-
vitrogen). For distinction of GFP-53BP1– and GFP-Mdc1–expressing cells
during simultaneous imaging of mixed cell cultures, the GFP-Mdc1 cell line
was labeled with the red-emitting CMTPX Cell Tracker (Molecular Probes)
according to the manufacturer’s instructions. IR was delivered by X-ray
generator (Pantak HF160, 150kV, 15mA, dose rate 2.18 Gy/min) as de-
scribed previously (Syljuasen et al., 2004). The Mdc1-targeting siRNA du-
plexes were described previously (Lukas et al., 2004a). The 53BP1-target-
ing siRNAs were designed and used as described in DiTullio et al.

(2002). The ATM-targeting siRNA was a Smartpool (Dharmacon). Control
siRNA (5

 




 

-gggaggacaagacguucua-3

 




 

) was against HSP70B (Leung et al.,
1990), a variant of the human heat shock protein that is not expressed in
U-2-OS cells. All siRNAs were synthesized by Dharmacon research.

 

Antibodies and immunochemical techniques

 

Mouse mAbs against 53BP1 and ATM (MAT3) ware gifts from T. Hala-
zonetis (Wistar Institute, Philadelphia, PA; Schultz et al., 2000) and Y.
Shiloh (Tel Aviv University, Tel Aviv, Israel), respectively. Additional anti-
bodies used in this study included: rabbit anti-Smc1 (Abcam), rabbit anti-
GFP (Santa Cruz Biotechnology, Inc.), rabbit anti-53BP1 (Oncogene Re-
search Products), rabbit 53BP1 (Santa Cruz Biotechnology, Inc.), rabbit
and mouse anti–

 

�

 

-H2AX (Upstate Biotechnology). Rabbit antibody to
Mdc1 was provided by S. Jackson and M. Stucki (The Wellcome Trust/
Cancer Research Institute, Cambridge, UK; Goldberg et al., 2003). Highly
cross-adsorbed secondary antibodies for immunofluorescence coupled to
Alexa 488 or Alexa 568 were purchased from Molecular Probes. Condi-
tions for immunostaining, SDS-PAGE electrophoresis, and immunoblotting
were described previously (Falck et al., 2002; Lukas et al., 2003, 2004a).

 

Microscopy

 

Confocal microscopy of fixed cells was performed on LSM 510 (Carl Zeiss
MicroImaging, Inc.) mounted on a microscope (model Zeiss-Axiovert
100M; Carl Zeiss MicroImaging, Inc.), equipped with Plan-Neofluar
40

 

�

 

/1.3 oil immersion objective, and with appropriate configurations for
multiple color acquisition. For live cell confocal microscopy, a custom-
designed imaging workstation combining the LSM 510 Meta (Carl Zeiss
MicroImaging, Inc.) and the P.A.L.M. microdissector (PALM Robotics) was
used. A 40

 

�

 

/1.2 C-Apochromat water immersion objective was used
both for microirradiation and image acquisition. Generation of local DSB
regions by laser microirradiation and the FRAP assays were described
previously (Lukas et al., 2003, 2004a). Given these objective parameters
the energy output of the microdissection laser that is compatible with gen-
erating local DSB tracks ranges between 51, 55, and 59%, yielding low,
intermediate, or high concentration of local DSBs (Lukas et al., 2003). Un-
less stated otherwise, the 55% laser energy output was used. Time-lapse
experiments were performed on a widefield fluorescence microscope (Ax-
iovert 200; Carl Zeiss MicroImaging, Inc.) equipped with Plan Neofluar
25

 

�

 

/0.8 oil immersion objective, a charge-coupled device camera (Cool-
snap HQ; Roper Scientific), and Metamorph software (Universal Imaging
Corp.). A typical time-lapse acquisition protocol consisted of a 5-min inter-
val autofocus on a differential interference contrast transmission light im-
age (10-ms exposure time) followed by one snapshot of a GFP image with
an exposure time of 100 ms. All microscopes used for live cell imaging
were equipped with a 37

 

�

 

C tempered XL incubator and the culture me-
dium was overlaid with mineral oil to prevent evaporation. For quantita-
tive and comparative imaging, identical image acquisition parameters
were used. Software packages used to capture the images, analyze the
data, and generate the graphs included LSM (Carl Zeiss MicroImaging,
Inc.), Metamorph (Universal Imaging Corp.), Excel (Microsoft), and Prism 4
(Graphpad Software).

 

Real-time assembly assays

 

Operation of the combined confocal and microdissection microscope
was performed essentially as described previously (Lukas et al., 2003,
2004a), with the addition that time-lapse series for dynamic measure-
ments of DSB-induced protein redistribution were acquired as sets of 50
pictures averaged four times (acquisition time 

 

�

 

 4 s) with intervals of 15 s
between individual frames. Fluorescence redistribution data from regions
encompassing the irradiated tracks of at least 10 cells per experiment
were extracted from these time-lapses. The fluorescence values of individ-
ual frames were annotated so that I

 

t

 

 denotes the intensity of the measured
region at time point t, whereas I

 

o

 

 and I

 

 

 

denote the values measured in the
first and last frame, respectively. Additionally, three values for each mea-
sured cell were recorded: (1) background fluorescence outside the nucleus
(I

 

bg

 

), (2) basal intensity within the nucleus in the first frame (I

 

pre

 

), and (3)
the peak intensity within the DSB track in the last frame (I

 

end

 

). These data
were combined in two different ways to normalize the fluorescence output
from individual cells. In the first way, post-normalization of fluorescent
units (Post NFU) translates the data into a kinetic profile of numbers be-
tween 0 and 1. These numbers were used for mathematical modelling in
the following equation: Post NFU

 

 

 

�

 

 (I

 

t

 

 � Io)/(I∞ � Io). The second way was
fold increase normalization, which is an absolute measure for the increase
in fluorescence within the DSB-containing nuclear regions over time. In this
case, the mathematical evaluation of the data was done as follows: Fold
increase � 1 � [Post NFU � (Iend � Ipre)/(Ipre � Ibg)].
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For kinetic modelling, post value normalized data were fitted to so-
lutions of linear differential equations of increasing order. Thus, the two
following one-parameter first and second order, respectively, kinetic mod-
els for the redistribution profiles were considered:

Application of the second order model gave the best fit using the Prism 4
software. Therefore, the � parameter was used to compare the protein’s
assembly kinetics for various conditions specified in the figure legends.
The same mathematical procedure was applied to model real-time assem-
bly of Mdc1 (Fig. S2 A). In this case, both the first and second order
model fitted well the experimental data (Lukas et al., 2004a), and the sec-
ond order model was used here to directly compare the kinetic assembly
of Mdc1 with that of 53BP1 (the latter could be satisfactorily described
only by the second order model [Fig. 2 B]).

Photobleaching protocols
The nuclei of M1 cells were microirradiated, and the GFP-53BP1 protein
was allowed to reach its maximal steady-state concentration in the DSB-
containing nuclear tracks (typically 20 min after laser exposure). Subse-
quently, a narrow, 2-�m-wide rectangular region was placed over the en-
tire DSB track and/or the undamaged nucleoplasm as indicated in the fig-
ure legends. After acquisition of five prebleach images, this region was
subjected to a single bleach pulse of five iterations at a laser transmission
of 100%. Subsequently, 95 images were acquired in 1-s intervals with
0.5% laser transmission. Averaged fluorescence intensities of the whole or
parts of these regions were extracted and normalized either to the post-
bleach value (see Post NFU equation in previous section) or to the pre-
bleach value as follows: Pre NFU � (It � Io)/(Ipre � Io). In the latter case, Io
stands for the intensity in the first frame after the bleach pulse, I for the av-
erage of the five last measurements, and Ipre for the average of the five
prebleach measurements. Post-normalized fluorescence (see Post NFU
equation in previous section) values from the strip FRAP experiments were
used for kinetic modelling. Assuming two populations of binding reactions
between mobile 53BP1 and immobile chromatin, the relative abundance
(Y) of the 53BP1 populations engaging in the different binding reactions
and the time spent within the bleach region (�) of protein molecules from
each population were modeled for different proteins and conditions ac-
cording to the following equation (Schmiedeberg et al., 2004):

Online supplemental material
Fig. S1 shows that the timing of GFP-53BP1 assembly in the IR-induced
foci recapitulates that of the endogenous protein and that Mdc1 ablation
by siRNA attenuates formation of the GFP-53BP1 foci. Fig. S2 shows the
kinetic modeling of GFP-Mdc1 assembly at the microlaser-generated DSB
sites and the impaired binding of GFP-53BP1 to the DSB-flanking chroma-
tin in Mdc1-depleted cells assayed by FRAP. Fig. S3 shows the inefficient
assembly of GFP-53BP1 in a microirradiated Mdc1-deficient cell when
compared with an Mdc1-proficient cell recorded in the same microscopic
field. Fig. S4 shows that the lack of Mdc1 triggers premature dissociation
of GFP-53BP1 from the sites of extensive DNA damage generated by
high-energy laser irradiation. Online supplemental material is available at
http://www.jcb.org/cgi/content/full/jcb.200503043/DC1.
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Organization of DNA damage-induced protein accumulation by Mdc1 
Several of the initial studies on Mdc1 found this protein to be required for the accumulation of 
various factors around DSBs (Goldberg et al., 2003; Lou et al., 2003; Stewart et al., 2003). Our 
work supports and further corroborates this view by providing a detailed mechanistic explanation of 
how Mdc1 facilitates recruitment of Nbs1 and 53BP1 to the site of DNA damage. Several studies 
have found that the MRN complex fails to localize to sites of DNA damage in the absence of Mdc1 
(Goldberg et al., 2003). This has led to some confusion in the field, as this complex is generally 
regarded as a sensor of DNA damage (Petrini and Stracker, 2003). Accumulation of Mdc1 at DSBs 
requires direct binding to phosphorylated H2AX (Stucki et al., 2005), an interaction platform 
provided by active ATM. Thus, interaction of the MRN complex with DNA damage seemed to 
depend on events which require activated checkpoint kinases. With our finding that the interaction 
of MRN with DSBs occurs in a bimodal fashion, we offer a solution to this problem (Lukas et al., 
2004a): While it is true that interaction of MRN with Mdc1 is absolutely required for its binding to 
γ-H2AX modified chromatin, and thus its microscopically discernible accumulation, MRN can 
interact with DSBs in a second and less obvious way: Even in the absence of Mdc1, a small pool of 
this complex interacts directly with the DNA lesions rather than with modified chromatin. This 
accumulation of MRN at DSBs can only be observed upon depletion of one of the mediators for its 
chromatin retention (γ-H2AX or Mdc1) and extraction of the majority of unbound protein 
molecules. Importantly, the two ways that MRN interacts with sites of DNA damage are genetically 
separable, not only on the level of accessory proteins (e.g. Mdc1), but also on the level of Nbs1. A 
point mutation in the FHA domain of Nbs1 (the main module for interaction with Mdc1) 
completely abolishes the DNA damage induced chromatin retention of the protein and recapitulates 
the phenotype of Nbs1 seen after depletion of Mdc1.  
 
Despite a considerable effort, we have not been able to find any genetic determinants for the Mdc1 
independent accumulation of MRN outside the MRN complex itself. Such a lack of requirements 
for other factors is a pre-requisite for a sensor (Zhou and Elledge, 2000), and indeed we think that 
this autonomous interaction of MRN with DSBs could perform the sensory role in the cellular 
response to DSBs. Consistent with this notion, we did not observe any marked defects in ATM 
activation or its phosphorylation of downstream targets in cells depleted of Mdc1, a phenotype that 
is in stark contrast to that observed in cells where Nbs1 has been deleted. In such cells, ATM 
activation is strongly compromised, pointing to a direct role for the MRN complex in activating 
ATM (Difilippantonio et al., 2005). Even in human cells expressing hypomorphic Nbs1 alleles, 
ATM activation was found to be somewhat compromised, most markedly after the induction of low 
numbers of DSBs (Horejsi et al., 2004). Our discovery of the Mdc1-dependent and -independent 
DSB interaction modes of MRN has allowed us to formulate a model for the initiation of checkpoint 
signalling (figure 26). Central to this model is the instantaneous and autonomous binding of the 
MRN complex to the broken DNA. This binding is likely to occur via the Rad50 component of the 
complex, as this coiled-coil domain protein has been shown to tether DNA ends in vitro (Moreno-
Herrero et al., 2005). The Nbs1 component of the MRN complex can interact directly with ATM 
through a distant C-terminal domain, an interaction that was suggested to be required for 
localization of ATM to sites of DNA damage (Falck et al., 2005). The binding of ATM to Nbs1 and 
its subsequent recruitment to the site of DNA damage promotes activation of ATM, leading to 
massive local phosphorylation of H2AX (Paull et al., 2000), likely the first step in a series of 
chromatin modifications around the lesion. Phosphorylated H2AX recruits Mdc1, which in turn 
provides a platform for large-scale accumulation of the MRN complex to modified chromatin. This 
secondary accumulation of MRN is not likely to be associated with the alleged sensory role of the 
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complex, but rather with the role of Nbs1 in checkpoint signalling. Thus, it seems that the MRN 
complex has several functions early in the DNA damage response: First as a sensor of DNA damage 
and an activator of ATM, second as an important signalling unit which is recruited by Mdc1 to 
modified chromatin where it also undergoes phosphorylation by ATM on at least three residues 
(Ser-278, Ser-343, Ser-397) (Lim et al., 2000; Zhao et al., 2000b). Finally, the MRN complex plays 
key roles in the two major pathways for double strand break repair; homologous recombination and 
non-homologous end-joining (Downs and Jackson, 2004). It is required for the resection of DSBs to 
single stranded DNA (Jazayeri et al., 2006), a key event in the first of the two repair processes. 
Thus, beside its roles in checkpoint initiation and –signalling, the MRN complex strongly impacts 
on the decision of which of the main DSB repair pathways to employ. 
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Figure 26. Model of DSB detection and initiation of checkpoint signalling. DSBs are sensed by the MRN 
(Mre11-Rad50-Nbs1) complex that binds to DNA termini (I and II). ATM is recuited to the break site 
through an interaction with Nbs1 and phosphorylates the histone variant H2AX in the vicinity of the break 
(III). Phosphorylated H2AX provides an interaction platform for Mdc1 (VI), which in turn recruits MRN to 
modified chromatin to create an effective checkpoint signalling module (V). 
n-depth study on the mediator protein 53BP1 was spurred by the conflicting views on the roles 
is protein in the DNA damage response. Some publications suggested that 53BP1 could act as a 
r of DNA damage and even as an activator of ATM alongside the MRN complex (Mochan et 
003, 2004). These notions were fuelled by recent discoveries of the mechanism behind the 

ulation of 53BP1 at sites of DNA damage. As described in the introductory parts of this 
s, the Tudor domain of 53BP1 interacts with methylated lysine residues on histones (Huyen et 
004), Lys-20 on histone H4 and Lys-79 on histone H3 likely being the most prominent binding 
ers (Sanders et al., 2004). This binding reaction is responsible and completely required for 
ting 53BP1 to sites of DNA damage and thus 53BP1 was envisaged to continuously “scan” the 
us and sense topological changes in chromatin structure associated with DNA breaks (Mochan 
, 2004). By FRAP experiments, we were able to show that the chromatin interactions via the 
r domain of 53BP1 occur not only at the site of DNA damage, but also to some extent in the 
maged nucleoplasm of normal cells. Thus, 53BP1 interacts continuously with the residues on 

atin that are responsible for targeting it to sites of DNA damage, implying that the exposure 
rhaps the accessibility of these “binding tags” are increased in chromatin surrounding DSBs.  

lso discovered that the recruitment of 53BP1 occurs with a significantly slower kinetics than 
, excluding that 53BP1 could play a sensory role in the process of checkpoint activation. 
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Instead, this finding opened up the possibility that the early appearance of Mdc1 at the site of DNA 
damage could pave the way for 53BP1 to accumulate. One publication indeed described a complete 
lack of 53BP1 foci in Mdc1 depleted cells exposed to IR (Stewart et al., 2003). Conversely, two 
publications did not find any dependency of Mdc1 for 53BP1 focus formation (Goldberg et al., 
2003; Mochan et al., 2003). By exposing U2OS cells containing stably expressed GFP-tagged 
Mdc1 and 53BP1 respectively to laser microirradiation followed by quantitative live cell imaging 
for the entire duration of the DNA damage response, we noted that Mdc1 was not required for 
53BP1 to accumulate per se, nor did it influence the recruitment kinetics. However, the levels of 
53BP1 protein that accumulated were drastically reduced in the absence of Mdc1 (Bekker-Jensen et 
al., 2005). Additionally, the proportion of 53BP1 molecules which did accumulate lost affinity for 
the site of DNA damage completely within a few hours, which was much shorter than in Mdc1 
proficient cells. Thus, the magnitude of initial recruitment as well as the sustained retention of 
53BP1 is regulated by Mdc1. Besides providing a detailed record of the impact of Mdc1 on 53BP1, 
this finding also unifies the apparently conflicting results from previous publications. In the two 
publications stating that Mdc1 did not impact on the ability of 53BP1 to form foci, the cells were 
inspected one hour after the DNA damaging treatment, where the difference in foci intensity of 
53BP1 could be difficult to discriminate. In the publication claiming an absolute requirement for 
Mdc1 on 53BP1 foci, the cells were inspected only 6 hours after the DNA damaging treatment. At 
this time point, the negative effect of Mdc1 depletion is indeed maximal also in our hands, and thus 
the apparent discrepancy between the published results could be explained by the timing of the 
experiments. A similar partial defect in 53BP1 foci formation was described in mouse cells deleted 
for H2AX (Celeste et al., 2003). Our results are in full agreement with this study, and we have 
identified Mdc1 as the crucial linker molecule in the process.  
 
What then is the important function of Mdc1 that allows for a productive interaction of 53BP1 with 
the site of DNA damage? The answer is unlikely to be a direct protein-protein interaction between 
Mdc1 and 53BP1 for two reasons: First, 53BP1 is not completely excluded from modified 
chromatin in the absence of Mdc1 as is the case for Nbs1. Second, the detailed measurements of the 
recruitment kinetics of Mdc1, Nbs1 and 53BP1 do not support a physical interaction (Bekker-
Jensen et al., 2005; Lukas et al., 2004a). Nbs1 is brought to the site of DNA damage by the direct 
association with Mdc1 and consequently we found the recruitment kinetics of these two proteins to 
be indistinguishable. Conversely we observed a significant lag between the appearance of Mdc1 and 
53BP1 at the site of damage, suggesting that Mdc1 is involved in processes that lead to 
restructuring of the DSB surrounding chromatin to allow 53BP1 to interact productively with this 
compartment. Such processes are likely to require some time, explaining the observed temporal lag 
of 53BP1 recruitment behind that of Mdc1. We propose that Mdc1 could impact on chromatin 
restructuring by directly recruiting chromatin modifying enzymes to the site of DNA damage, 
similar to those that have been shown to bind to phosphorylated H2A in yeast (Downs et al., 2004; 
Morrison et al., 2004; van Attikum et al., 2004). Yeast do not have a direct Mdc1 homolog, and 
since this protein is so far the only one which has been shown to interact directly with γ-H2AX in 
higher eukaryotes (Stucki et al., 2005), Mdc1 may have evolved to be the specific linker molecule 
that can attract a host of different activities to the site of DNA damage. In the absence of Mdc1, 
53BP1 can still interact with damaged chromatin, but much less productively. This interaction 
might be attributed to stochastic and spontaneous alterations in chromatin structure around DSBs 
caused by the local disruption of the tension in the chromatin fibers.  
 
Importantly, our studies on Nbs1 and 53BP1 recruitment to sites of DNA damage have revealed two 
mechanistically distinct ways for Mdc1 to attract proteins to the DSB-surrounding nuclear space 
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(figure 27) and points to Mdc1 as a major organizer of these regions. Mdc1 is likely to regulate the 
accessibility of several additional factors to DSBs, one being BRCA1. This protein has also been 
reported to require the presence of Mdc1 for its productive association with the site of DNA damage 
(Lou et al., 2003). Whether this happens by one of the above described mechanisms is likely but 
remains to be explored. Additionally, the putative chromatin modifying activities that are recruited 
by Mdc1 to further modify the DSB surrounding chromatin need to be identified. A recent paper 
points to the histone acetyl transferase (HAT) co-factor TRRAP as a possible candidate (Murr et al., 
2006). This protein assembles into complexes with HATs like Tip60 and GCN5, both of which 
have been shown to be involved in some stages of DNA repair (Ikura et al., 2000; Tamburini and 
Tyler, 2005). Studies on TRRAP deficient mouse cells revealed defects in the increased histone 
acetylation that can be observed around DSBs by chromatin immunoprecipitation (Murr et al., 
2006). Additionally, or perhaps consequently, the assembly of 53BP1 foci after IR was defective in 
the knock-out cells while Mdc1 foci were unaffected. Thus, TRRAP deficient cells display a 
phenotype that is consistent with a role for TRRAP and associated HAT activities in locally 
restructuring chromatin to pave the way for 53BP1. TRRAP was also found to interact with the 
MRN complex in vivo (Robert et al., 2006), suggesting a potential way for this protein to interact 
with the site of DNA damage. 
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Figure 27. Mdc1-dependent recruitment of 53BP1 and the MRN complex to modified chromatin around DSBs by 
distinct mechanisms. Upon formation of a DSB in the genome, ATM phosphorylates H2AX to provide a local 
docking site for Mdc1 on chromatin. Spontaneous alterations in chromatin structure assoicated with strand breaks 
allow small levels of 53BP1 to accumulate in an Mdc1-independent fashion. This interaction is enhanced several 
fold by an active mechansim that increases the local accessibility of 53BP1 to methylated lysine residues on 
histones, a process that is mediated by Mdc1. The mechanism by which Mdc1 promotes accumulation of 53BP1 
around DSBs is distinct from the physical interaction by which Mdc1 recruits the MRN complex. 
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Introduction
To avoid deleterious consequences of DNA damage, eukaryotic 

cells activate a signaling network that coordinates rapid detec-

tion of the DNA lesions with temporary delay of cell cycle pro-

gression and activation of repair machinery (Zhou and Elledge, 

2000). One important aspect that determines the effectiveness 

of these genome surveillance pathways is a carefully orches-

trated redistribution of their components to nuclear regions con-

taining the damaged DNA (J. Lukas et al., 2004). The cytological 

manifestation of nuclear rearrangements in response to ionizing 

radiation (IR) and/or radiomimetic drugs is the formation of the 

so-called IR-induced foci (IRIF; Shiloh, 2003).

IRIF are dynamic, microscopically discernible structures 

containing thousands of copies of proteins involved in various 

aspects of double-strand break (DSB) metabolism. As such, 

IRIF are widely used as a convenient marker of DSB location. 

Apart from various repair-associated DNA transactions (Essers 

et al., 2002), proteins associated with IRIF also participate in 

restructuring of large segments of chromatin in the vicinity of 

the DNA lesions (van Attikum and Gasser, 2005), thereby in-

creasing the accessibility of damaged DNA to the repair fac-

tors (Murr et al., 2006). In addition, sustained protein assembly 

in the DSB-fl anking chromatin seems to be required to pre-

serve the integrity of the epigenetic information encrypted in 

these regions (Koundrioukoff et al., 2004; van Attikum and 

Gasser, 2005).

Despite the general consensus that IRIF formation signi-

fi es an important step in cellular protection against the deleteri-

ous effects of DSB-generating insults, the question of how the 

genome surveillance pathways actually benefi t from the in-

creased local concentration of their regulators remains poorly 

understood. For instance, recent results unmasked an unex-

pected level of complexity by showing that Chk2, the integral 

component of the genome surveillance machinery, interacts 

with DSBs only transiently, without forming cytologically dis-

cernible foci. The existence of such a “cryptic” mode of Chk2–

DSB interaction indicates that some enzymatic transactions 
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W
e show that DNA double-strand breaks 

(DSBs) induce complex subcompartmental-

ization of genome surveillance regulators. 

Chromatin marked by 𝛄-H2AX is occupied by ataxia 

 telangiectasia–mutated (ATM) kinase, Mdc1, and 53BP1. 

In contrast, repair factors (Rad51, Rad52, BRCA2, and 

FANCD2), ATM and Rad-3–related (ATR) cascade (ATR, 

ATR interacting protein, and replication protein A), and 

the DNA clamp (Rad17 and -9) accumulate in subchro-

matin microcompartments delineated by single-stranded 

DNA (ssDNA). BRCA1 and the Mre11–Rad50–Nbs1 

complex interact with both of these compartments. 

 Importantly, some core DSB regulators do not form cyto-

logically discernible foci. These are further subclassifi ed 

to proteins that connect DSBs with the rest of the nucleus 

(Chk1 and -2), that  assemble at unprocessed DSBs (DNA-

PK/Ku70), and that exist on chromatin as preassembled 

complexes but  become locally modifi ed after DNA dam-

age (Smc1/Smc3). Finally, checkpoint effectors such as 

p53 and Cdc25A do not accumulate at DSBs at all. We 

propose that subclassifi cation of DSB regulators accord-

ing to their residence sites provides a useful framework 

for understanding their involvement in diverse processes 

of genome surveillance.
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associated with the DNA damage response do not strictly 

 require massive protein concentration at the DSB sites. In addi-

tion, relatively little attention has been paid to whether all 

 damage-induced foci, once formed, are structurally similar. 

Furthermore, it is unclear to which extent the protein assemblies 

at the DSB sites vary during the cell cycle progression. We 

 performed a systematic survey of protein redistribution after 

a defi ned DSB-generating insult and under standardized experi-

mental conditions. Our intention was to subclassify the key com-

ponents of the DSB network (sensors, signaling components, 

mediators, repair factors, and checkpoint effectors) according to 

the residence sites after DNA damage and to determine whether 

and how the protein assemblies at the DSB sites fl uctuate during 

the cell cycle.

Results
Experimental requirements to study spatial 
redistribution of DSB regulators
To obtain standardized experimental conditions, we generated 

DSBs by laser microirradiation (Lukas et al., 2003). The key 

advantage of the microlaser approach is its ability to target de-

fi ned nuclear volumes and generate a similar amount of DNA 

damage both in different areas in the same nucleus and in dis-

tinct nuclei within the microirradiated cell population (C. Lukas 

et al., 2004; Bekker-Jensen et al., 2005). Although several labo-

ratories have used this approach to study various aspects of the 

DNA damage response (for review see Lukas et al., 2005), we 

initiated this study by revisiting a key parameter that must be 

considered when interpreting redistribution of proteins after 

genotoxic insults: the type and amount of the DNA lesions. It 

has been shown that, like IR, the laser-induced DNA damage 

produces single- and double-strand DNA breaks and base mod-

ifi cations (Lukas et al., 2005). However, the relative distribution 

and the density of these chromosomal alterations are hugely in-

fl uenced by the laser type and energy output and by the type of 

photosensitizers. Our choice of a laser line within the UV-A 

spectrum (λ = 337 nm) and sensitization of cells with haloge-

nated thymidine analogues has been dictated by the need to 

generate experimental conditions where we can still benefi t 

from targeting the damage to the defi ned nuclear volumes, yet 

induce protein redistribution that both qualitatively and quanti-

tatively resembles that of the “classical” IRIF.

To rigorously test this approach, we took advantage of the 

fact that a subset of DSBs in mammalian cells is repaired by ho-

mologous recombination (Essers et al., 1997) and that these le-

sions could be identifi ed by detection of the single-stranded DNA 

(ssDNA) intermediates coated by the replication protein A (RPA; 

the RPA detection method used here recognizes selectively long 

stretches of ssDNA that result from enzymatic DSB resection). 

Because these RPA-coated ssDNA regions manifest as distinct, 

microscopically discernible foci that could be counted, we used 

this approach to quantify the amount of homologous recombina-

tion–repaired DSBs generated by the microlaser and IR, respec-

tively. We exposed cells to the microlaser and/or increasing doses 

(0–10 Gy) of IR, detected the ssDNA foci by immunostaining 

with an antibody to RPA, and recorded a series of 3D images to 

ensure detection of all RPA foci in the entire nuclear volumes. 

Examination of these images revealed that both laser and IR pro-

duced RPA foci of a similar size (Fig. 1 A, left) and, importantly, 

that the total amount generated by the microlaser (under settings 

used for all experiments in this study) was very similar to that 

generated by 3 Gy of IR (Fig. 1 A, right).

Because the biological effect of DSBs is a combination 

of their absolute amount and their relative density in a given 

Figure 1. The local impact of laser microirradiation. (A) U2OS cells were 
either sensitized with BrdU followed by laser microirradiation or cultured 
without any presensitization followed by exposure to IR. 1 h later, the cells 
were fi xed, immunostained with an antibody to the p32 subunit of RPA, 
and subject to z stack recording. (left) Representative 3D projections of 
cells exposed to the microlaser and 3 Gy of IR, respectively, are shown. 
(right) Quantifi cation of the RPA foci in the microirradiated tracks or in the 
whole cell nuclei exposed to IR was obtained from 10 independent cells for 
each treatment. (B) U2OS cells were treated by the microlaser or exposed 
to increasing doses of IR. 1 h later, the cells were fi xed and processed for 
RPA immunodetection as in A. A region spanning the entire microirradi-
ated nuclear track containing the RPA foci (left) was placed over the maxi-
mum nuclear diameter of the IR-treated cells (right). The graph summarizes 
quantifi cation of the RPA foci in these regions from 10 independent cells 
for each treatment. All images in this section are 3D projections as in A. 
(C) U2OS cells were microirradiated as in A. 1 h later, the cells were fi xed 
and coimmunostained with antibodies to γ-H2AX and phospho-serine 15 of 
p53 (S15-P). The total nuclear fl uorescence associated with S15-P was de-
termined and compared with that measured in cells exposed for 1 h to the 
indicated doses of IR. The blue line marks the nucleus of an unirradiated 
cell to illustrate the background fl uorescence associated with the S15-P 
 antibody. The graph represents quantifi cation of the S15-P fl uorescence 
 intensities from at least 50 cells for each treatment. Error bars indicate 
standard deviation. Bars, 10 μm.
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 nuclear volume, we set out to also assess the local impact of both

laser microirradiation and IR. We fi rst determined the size of the 

region spanning the entire nuclear volume exposed to the micro-

laser (Fig. 1 B, top left) and then placed the same region over 

the maximum nuclear diameter of cells exposed to increasing 

doses of IR (Fig. 1 B, right; note that these images are also 3D 

projections). Subsequent counting of the RPA foci revealed that 

the DSB density in the microlaser tracks was similar to that pro-

duced in comparable nuclear volumes of cells exposed to 10 Gy

of IR (Fig. 1 B). This approach allowed us to locate the micro-

laser response to a dose range of between 3 and 10 Gy of IR.

To further refi ne the estimate of the damage extent gener-

ated by the microlaser, we directly assessed its impact on p53 

phosphorylation on Ser15. This DSB-induced, ataxia telangiec-

tasia–mutated kinase (ATM)–mediated phosphorylation event 

was chosen because of the unique capacity of p53 to become 

targeted by activated ATM without the sustained focal accumu-

lation of either of these proteins at the DSB sites (Bakkenist and 

Kastan, 2003). As a result, cells treated with a DSB-generating 

insult respond by a homogeneous increase of phosphorylated 

p53 throughout the entire nucleus (Fig. 1 C, left), thereby 

 providing a sensitive surrogate for the extent of DNA damage 

induced by diverse DSB-generating stimuli. Quantitative mea-

surement of the immunofl uorescent signal associated with 

Ser15 phosphospecifi c antibody revealed that the amount of 

DNA damage delivered by the microlaser was comparable to 

that generated by IR in a dose range of between 4 and 6 Gy 

(Fig. 1 C, right).

Collectively, these data provide structural and functional 

evidence that the moderate quanta of focused UV-A light in 

BrdU-sensitized cells elicit cellular responses similar to those 

generated by the commonly used doses of IR and indicate that, 

under these conditions, the microlaser is a suitable tool for an 

in-depth analysis of spatial organization of the DSB-induced 

genome surveillance machinery. In the following sections, we 

provide evidence that proteins involved in the DSB response 

could be subclassifi ed according to their distinct intranuclear 

redistribution and that the residence site of a particular DSB 

regulator helps refi ne its role in the complex cellular response to 

chromosomal breakage.

DSB-fl anking chromatin
First, a group of proteins assembled within the entire regions 

of modifi ed chromatin that surrounds the DNA breaks and 

spans up to a megabase distance from the initial DSB lesion 

(Table I). The diagnostic cytological manifestation of this pat-

tern was a complete colocalization with the γ-H2AX–decorated 

chromatin and could be best illustrated on the example of the 

DSB-induced redistribution of Mdc1 and 53BP1, both in micro-

laser-generated DSB tracks (Fig. 2 A) and in IRIF induced 

by moderate doses of IR (Fig. S1 A, available at http://www.

jcb.org/cgi/content/full/jcb.200510130/DC1). Interaction of both 

proteins with the DSB-modifi ed chromatin was also reproduced 

in primary human fi broblasts (Fig. S2) and in living cells ex-

pressing GFP-Mdc1 and GFP-53BP1 (see Fig. 9). The observed 

spreading of these so-called checkpoint mediators throughout 

the entire DSB-fl anking “microenvironment” is consistent with 

the recent fi ndings describing the ability of Mdc1 and 53BP1 

to interact with posttranslationally modifi ed histones (Stewart 

et al., 2003; Huyen et al., 2004; C. Lukas et al., 2004; Stucki 

et al., 2005).

Other proteins in this category include the ATM kinase 

and the components of the Mre11–Rad50–Nbs1 nuclease com-

plex (MRN; Fig. 2; see Fig. 5 A for Nbs1). Interaction of all 

these proteins with the DSB-fl anking chromatin makes sense 

in light of the recent discoveries. We have previously shown 

(C. Lukas et al., 2004) that the retention of MRN at the DSB sites 

required direct binding of its Nbs1 component to Mdc1, the lat-

ter being the main recognition module of γ-H2AX within the 

DSB-fl anking chromosomal microenvironment (Stucki et al., 

2005). In addition, it has been reported that the recruitment of 

activated ATM to the DSB sites is mediated via the COOH-

 terminal region of Nbs1 (Falck et al., 2005; You et al., 2005). 

Thus, the ability of Nbs1 to bind Mdc1 on one hand and Nbs1’s 

potential to recruit ATM on the other provide a basis for a large-

scale concentration of these factors around the DSB-containing 

chromosomal lesions.

An important denominator shared by all proteins in this 

category is their ability to assemble at the DSB-fl anking chro-

matin throughout most of the cell cycle. We have consistently seen 

that all of the �200 cells microirradiated in each experiment re-

sponded by a robust accumulation of these proteins in the micro-

irradiated tracks (unpublished data). Such a uniform response 

did not indicate cell cycle–dependent interactions. More specifi -

cally, Mdc1 (Fig. 2 B; see Fig. 4 C) and other proteins described 

in this section (unpublished data) readily accumulated in the 

 microirradiated nuclear regions in cells with various intensities 

of cyclin A or B1 (cells in S and G2), as well as in cells lacking 

a detectable amount of both cyclins (cells in G1). Together, these 

data suggest that the assembly of proteins at the DSB-fl anking 

chromatin can occur throughout the interphase.

Table I. Spatial redistribution of proteins in response 
to DSB- generating insults

DSB-fl anking 
chromatina

ssDNA 
microcompartmentsb

No retention
at DSBsc

ATMd ATRe DNA-PKf

Nbs1e ATRIPg Ku70f

Mre11 RPAg Smc1f

Rad50 Rad17 Smc3e

Mdc1e,g Rad9 Chk1e

53BP1e,g Rad51g Chk2e

BRCA1 Rad52e p53e,g

BRCA2g Cdc25A

FANCD2

Nbs1e

Mre11

Rad50

BRCA1

aInteractions operating throughout the interphase.
bS/G2-restricted interactions.
cSee text for further subclassifi cation.
dInteraction with the ssDNA microcompartments cannot be excluded.
eConfi rmed on the level of GFP.
fSome retention could be observed in extremely dense DSB regions.
gConfi rmed by more than one antibody.
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Interactions restricted 
to ssDNA-containing microcompartments
Another group of proteins assembled in much smaller areas 

(“microfoci”) located to the center of the microirradiated tracks 

and surrounded by relatively vast regions of γ-H2AX–modifi ed 

chromatin (Fig. 3). This spatial pattern could be resolved on the 

standard IRIF level (Fig. S1 A), it could be observed in primary 

human fi broblasts (Fig. S2), and it is discernible in living cells 

expressing GFP-tagged proteins (see Fig. 9). We also verifi ed 

that the cytological appearance of these microfoci was not af-

fected by various fi xation protocols, the relative affi nity of anti-

bodies, and/or the image acquisition conditions (Fig. S1 B; 

unpublished data). As the proteins in this category typically in-

clude nuclear factors involved in DNA repair by homologous 

recombination (Rad51, Rad52, BRCA2, and FANCD2), these 

microfoci likely represent either individual DSBs or closely 

neighboring DSBs assembled in repair centers (Lisby et al., 

2003). The same compartments are occupied by the ATR kinase 

and the protein machinery (ATR interacting protein [ATRIP] 

and RPA) required for ATR’s assembly at the DSB sites (Cortez 

et al., 2001). Finally, Rad17 and -9, both components of the 

proliferating cell nuclear antigen–like sliding clamp loaded 

on DNA after DNA damage, also show similar localization 

 patterns (Table I).

Two prominent features discriminate these DSB-induced 

microcompartments from the chromatin-mediated interactions. 

First, accumulation of all proteins in this category is restricted 

to areas of ssDNA formed after resection of the initial DSB le-

sions (Fig. 4 A). This is illustrated by a close overlap of FANCD2 

with ssDNA (Fig. 4 B), the latter structure being revealed by 

immunostaining of BrdU without previous DNA denaturation 

(Raderschall et al., 1999; see Materials and methods). Second, 

not all microirradiated cells were able to generate detectable 

stretches of ssDNA (and the corresponding focal protein accu-

mulation), despite the fact that all such cells responded by an 

equally robust phosphorylation of H2AX (Fig. 4 A) and/or Mdc1 

assembly (Fig. 2 B). Indeed, coimmunostaining experiments 

 revealed that the interaction of FANCD2, Rad51, and other 

 proteins from this category with the ssDNA microcompartments 

could only be detected in cells that expressed cyclin B1 and/or A 

(Fig. 2 B and Fig. 4, B–D). These fi ndings are consistent with 

the recent study showing that the DSB resection is cell cycle 

Figure 2. Protein interactions with the DSB-fl anking chromatin. (A) Expo-
nentially growing U2OS cells were sensitized with BrdU and micro-
irradiated. 1 h later, the cells were fi xed and stained with the indicated 
antibodies. Insets show higher magnifi cations of the microirradiated fi elds. 
(B) Accumulation of checkpoint mediators at the sites of DNA damage 
can occur throughout interphase. U2OS cells stably expressing GFP-tagged 
Mdc1 were treated as in A. After fi xation, the cells were immunostained for 
cyclin A and the p32 subunit of RPA to indicate the cell cycle position 
(schematically illustrated in the right panel). Bars, 10 μm.

Figure 3. Protein assemblies restricted to subchromatin microfoci. U2OS 
cells were microirradiated as in Fig. 2. Immunostaining with target specifi c 
antibodies (FANCD2, Rad51, RPA, and ATRIP) and a direct imaging 
of GFP-ATR revealed that accumulation of these proteins is restricted to 
 nuclear subdomains that are distinct from the DSB-fl anking chromatin 
 compartments (the latter marked by γ-H2AX). Bars, 10 μm.
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dependent (Jazayeri et al., 2006) and suggest that, unlike the 

chromatin-mediated interactions, accumulation of proteins in 

the ssDNA microcompartments is temporally restricted to S and 

G2 phases. The latter conclusion is also consistent with a report 

showing that the recruitment of Rad51 to the laser-generated 

DSBs and/or IRIF requires postreplicative DNA (Tashiro et al., 

2000) and with experiments in yeast that failed to detect Rad51 

in IRIF during the G1 phase (Lisby et al., 2004). On the other 

hand, we note that a recent study reported accumulation of 

Rad51 in laser-damaged nuclei also during G1 (Kim et al., 

2005). However, these authors used a relatively high laser en-

ergy in unsensitized cells, resulting in visible morphological 

destruction of the microirradiated nuclear areas, a condition that 

could have overpowered the physiological restrictions for Rad51 

to attempt DSB repair in the context of prereplicative chromatin 

(see also the following sections).

Nbs1 and BRCA1 interact 
with both DSB-fl anking chromatin 
and the ssDNA microcompartments
The components of the MRN complex share the striking feature 

to interact with both the DSB-fl anking chromatin (Fig. 5 A) and 

the microfoci described in the previous section (Fig. 5, B and C). 

The ability of Nbs1 to interact with the latter compartments 

could be revealed by its ability to form microfoci even in cells 

with reduced levels of H2AX, that is, after disruption of the key 

step in forming the DSB-induced chromatin microenvironment 

(Fig. 5 B). These data extend our earlier observation that a very 

similar pattern of Nbs1 redistribution was observed in cells 

where the integrity of the DSB-fl anking chromatin was dis-

rupted by the down-regulation of the γ-H2AX–binding protein 

Mdc1 (C. Lukas et al., 2004). To determine whether these micro-

foci represent the ssDNA compartments, we microirradiated 

Mdc1-defi cient cells and coimmunostained Nbs1 with anti-

bodies to RPA and BrdU (the latter without previous DNA de-

naturation). Indeed, both of these ssDNA markers showed tight 

colocalization with a fraction of Nbs1 that assembled in the 

 microirradiated tracks under these conditions (Fig. 5 C). Con-

sistent with the cell cycle–dependent formation of the ssDNA 

compartments, the retention of Nbs1 in these microfoci was 

much more pronounced in cells capable of resecting the pri-

mary lesions and generating cytologically discernible stretches 

of ssDNA (Fig. 5 C, bottom). Thus, in addition to its ability to 

assemble in the large DSB-fl anking chromosomal regions, Nbs1 

can interact with the ssDNA microcompartments in a  chromatin-

independent manner. This is consistent with a study detect-

ing an extraction-resistant pool of Mre11 in the center of 

γ-H2AX–coated chromosomal domains (Aten et al., 2004) and 

with the recently reported causative role of MRN in the forma-

tion of the ssDNA microcompartments (Jazayeri et al., 2006). 

Furthermore, the ability of Nbs1 to assemble in the ssDNA micro-

compartments can explain the H2AX-independent accumula-

tion of the MRN components in early stages of the DSB response 

(Celeste et al., 2003).

The only other protein capable of simultaneous interac-

tion with both ssDNA compartments and the DSB-fl anking 

chromatin is BRCA1. After laser microirradiation, BRCA1 

clearly spreads throughout the entire chromatin regions marked 

by γ-H2AX and/or by retention of typical chromatin binding 

proteins, such as 53BP1 (Fig. 6, A and B, top). Like in all other 

chromatin-specifi c interactions described in the previous sec-

tions, this pattern of BRCA1 redistribution could be detected 

throughout the interphase, although the amount of BRCA1 

 retained in the microirradiated G1 cells is less pronounced 

 because of the lower abundance of the total BRCA1 protein in this 

Figure 4. Protein assembly in the ssDNA microcompartments is restricted 
to the S and G2 phases of the cell cycle. (A) U2OS cells were microirradi-
ated as in Fig. 2. 1 h later, the ssDNA was revealed by immunodetection 
of BrdU without previous denaturation or nuclease treatment. Cells were 
coimmunostained with an antibody to γ-H2AX to demonstrate the location 
of the ssDNA microfoci within the larger regions of the DSB-modifi ed chro-
matin and to show that generation of ssDNA occurred only in a subset 
of the microirradiated cells. (B) Cells were treated, and the ssDNA was 
detected as in A. Coimmunostaining of FANCD2 (shown here as an 
 example) and other proteins from the spatial category (unpublished data) 
revealed close colocalization with ssDNA. (C) U2OS cells stably express-
ing GFP-Mdc1 were microirradiated and 1 h later subject to ssDNA detec-
tion as in A. In parallel, the cells were immunostained for cyclin B1 to 
indicate the cell cycle position. Cyclin B1 and ssDNA do not overlap and 
are therefore displayed in the same channel (red). (D) U2OS cells were 
treated as in A and coimmunostained with antibodies to Rad51, γ-H2AX 
(to detect the microirradiated tracks), and cyclin B1 (to reveal the cells in 
S/G2). The latter two proteins are simultaneously displayed in the same 
channel (red). Bars, 10 μm.
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cell cycle stage (Fig. 6 C). Importantly, although disruption of 

this compartment by Mdc1 down-regulation triggered dissocia-

tion of BRCA1 from the DSB-fl anking chromatin, it did not 

 impair a productive assembly of BRCA1 at the subchromatin 

microfoci (Fig. 6, A and B, bottom). Additional evidence for the 

chromatin-independent role of BRCA1 comes from the obser-

vation that reducing BRCA1 levels by siRNA precluded assem-

bly of important repair factors (BRCA2 and Rad51; both are 

known to function downstream of BRCA1) at the ssDNA 

 microcompartments (Fig. S3 D, available at http://www.jcb.org/

cgi/content/full/jcb.200510130/DC1). Collectively, these re-

sults add an important spatial dimension to the emerging func-

tional interplay between Mdc1 and BRCA1 (Lou et al., 2003; 

Stewart et al., 2003) by showing that it is the chromatin bound 

(but not the ssDNA associated) fraction of BRCA1 whose 

 retention at the DSB sites is controlled by Mdc1.

It is important to emphasize that the complex interaction 

pattern of Nbs1 and BRCA1 described in this section is quite 

unique, likely refl ecting the central position of the MRN com-

plex and BRCA1 in DSB recognition and signaling (Petrini and 

Stracker, 2003; Greenberg et al., 2006). For instance,  uncoupling 

of the typical chromatin binding proteins 53BP1 (Fig. S3 A) and 

Mdc1 (Fig. S3 B) from their respective histone residues 

was suffi cient to completely abrogate their ability to accum-

ulate at the DSB sites, despite the fact that, under the same ex-

perimental conditions, the ssDNA compartments were clearly 

Figure 5. Nbs1 interacts with both chromatin and the ssDNA subcom-
partments. (A) U2OS cells were microirradiated as in Fig. 2 and coimmuno-
stained with the indicated antibodies. Under these standard conditions, 
Nbs1 occupies broad areas of γ-H2AX–decorated chromatin. (B) U2OS 
cells were transfected with control or H2AX-targeting siRNA oligonucle-
otides as indicated. 4 d later, the cells were microirradiated, incubated for 
1 h, preextracted (see Materials and methods), and immunostained with 
an antibody to Nbs1. Note that in H2AX-depleted cells, Nbs1 assembles 
at the DSB sites in a form of subchromatin microfoci. (C) U2OS cells with 
stably down-regulated Mdc1 by short hairpin RNA were treated and immuno-
stained for endogenous Nbs1 as in B. ssDNA compartments were detected 
by antibodies to RPA (top) or BrdU (bottom). Note that the fraction of Nbs1 
that remains assembled at the DSB sites under these conditions is restricted 
to ssDNA (insets) and could be readily detected only in cells that are able 
to form these compartments (S/G2 phase). Arrows indicate the direction of 
the laser line during microirradiation. Bars, 10 μm.

Figure 6. Spatial pattern of BRCA1 assembly at the DSB sites. (A) U2OS 
cells were transfected with control or Mdc1-targeting siRNA oligonucleo-
tides for 4 d. The cells were then microirradiated and 1 h later fi xed and 
coimmunostained with antibodies to γ-H2AX and BRCA1. (B) U2OS cells 
were treated with the siRNA oligonucleotides as in A. 1 h after microirradi-
ation, the cells were fi xed and immunostained with the indicated  antibodies. 
Note that in the absence of Mdc1 (A and B, bottom), BRCA1 is lost 
from the DSB-fl anking chromatin but remains assembled in the microfoci 
along the microirradiated tracks. The complete loss of 53BP1 from the DSB 
sites (B, bottom left) serves as a control of effi cient Mdc1 down-regulation. 
(C) U2OS cells were microirradiated and 1 h later fi xed and immuno-
stained with antibodies to BRCA1 and cyclin A (the latter to reveal the 
cells in S/G2 phases). BRCA1 assembly could be detected also in the 
G1 cell (marked by the green arrow), although the overall abundance of 
BRCA1 in the nucleus and at in the DSB tracks is reduced compared with 
the S/G2 cells.
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formed (Fig. 5, B and C; and Fig. 6, A and B). Furthermore, 

 although down-regulation of Mdc1 impaired stable interaction 

of 53BP1 with the DSB-fl anking chromatin (Fig. 6 B; Bekker-

 Jensen et al., 2005), it did not prevent productive assembly of 

ATRIP and Rad51, the typical components of the ssDNA 

 compartments (Fig. S3 C). Thus, the majority of the DSB regu-

lators studied so far tend to interact rather exclusively with ei-

ther ssDNA or the DSB-fl anking chromatin, and the retention of 

proteins in these respective compartments seems to be regulated 

by mutually independent mechanisms. Interestingly, one study 

(Ward et al., 2004) reported that cells defi cient in H2AX 

(a chromatin component) are not able to retain ATR (the ssDNA 

component) at stalled replication forks. Thus, the rather strict 

spatial subcompartmentalization of checkpoint regulators de-

scribed here might be specifi c for DBSs, likely because of the 

complexity of the DNA and chromatin rearrangements required 

for effi cient repair of these serious chromosomal lesions.

Chk1 does not stably accumulate 
at the DSB sites
Some proteins intimately involved in the genome surveil-

lance network do not visibly accumulate at the damage sites, 

a striking phenomenon that we have previously described for 

the Chk2 kinase (Lukas et al., 2003). The new addition to this 

spatial category provided here is Chk1 (Fig. 7 A, top; see Fig. 9 

for GFP-Chk1 in living cells). The inability of Chk1 to form 

cytologically discernible foci was not caused by the lack of its 

activation after laser microirradiation because the microirradi-

ated cells readily induced phosphorylation of Chk1 on Ser317 

(Fig. 7 A, bottom), one of the ATR target sites whose phosphor-

ylation accompanies activation of Chk1 (Zhao and Piwnica-

Worms, 2001). An important aspect of this spatial pattern is that 

phosphorylated Chk1 (Fig. 7 A) and Chk2 (Lukas et al., 2003) 

do not concentrate around the DNA damage sites but rapidly 

spread to the entire nucleus. Together with the evidence that 

Chk1 phosphorylation by ATR requires physical interaction of 

these two components directly at the sites of damaged DNA 

and/or stalled replication forks (Chen and Sanchez, 2004; 

Smits et al., 2006), these results indicate that Chk1 (like Chk2) 

facilitates signal transduction between focal DNA lesions 

and relatively immobile effector structures (replication origins, 

stalled replication forks, and gene promoters) elsewhere in the 

undamaged parts of the nucleus. The distinction between Chk1 

and -2 in this respect is that although Chk2 could be activated 

throughout the interphase (Lukas et al., 2003), Chk1 function is 

temporally limited because of the fact that the ssDNA formation 

and ATR signaling is restricted to S/G2 phases of the cell cycle 

(Jazayeri et al., 2006).

Other DSB interactions that do not readily 
form cytologically discernible foci
Several other proteins known to function on various levels of 

the DSB-induced signaling did not readily accumulate at the 

DSB sites (Table I). The inability of DNA-PK, Ku70, Smc1, 

and Smc3 to form cytologically discernible foci was not re-

stricted to a single time point (we failed to detect increased 

local accumulation of any of these proteins between 5 min 

and 8 h after DNA damage); neither was it infl uenced by the 

cell type, DSB insult, fi xation, and/or imaging conditions 

(Figs. 7, 9, S1, and S2). However, we note that the DNA damage–

induced redistribution of some of these factors had been stud-

ied before and produced confl icting results. We therefore set 

out to critically reexamine some of these cases and explain 

the discrepancies.

On one hand, our inability to detect cytologically detect-

able accumulation of DNA-PK and its regulatory subunit Ku70 

both in locally microirradiated cells (Fig. 7 B and 9 A) and after 

global exposure to the commonly used dose range of IR (Figs. 

S1 A and S2) is consistent with the results obtained by Jakob 

et al. (2002), who generated DSBs by irradiating cells with 

charged ion beams. On the other hand, another group has 

Figure 7. DSB responses without cytologically discernible protein retention. 
(A) U2OS cells were microirradiated as in Fig. 2 and coimmunostained 
with antibodies to γ-H2AX, total Chk1, or Chk1 phosphorylated on serine 
317 (S317-P), as indicated. Although the cells contained DSBs only within 
the nuclear tracks exposed to the laser (see the γ-H2AX pattern), the acti-
vated form of Chk1 was disseminated throughout the nucleus. The dotted 
yellow line marks the boundary between microirradiated and control 
cells. (B) U2OS cells were treated as in A and immunostained with anti-
bodies to DNA-PK, Ku70, total Smc1, or Smc1 phosphorylated on serine 
957 (S957-P), as indicated. Although the total Smc1 protein did not 
 massively relocate to the DSB sites, it became locally phosphorylated 
within the microirradiated regions. Bars, 10 μm.
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 reported local accumulation of DNA-PK in nuclei exposed to 

Nd:YAG laser (Kim et al., 2005). To fi nd the reason for these 

differences, we tried to modify our experimental conditions and 

test whether any of those would be able to locally increase the 

concentration of DNA-PK/Ku70 to the levels detectable by light 

microscopy. Neither variation of the laser dosage in sensitized 

cells nor the extension of the assay period from several seconds 

to many hours produced such results, despite generating clear 

and robust DSB response, including induction of γ-H2AX and 

recruitment of the DNA-PK–related ATM and ATR kinases (see 

Figs. 2 and 3 for examples). Only a substantial increase of the 

laser output in nonsensitized cells was able to induce weak but 

detectable accumulation of DNA-PK/Ku70 at the microirradi-

ated tracks (Fig. 8 A, left). However, such treatment also pro-

duced massive local damage of the overall nuclear structure 

(never seen after microirradiating the sensitized cells by moder-

ate laser doses and/or after IR), manifest, for instance, by a de-

crease of DNA staining within the microirradiated areas (Fig. 

8 A, inset).  Similar signs of general nuclear disruption (areas 

with markedly altered optical density) were observed also in the 

previous study describing local accumulation of DNA-PK/Ku70 

(Kim et al., 2005).

Interestingly, the same group applied these assay condi-

tions to demonstrate local accumulation of Smc1, the structural 

component of the multiprotein cohesin complex (J.S. Kim et al., 

2002). Also in this case, we were able to reproduce these re-

sults but, again, only after exposing the unsensitized cells to 

very high laser energy that was accompanied by local disrup-

tion of the overall nuclear structure (Fig. 8 A, right). Neither 

IR (up to 10 Gy; Fig. S1) nor moderate laser microirradiation in 

sensitized cells (Fig. 7 B) showed any signs of cytologically 

discernible accumulation of Smc1. Similar results (no accumu-

lation after moderate doses of IR and/or laser) were obtained 

with GFP-Smc3, the heterodimerizing partner of Smc1 (Fig. 9 

and Fig. S4, available at http://www.jcb.org/cgi/content/full/

jcb.200510130/DC1).

Hence, despite both DNA-PK/Ku70 and Smc1 being inte-

gral components of various facets of DBS response (S.T. Kim 

et al., 2002; Yazdi et al., 2002; Lieber et al., 2003; Kitagawa 

et al., 2004; Strom et al., 2004; Unal et al., 2004), local accumu-

lation of these proteins to a degree that could be resolved by 

light microscopy seems to require enormous local concentra-

tion of DSBs. Indeed, when we tested the conditions compatible 

with Ku70 and/or Smc1 recruitment to DSBs by the same assay 

described in Fig. 1, we observed that the nuclear areas exposed 

to the high laser energy were unable to resolve clear RPA foci. 

Instead, these regions showed signs of a uniform and strong 

RPA accumulation, indicating extremely high density of DSBs 

(Fig. 8 B). At the same time, the relative abundance of the typi-

cal chromatin binding protein, such as 53BP1, was reduced in 

these regions compared with moderate laser doses in sensitized 

cells (Fig. 8 B, right), indicating that the high laser energy out-

put not only generates a massive DNA damage by itself but 

also triggers local destruction of histones and/or the other chro-

matin-associated protein complexes. Such extreme density (and 

complexity) of chromosomal damage likely saturates the cellu-

lar capacity to repair the lesions, thereby generating conditions 

that may stabilize (or aggregate) the templates for the assembly 

of proteins that specifi cally interact with DNA ends (Lieber 

et al., 2003). Based on these results and considerations, we pro-

pose that the assembly of the DNA-PK/Ku70 holoenzyme and 

loading of the Smc1/3-containing cohesin complex is spatially 

Figure 8. Local accumulation of Ku70 and Smc1 in cells 
exposed to high doses of laser irradiation. (A) U2OS cells 
cultured without presensitization with halogenated thymi-
dine analogues were locally irradiated with a high laser 
dose (73% energy output). Although such treatment in-
duced local accumulation of Ku70 (left) and Smc1 (right) 
in the irradiated tracks, it was also accompanied by a 
pronounced destruction of the laser-exposed nuclear re-
gions manifest by the decreased DNA staining (see the in-
set for magnifi cation). (B) U2OS cells were either sensitized 
by BrdU and microirradiated with moderate laser dose 
(55% energy output; top) or cultured without presensitiza-
tion and exposed to high laser dose (73% energy output; 
bottom). 1 h later, the cells were fi xed and coimmuno-
stained with antibodies to RPA and 53BP1 (three indepen-
dent cells for each treatment are shown). Although exposure 
to the low laser energy was compatible with local DSB 
processing, formation of RPA foci and a robust assembly 
of 53BP1, the high laser dose generated extreme density 
of the RPA (without a clear resolution into individual repair 
foci) and impaired assembly of 53BP1 at the DSB-fl anking 
chromatin. Bars, 10 μm.
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restricted to unprocessed and/or only partially processed DNA 

breaks and that, within a range of physiologically relevant doses 

of DSB-generating insults, these microcompartments are be-

yond the resolution of light microscopy and do not manifest as 

cytologically discernible nuclear foci.

Local phosphorylation of Smc1 without 
its large-scale physical recruitment
Importantly, the latter conclusion does not contradict a recent 

report describing IRIF containing the ATM-phosphorylated 

Smc1 (Kitagawa et al., 2004). Indeed, we were able to repro-

duce these results by detecting local phosphorylation of Smc1 

on serine 957 (one of the key ATM target sites) after moderate 

doses of laser microirradiation that did not cause any discern-

ible accumulation of the total Smc1 protein (Fig. 7 B, compare 

the two bottom panels). Thus, it appears that in addition to co-

hesin, which assembles at the DSBs de novo (Strom et al., 2004; 

Unal et al., 2004), and the amount of which (at least in mamma-

lian cells) is likely limited below the levels that could be re-

solved by light microscopy, there must be a sizable pool of 

Smc1 throughout the undamaged chromatin as a result of the 

physiological processes accompanying DNA replication. 

 Indeed, loading of the vertebrate cohesin on chromatin is trig-

gered by formation of the prereplication complexes, an event 

that occurs early during the cell cycle (telophase in cycling cells 

and G1 after stimulation from quiescence; Takahashi et al., 

2004). The spatial pattern of the Smc1 response to DNA dam-

age reported here (readily detectable local phosphorylation 

without discernible increase of the total protein concentration) 

indicates that after DSB generation, this prereplication complex–

loaded fraction of cohesin remains bound to chromatin and 

 becomes locally accessible to the ATM-mediated phosphoryla-

tion. In this regard, it is important to note that phosphorylated 

Smc1 spreads throughout the entire regions of γ-H2AX–

 decorated chromatin (Fig. 7 B, bottom). This is consistent 

with our fi ndings that all three components required for the 

DSB-induced Smc1 phosphorylation—ATM, Nbs1, and 

BRCA1 (S.T. Kim et al., 2002; Kitagawa et al., 2004)—avidly 

interact with this DSB-generated nuclear subcompartment 

(Figs. 2, 5, and 6).

Pan-nuclear effectors of the DSB signaling
Some integral components of the DSB-induced genome surveil-

lance network did not accumulate at the damaged areas under 

any of the conditions explored in this study, including the high-

energy laser illumination described in the preceding section 

(Table I; Lukas et al., 2003). The key proteins in this category, 

p53 and Cdc25A, share their functional position within the DSB 

network by serving as the key effectors of the DNA damage–

 induced genome surveillance pathways (Kastan and Bartek, 

2004). Their lack of direct physical engagement with DSBs in-

dicates that the effi cient DSB-induced gene expression (p53) 

and cell cycle arrest (Cdc25A and p53) requires a specifi c sig-

naling component capable of rapid and effi cient connection of 

these effector molecules with the focal DNA lesions. The spa-

tial properties of activated Chk1, Chk2 (Lukas et al., 2003), and 

ATM (Bakkenist and Kastan, 2003) render these kinases the 

most plausible candidates for a “messenger” function.

Discussion
Our study provides evidence that after DSB-generating insults, 

a mammalian nucleus undergoes a complex compartmentaliza-

tion refl ected by distinct patterns of protein redistribution. The 

essence of our results is summarized in Table I. For the sake of 

clarity, the key implications of how the residence sites of the 

studied proteins help us better understand their roles in the DSB 

response were systematically discussed while describing the in-

dividual spatial categories in the preceding sections. We would 

Figure 9. The major spatial patterns of DSB-induced protein redistribution 
visualized in living cells. (A) U2OS cell lines stably expressing the indicated 
DSB regulators tagged with GFP and/or the GFP spectral variants were 
sensitized with BrdU and microirradiated with moderate laser doses, as in 
Fig. 2. 1 h later, the microirradiated regions were retrieved and the micro-
laser-induced protein redistribution was recorded in living cells. Insets 
show higher magnifi cation of the microirradiated fi elds; arrows indicate 
the laser direction through the respective nuclei. (B) The same set of cell 
lines as in A was exposed to 4 Gy of IR, and the living cells were recorded 
1 h later. All localization patterns in A and B were maintained from the fi rst 
signs of their appearance for up to several hours after microirradiation and 
IR exposure, respectively. Bars, 10 μm.
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like to complement these specifi c conclusions with more gen-

eral and conceptual ramifi cations of the reported results.

In particular, we would like to emphasize that among the 

diverse modes of protein redistribution after a DSB-generating 

insult, only the proteins assembled in the DSB-fl anking chro-

matin regions and the ssDNA microcompartments could be 

readily detected as intranuclear foci. An important implication 

of this fi nding is that within the range of physiologically rele-

vant doses of DNA damage, the IRIF formation (and/or the pro-

tein assembly at the laser-damaged nuclear tracks) cannot serve 

as the only criterion for the direct involvement of a given pro-

tein in the DSB response. This conclusion is supported by add-

ing several new members to the expanding family of proteins 

that, although functionally distinct, share the capability of a 

productive interaction with DSBs without a massive increase in 

their local concentration. Thus, in addition to signaling kinases 

whose interaction with the DSB sites is too transient to manifest 

as foci (Chk1 and -2), other proteins in this category assemble 

at DSB intermediates whose size is below the resolution of light 

microscopy (DNA-PK/Ku70). In addition, Smc1 is likely just 

one example of a larger group of proteins that stably interact 

with chromatin even in undamaged nuclei and yet become en-

gaged in the DSB signaling and/or repair after local modifi ca-

tion by enzymes recruited to the sites of DNA damage.

In conclusion, we hope that the results reported here will 

provide the necessary framework to add more proteins to the 

emerging “spatial map” of the DSB-induced genome surveil-

lance network. If coordinated in terms of experimental condi-

tions, subclassifi cation of proteins according to their residence 

sites before and after DNA damage may help validate, predict, 

or even exclude their roles in the increasingly complex DSB 

 response. One example illustrating the potential usefulness of the 

spatial dimension in approaching some lingering questions in 

the fi eld is the redistribution of the key apical kinases induced 

by DSBs. Most notably, ATM, ATR, and DNA-PK each occupy 

distinct nuclear subcompartments (DSB-fl anking chromatin, 

 ssDNA microcompartments, and unprocessed DSB ends, re-

spectively). Because defi ciency of the respective kinases is ac-

companied by distinct phenotypes (Abraham, 2004), it is clear 

that these kinases, despite sharing several downstream sub-

strates, have limited capability to substitute each other. Although 

the regulatory network determining the exact function of each 

of these kinases is very complex, their relocation to distinct com-

partments after DNA damage can, at least partly, explain their 

overlapping versus nonoverlapping potential.

Materials and methods
Cell culture and generation of DNA damage
The U2OS cell line and the BJ fi broblasts were seeded onto glass coverslips 
(Menzel) and grown in DME supplemented with 10% fetal bovine serum 
and standard antibiotics. The U2OS-derived cell lines stably expressing 
GFP-Mdc1, -53BP1, -ATR, and -Chk1 were described previously (Kramer 
et al., 2004; C. Lukas et al., 2004; Bekker-Jensen et al., 2005; Jazayeri 
et al., 2006). The YFP-Rad52 construct was generated by subcloning the 
Rad52 cDNA (a gift from R. Kanaar, Erasmus Medical Centre, Rotterdam, 
Netherlands) to the pEYFP-N expression plasmid (CLONTECH Labora-
tories, Inc.). Generation of the GFP-Smc3 plasmid is described in detail in 
Fig. S4. The U2OS cell lines stably expressing YFP-Rad52 and GFP-Smc3 

were generated by cotransfecting the respective expression plasmids to-
gether with the pBabe-puro plasmid containing the puromycin resistance 
cassette. Upon selection with 1 μg/ml puromycin (Sigma-Aldrich) for 10 d, 
resistant clones were tested for the expression and functionality of the GFP/
YFP-tagged proteins (see Fig. S4 for characterization of the GFP-Smc3–
 expressing cells). Laser microirradiation to generate DSBs in defi ned nuclear 
volumes was performed essentially as described previously (Lukas et al., 
2003; C. Lukas et al., 2004; Bekker-Jensen et al., 2005). In brief, the cul-
ture medium was supplied with 10 μM BrdU (Sigma-Aldrich) for 24 h to 
sensitize the cells to DSB generation by UV-A laser (λ = 337 nm). Before 
laser treatment, the coverslips were transferred to a phenol red–free CO2-
independent medium (Invitrogen). After microirradiation of �200 cells 
(a procedure lasting in total for <10 min), the coverslips were incubated for 
1 h in the incubator before fi xation. IR was delivered by an x-ray generator 
(HF160 [Pantak]; 150 kV; 15 mA; dose rate: 2.18 Gy/min) as previously 
described (Syljuasen et al., 2004).

RNA interference and plasmids
siRNAs against H2AX and Mdc1 were described previously (C. Lukas 
et al., 2004). The control siRNA was against HSP70B (Bekker-Jensen et al., 
2005). Cells were transfected with the siRNA duplexes with oligofectamine 
(Invitrogen) according to the manufacturer’s instructions and incubated for 
96 h before further treatment. For generation of stable Mdc1 knockdown, 
the oligonucleotides 5′-gatccccgtctcccagaagacagtgattcaagagatcactgtcttct-
gggagacttttt and 5′-agctaaaaagtctcccagaagacagtgatctcttgaatcactgtcttct-
gggagacggg were annealed and ligated into the pSUPER plasmid digested 
with HindIII and BglII. For generation of stable 53BP1 knockdown, the 
oligonucleotides 5′-gatccccgaacgaggagacggtaatattcaagagatattaccgtctcc-
tcgttcttttt and 5′-agctaaaaagaacgaggagacggtaatatctcttgaatattaccgtctcctc-
gttcggg were annealed and processed as above. The resulting constructs 
were transfected into U2OS cells and selected with Puromycin as described 
previously (C. Lukas et al., 2004).

Antibodies and microscopy
Rabbit polyclonal antibodies against the following targets were used: 
Smc1 (Abcam), Smc3 (Abcam), Smc1-S957P (Novus Biologicals), p53-
S15P (Santa Cruz Biotechnology, Inc.), TRF2 (Santa Cruz Biotechnology, 
Inc.), ATRIP (a gift from R. Abraham, The Burnham Institute, La Jolla, CA), 
Rad17 (Santa Cruz Biotechnology, Inc.), Rad9 (Santa Cruz Biotechnology, 
Inc.), Rad51 (Santa Cruz Biotechnology, Inc.), FANCD2 (Novus Biologi-
cals), Nbs1 (Novus Biologicals), ATM (Abcam), 53BP1 (Santa Cruz Bio-
technology, Inc.), γ-H2AX (Upstate Biotechnology), cyclin A (Santa Cruz 
Biotechnology, Inc.), and Chk1-S317P (Cell Signaling). The following 
mouse monoclonal antibodies were used: DNA-PK (Lab Vision), Ku70 
(Lab Vision), Chk1 (DCS-310; Abcam), RPA p32 (Lab Vision), BRCA2 
( Calbiochem), Mre11 (GeneTex), BRCA1 (Santa Cruz Biotechnology, Inc.), 
γ-H2AX (Upstate Biotechnology), and cyclin B1 (Santa Cruz Biotechnol-
ogy, Inc.). Sheep anti-Mdc1 antibody was a gift from S. Jackson (W ellcome 
Trust/Cancer Research UK Gurdon Institute, Cambridge, UK) and M. Stucki 
(University of Zürich, Zürich, Switzerland). Anti-BrdU mouse monoclonal 
antibody (RPN20AB) to detect ssDNA was obtained from GE Healthcare 
and was applied without any preceding DNA denaturation or nuclease 
treatment (Raderschall et al., 1999). Other immunostaining steps were 
identical to those described in the following section.

Cells were fi xed for 15 min in 4% formaldehyde and permeabilized 
in 0.2% Triton X-100 for 5 min. To facilitate discrimination of the chromatin-
associated versus ssDNA bound pools of Nbs1 (Fig. 5, B and C), cells 
were preextracted for 5 min at 4°C with a buffer containing 25 mM Hepes, 
pH 7.5, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 300 mM sucrose, and 
0.5% Triton X-100 as described previously (C. Lukas et al., 2004). Cover-
slips were incubated with primary antibodies for 1 h followed by second-
ary antibodies coupled to Alexa 488, 568, or 647 (Invitrogen) for 30 min. 
Where indicated, the DNA stain ToPro3 (Invitrogen) was added to the last 
washing solution. Coverslips were mounted onto glass slides (Menzel) with 
DAPI-containing mounting medium (Vector Laboratories) and subject to 
two- or three-color confocal microscopy on an LSM-510 (Carl Zeiss Micro-
Imaging, Inc.) mounted on an Axiovert 100M (Carl Zeiss MicroImaging, 
Inc.) equipped with Plan-Neofl uar 40×/1.3 oil-immersion objective, as 
previously described (Bekker-Jensen et al., 2005). For quantitative assess-
ment of the DNA damage–induced p53 phosphorylation, masks were 
manually drawn around the individual nuclei, and the mean fl uorescence 
associated with antibody to phosphorylated serine 15 of p53 (S15-P) sub-
tracted for the background fl uorescence was determined using the ImageJ 
software (NIH). The obtained values were exported to Prism4 (GraphPad) 
software for further data processing.
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Online supplemental material
Fig. S1 shows the spatial patterns of DSB-induced protein redistribution re-
solved on the level of the IRIF and provides evidence that the DSB-induced 
redistribution of proteins to distinct nuclear subcompartments was assayed 
under unsaturated conditions for image acquisition. Fig. S2 shows the 
main spatial patterns of DSB-induced protein localization in primary cells 
(the BJ strain of human diploid fi broblasts). Fig. S3 provides evidence for 
autonomous protein interactions with distinct DSB-generated nuclear sub-
compartments. Fig. S4 describes generation and characterization of the 
GFP-Smc3 cohesin subunit. Online supplemental material is available at 
http://www.jcb.org/cgi/content/full/jcb.200510130/DC1.
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Compartmentalization of the DSB-containing nuclear space 
By subjecting human U2OS cells to our DSB-generating microlaser, we undertook a meticulous 
analysis of the intranuclear localization of a host of known DNA damage response regulators 
(Bekker-Jensen, 2006). Essentially, we found the proteins to group into three distinct categories 
based on their pattern of localization. One group of proteins assembled within the entire region of 
modified chromatin surrounding the break sites, causing the fluorescence signal to co-localize 
extensively with the signal for γ-H2AX. The accumulation of these proteins appeared as a 
continuous “stripe”, likely caused by the coalescence of individual DSB-containing foci. This 
specific pattern of protein accumulation could be best illustrated with Mdc1 and 53BP1 (figure 28), 
proteins which have recently been shown to interact with post-translationally modified histones 
(Huyen et al., 2004; Stucki et al., 2005). ATM and the MRN complex are other prominent members 
belonging to this category. This supports the recent finding that Nbs1 interacts with and recruits 
ATM to the site of DNA damage (Falck et al., 2005). Thus, it is the ability of Nbs1 to interact with 
γ-H2AX bound Mdc1 on the one hand and ATM on the other (Lukas et al., 2004a) that targets this 
key kinase to the modified chromatin compartment.  
 
Another group of proteins assembled into much smaller structures (“micro foci”). These structures 
had a focal and discrete appearance and thus proteins belonging to this category did not appear to 
form a continuous stripe within the laser tracks (figure 28). When we investigated the underlying 
structural components of this compartment, we found that the micro foci were delineated by single 
stranded DNA, an intermediate of homologous recombination. This repair process is only initiated 
in S and G2-phases of the cell cycle, and consequently the ssDNA compartment and micro foci are 
not formed in G1 cells. Conversely, the modified chromatin compartment is equally profound 
during the entire interphase. Proteins that accumulate into micro foci are, beside those involved in 
recombinational repair, the ATR kinase, its binding partner ATRIP, and other proteins involved in 
ATR signalling, such as Rad17 and the 9-1-1 complex. The master kinases of the mammalian DNA 
damage response, ATM and ATR, share many substrates (Shiloh, 2003), making it difficult to asses 
their relative contributions to checkpoint activation and maintenance. Our finding that ATM and 
ATR, along with its direct binding partners Nbs1 and ATRIP, display a differential localization 
after DNA damage highlights an important discrepancy between signalling by ATM and ATR. 
While ATM signalling emanates largely from the modified chromatin compartment and is not cell 
cycle restricted, DSB-induced ATR signalling is spatially limited to the much smaller and cell cycle 
regulated micro foci. This spatial discrepancy could potentially explain the limited potential for 
ATM and ATR to substitute for each other in cells derived from patients with ataxia-telangiectasia 
and Seckel syndrome despite that they share several downstream substrates. 
 
When we studied the relationship between Mdc1 and the MRN complex, we discovered that a pool 
of MRN assembled into minute foci in the absence of Mdc1 (discussed above) (Lukas et al., 2004a). 
When we revisited this observation in the light of the present findings, we found these Mdc1 
independent Nbs1 foci to co-localize completely with markers of the micro focal compartment 
(ssDNA and RPA). The ability of MRN to interact with both of the spatially distinct focal 
compartments was recapitulated by BRCA1, but not by any other protein that we studied. Thus, we 
never detected any signs of Mdc1 or 53BP1 associating with micro foci when we disabled the 
chromatin interaction potential of these proteins. The unique ability of MRN and BRCA1 to interact 
with modified chromatin as well as the ssDNA containing compartment probably reflects the dual 
roles of these proteins in DSB recognition and -signalling on the one hand and DSB repair by 
homologous recombination on the other (Shiloh, 2003; West, 2003). 
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Among the variety of DNA damage responders that we analysed, several proteins failed to form any 
kind of microscopically visible foci, and this was found to be the case for the Chk1 and Chk2 
kinases. Despite the lack of visible accumulation, these key transducers of the DNA damage alert 
signal do interact transiently with the upstream kinases ATR and ATM within the spatially 
restricted focal compartments, where they are phosphorylated and activated. Such a series of events 
was first demonstrated to unfold during ATM activation of Chk2 after a DSB generating insult 
(Lukas et al., 2003) and later recapitulated for ATR activation of Chk1 in the presence of UV 
lesions (Smits et al., 2006). The combination of a transient interaction with the site of DNA damage 
and a very high mobility ((Lukas et al., 2003) and our unpublished observations) are probably 
important properties for Chk1 and Chk2 when functioning as pan-nuclear effectors of the DNA 
damage response (Lukas et al., 2005). Other proteins that did not readily accumulate into 
cytologically discernible foci were the cohesin subunits Smc1 and Smc3, and the DNA-PK 
holoenzyme consisting of Ku and the catalytic subunit of DNA-PK. All of these proteins are 
involved in some aspects of DNA damage signalling and repair, and chromatin 
immunoprecipitation (CHIP) has provided evidence for the recruitment of these factors to DSBs 
and yeast (Martin et al., 1999; Strom et al., 2004; Unal et al., 2004). The reason why the 
documented interactions of these proteins with DSBs do not result in formation of full-blown foci is 
probably that the interactions are restricted to the DNA termini for Ku and DNA-PK (Downs and 
Jackson, 2004), and that these tiny nuclear sub-compartments are below the resolution of light 
microscopy. Also, at least in yeast, de novo loading of cohesins after genotoxic stress occurs at 
undamaged as well as damaged sites on chromosomes (Strom et al., 2004). Our findings regarding 
these proteins contrast with several reports where the accumulation of the same factors within 
microlaser tracks has been studied. Kim et al reported accumulation of Ku and DNA-PK in cells 
exposed to a Nd:YAG laser, as well as enrichment of Smc1 within these regions (Kim et al., 2002). 
Even though our results are in agreement with what can be observed in cells exposed to ionizing 
radiation (our study) as well as charged ion beams (Jakob et al., 2002), we attempted to account for 
the discrepancies between our own and other commonly used microirradiation approaches. Thus, 
following another line of experimentation, we omitted the BrdU sensitization and increased the 
output of our laser considerably. By this approach we were able to reproduce the findings of Kim et 
al (2002) and others regarding the intranuclear localization of Ku and Smc1 in cells exposed to high 
energy microirradiation. In the same regions where we observed the accumulation of these factors, 
we also noted a massive destruction of the nuclear integrity, raising some concerns on the 
physiological relevance of these findings. Our experiments indicate that massive amounts of DNA 
damage are required for the interaction of Ku and Smc1 with DNA breaks to manifest as a 
microscopically discernible accumulation. 
 
To organize the DNA damage response in time and space within the nucleus is a massive challenge 
that requires careful coordination of a large number of events. Our discovery of the existence of 
several distinct sub-compartments around DSBs adds another dimension to the spatio-temporal 
organization of the response to genotoxic stress. The existence of sub compartments likely helps 
organizing and separating processes that serve different purposes. In the present case, one 
compartment appears to orchestrate the acute checkpoint signalling via ATM, while the other 
compartment is dedicated to a specialized repair process as well as a DNA damage signalling that is 
dependent on the actual lesions. The existence of sub-compartments raises a number of questions 
that could potentially clarify important issues regarding the basic architecture of IRIF and other 
DSB containing nuclear foci: Are there only two compartments or are foci in fact divided into 
several distinct and non-overlapping sub-structures? Within the compartment that we have dubbed 
the “modified chromatin compartment”, additional boundaries could exist that may or may not have 
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Figure 28. Spatial compartmentalization of the DSB-
containing nuclear space. A) Mdc1 and RPA display 
different patterns when they accumulate in DSB-
containing laser tracks. While Mdc1 forms a 
continuous ”stripe” (left), RPA accumulates into 
small distinctive foci, revealing the existence of a 
sub-compartment within the laser track (right). 
Yellow lines indicate the borders of the nucleus. Blue 
scale bar = 2 µm. B) Two compartments are formed 
around genomic DSBs. The modified chromatin 
cormpartment spans megabases of DNA in both 
directions of the break site. The most avid interactor 
with this region is Mdc1, the binding partner of γ-
H2AX. A smaller compartment, called micro foci, is 
formed at the actual break site in a cell cycle 
dependent manner. The structural basis for this 
compartment is single stranded DNA which is coated 
by RPA, and to which signalling as well as repair 
factors bind. 

 

Table 3: Spatial redistribution of proteins in response to DSBs 

Modified chromatin Micro foci No accumulation 
ATM ATR DNA-PK 
Nbs1 (MRN) ATRIP Ku70 
Mdc1 RPA Smc1 
53BP1 Rad17 Smc3 
BRCA1 Rad9 Cdc25A 
 Rad51 p53 
 Rad52 Chk1 
 BRCA1 Chk2 
 BRCA2 Kap1 
 FANCD2 Claspin 
 Nbs1 (MRN)  
 TopBP1  

elevance for the plausible spectrum of protein-protein interactions and signalling events. Such a 
urther compartmentalization could result from an incomplete overlap between the various 
pigenetic marks that attract checkpoint proteins to this region surrounding the lesions. Based on 
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our observations regarding DNA-PK and Ku, one could also envisage these proteins as members of 
a larger group of factors that denote and occupy a third focal compartment by binding directly to 
unprocessed DNA ends. As such a compartment can only be occupied by extremely few proteins at 
the same time, it would limit protein accumulation, in agreement with our observations regarding 
these proteins. Importantly, even such a small nuclear sub-compartment is apparently sufficient to 
activate end-joining factors DNA-PK mediated phosphorylations (Downs and Jackson, 2004). 
 
A second important point regarding the biological significance of the sub-compartmentalization of 
foci is whether or not an exchange of information and factors takes place between the 
compartments, and whether these regulate each other or are created and maintained in an 
autonomous fashion. Several published studies suggest that factors which we have found to localize 
to different sub-compartments interact and / or regulate each other. For example, Mdc1 could be co-
immunoprecipitated with the micro foci forming protein FANCD2 (Stewart et al., 2003), and 
53BP1 was found to associate with RPA (Yoo et al., 2005). In strict terms, Mdc1 and 53BP1 do not 
co-localize with FANCD2 and RPA at sites of DNA damage, implying that these interactions likely 
do not contribute to the organization of IRIF architecture. A recent report describes a role for Mdc1 
in Rad51 focus formation (Zhang et al., 2005), but we did not observe any such relationship 
between these two proteins, nor did we find any other case where a protein from the chromatin 
binding category regulated a protein belonging to the micro foci forming category or vice versa. So 
far, we have not observed any signs of cross-regulation between the modified chromatin- and micro 
focal compartment. We have, however, noted several cases of genetic dependencies within the same 
spatial category. Within the chromatin region, γ-H2AX bound Mdc1 attracts the MRN complex, 
BRCA1 and 53BP1 (Bekker-Jensen et al., 2005; Goldberg et al., 2003; Lou et al., 2003), while 
BRCA1 itself is a major regulator of proteins within the micro focal compartment. Thus, we found 
BRCA1 to be crucially dependent for foci formation by BRCA2 and Rad51, in agreement with the 
available literature (Welcsh et al., 2000; Yuan et al., 1999). 
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Chromatin relaxation in response to DNA 
double-strand breaks is modulated by a novel ATM- 
and KAP-1 dependent pathway
Yael Ziv1,5, Dana Bielopolski1, Yaron Galanty1, Claudia Lukas2, Yoichi Taya3, David C. Schultz4, Jiri Lukas2, 
Simon Bekker-Jensen2, Jiri Bartek2 and Yosef Shiloh1,5

The cellular DNA-damage response is a signaling network 
that is vigorously activated by cytotoxic DNA lesions, such as 
double-strand breaks (DSBs)1. The DSB response is mobilized 
by the nuclear protein kinase ATM, which modulates this 
process by phosphorylating key players in these pathways2. A 
long-standing question in this field is whether DSB formation 
affects chromatin condensation. Here, we show that DSB 
formation is followed by ATM-dependent chromatin relaxation. 
ATM’s effector in this pathway is the protein KRAB-associated 
protein (KAP-1, also known as TIF1β, KRIP-1 or TRIM28), 
previously known as a corepressor of gene transcription3,4. In 
response to DSB induction, KAP-1 is phosphorylated in an 
ATM-dependent manner on Ser 824. KAP-1 is phosphorylated 
exclusively at the damage sites, from which phosphorylated 
KAP-1 spreads rapidly throughout the chromatin. Ablation of 
the phosphorylation site of KAP-1 leads to loss of DSB-induced 
chromatin decondensation and renders the cells hypersensitive 
to DSB-inducing agents. Knocking down KAP-1, or mimicking a 
constitutive phosphorylation of this protein, leads to constitutive 
chromatin relaxation. These results suggest that chromatin 
relaxation is a fundamental pathway in the DNA-damage 
response and identify its primary mediators.

DSBs in DNA are induced by cellular metabolites, normal DNA transac-
tions and environmental agents, such as ionizing radiations and radi-
omimetic chemicals. DSBs, which present a serious threat to cellular 
homeostasis and life, swiftly evoke the DNA damage response — an elab-
orate signalling network of repair mechanisms, cell-cycle checkpoints, 
apoptotic pathways and many as yet undefined stress responses1,5,6. 
Genetic defects in this system usually lead to genomic-instability syn-
dromes that almost invariably involve predisposition to cancer.

The chief activator of this massive response is the nuclear protein kinase 
ATM. ATM is missing or inactivated in patients with the genomic insta-
bility syndrome ataxia-telangiectasia (A-T). Following DSB formation, 

ATM is activated, a portion of the protein is recruited to the damage sites 
and it then phosphorylates a multitude of substrates, each of which takes 
part in a damage response pathway2, 6. ATM belongs to a family of pro-
teins, most of them protein kinases, which contain a phosphatidylinositol 
3-kinase-like domain. A close ally of ATM is another member of this 
family, ATR. ATR responds primarily to UV lesions and stalled replica-
tion forks, but is also activated at a later stage of the DSB response and is 
thought to maintain the phosphorylation of certain ATM substrates7.

Further understanding of the DNA-damage response requires the elu-
cidation of new branches of this network. Phospho-specific antibodies 
are a useful tool for identifying novel kinase substrates. These antibodies 
are designed to monitor the phosphorylation of specific sites on known 
substrates, but cross-reaction with similar sites on other substrates may 
allow a single antibody to detect the phosphorylation of several pro-
teins. The target sites of ATM and ATR share a common core, SQ or TQ 
— the phosphorylated serines or threonines are usually followed by a 
glutamine. Proteins that share as few as one or two residues flanking this 
motif can potentially create a common epitope. We noticed such cross-
reactivity of an antibody that had been raised against phosphorylated 
Ser 407 of the oncogenic protein Mdm2.

Ser407 of Mdm2, which is part of an SQ motif, is not phosphorylated 
by ATM in response to DSBs, but rather by ATR, several hours after 
treatment with replication blockers8. This ATR-mediated phosphoryla-
tion is unlike most DSB-induced phosphorylations mediated by ATM, 
which appear minutes after damage induction. However, it was observed 
that the corresponding phospho-specific antibody did detect rapid, vig-
orous phosphorylation of another protein, with a migration pattern that 
was different from Mdm2, shortly after treatment of human cells with 
the DSB-inducing chemical neocarzinostatin (NCS; see Supplementary 
Information, Fig. S1a). Furthermore, this reaction was observed in 
Mdm2-deficient cells (data not shown). Contrary to Mdm2 phospho-
rylation on Ser 407 following replication block, this phosphorylation 
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peaked rapidly and declined within several hours with kinetics typical 
of many ATM substrates and was ATM-dependent (see Supplementary 
Information, Fig. S1b, c).

The phosphorylated protein was identified as KAP-1 using biochemi-
cal fractionation and mass spectrometric analysis. Importantly, KAP-1 
contains the sequence SS824QE, which is identical to that surround-
ing Ser 407 of MDM2 (SS407QE) and contains the epitope potentially 
recognized by the antibody on phosphorylation of Ser 824 (Fig. 1a). 
Reciprocal immunoprecipitation experiments suggested that KAP-1 was 
indeed the protein detected by the antibody and indicated that it was 
quantitatively phosphorylated in response to DSBs (see Supplementary 
Information, Fig. S2a). The reactivity of the phospho-specific antibody 
with phosphorylated Ser 824 of KAP-1 was confirmed using ectopically 
expressed wild-type KAP-1, and a mutant protein (KAP-1S824A) in which 
the phosphorylation site had been abolished (Fig. 1b). ATM-dependent 
phosphorylation of KAP-1 was characterized by rapid kinetics, peaking 
30–60 min after DSB induction and largely disappearing after several 
hours (Fig. 1c). A longer time course and variable degrees of KAP-1 
phosphorylation were observed in response to treatments with UV irra-
diation, the methylating agent methyl methane sulfonate (MMS) and 
the replication blocker hydroxyurea (see Supplementary Information, 
Fig. S3), probably reflecting secondary formation of DSBs. At the range 
of treatment doses used in this study, KAP-1 phosphorylation did not 

seem to require the presence of the DNA-damage response proteins 
MDC-1, BRCA1 and 53BP1 (data not shown).

KAP-1 is a nuclear phosphoprotein with a relative molecular mass 
of 97,000 (Mr = 97 K) and is known as a universal corepressor of gene 
transcription3,4,9. KAP-1 acts by physically associating with a subclass of 
the zinc-finger DNA-binding proteins, which contain a KRAB (Kruppel-
associated box) domain and repress transcription from RNA polymerase 
I, II and III promoters. KAP-1 is a member of the TRIM family of pro-
teins11, characterized by a conserved tripartite motif containing a RING, 
B1 box, B2 box and coiled–coil motifs (also called an RBCC domain; 
Fig. 1a). KAP-1 binds to the KRAB domain through this tripartite motif 
and concomitantly associates with members of the heterochromatin pro-
tein 1 (HP1) family, which participate in chromatin packaging and in 
particular heterochromatin formation. HP1 recruitment to chromatin 
is enhanced by methylation of histone H3 on K9 by a KAP-1-associ-
ated histone methyltransferase SETDB1 (ref. 12). This protein complex 
induces local heterochromatinization and consequently transcriptional 
repression13. KAP-1 is an essential protein involved in early developmen-
tal processes and its ablation in mice results in embryonic lethality14.

To examine the functional significance of KAP-1 phosphorylation, we 
stably knocked down cellular KAP-1 using RNA interference (RNAi) and 
complemented the cells by stable expression of siRNA-resistant, ectopic 
KAP-1 in wild-type and mutant versions containing S824A and S824D 
substitutions. The S824D mutant is expected to mimic the phosphor-
ylated form of the protein. Similar to endogenous KAP-1, the ectopic 
proteins were expressed at physiological levels, were nuclear and the 
wild type protein was phosphorylated on Ser 824 in response to DSBs 
(Fig. 2a, b). This ‘protein replacement’ again allowed demonstration of 
the strict specificity of the antibody for phosphorylated KAP-1 at early 
times after DSB induction (Fig. 2a, b).

Two of the cellular hallmarks of ATM deficiency are hypersensitivity 
to the cytotoxic effect of DSB-inducing agents and defective activation of 
the cell-cycle checkpoints by DSBs. Significantly, knocking down endog-
enous KAP-1 or its replacement by a non-phosphorylatable version of 
this protein (S824A) markedly increased the sensitivity of the cells to 
NCS (Fig. 2c). Importantly, however, the loss of the phosphorylation site 
of KAP-1 did not affect the activation of cell-cycle checkpoints by this 
treatment (see Supplementary Information, Fig. S4). The effect of DNA 
damage on KAP-1–KRAB transcriptional repression activity was tested 
using a cell line in which a luciferase transgene is subjected to this repres-
sion and serves as a reporter12. The results (data not shown) indicated 
that DSB induction did not affect the repressor activity assayed by this 
system, suggesting that KAP-1 functions in response to DNA damage 
in a different capacity. We also found that lack of endogenous KAP-1, 
or its replacement by mutant versions, did not affect phosphorylation 
of histone H2AX, foci formation by the damage response protein 53BP1 
or ATM activation and phosphorylation of several ATM targets (see 
Supplementary Information, Fig. S5). Therefore, KAP-1 is not expected 
to function as a sensor or activator in the DNA-damage response2 and 
its role in this response is downstream of ATM.

Important clues to the function of a damage-response protein can be 
obtained by examining its spatio-temporal dynamics following DNA 
damage, especially in the phosphorylated form15. Many ATM substrates 
are phosphorylated at the damage sites by chromatin-bound, activated 
ATM. Those participating in processes at the damage sites are retained 
there and form prominent nuclear foci, whereas others that function in 
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Figure 1 KAP-1 is a novel ATM substrate in the DNA-damage response. 
(a) Schematic representation of the domains of KAP-1. CC, coiled–coil; 
HP1BD, HP1-binding domain. The PHD and BROMO domains are typical 
of proteins that interact with chromatin and are involved in chromatin 
modifications. ATM’s target, Ser 824, is at the carboxy-terminus of the protein. 
(b) Detection of KAP-1 phosphorylation in cells using a specific anti-phospho 
antibody. Wild-type and mutant (S824A) Flag-tagged KAP-1 was ectopically 
expressed in HEK293 cells. Following treatment with 200 ng ml–1 NCS for 
30 min, ectopic KAP-1 was immunoprecipitated using an anti-Flag antibody 
and the immune complexes were blotted with anti-KAP-1 and anti-pS824 
antibodies. See Supplementary Information, Fig. S2b for further characterization 
of the anti-pS824 antibody. (c) Rapid kinetics and ATM dependence of 
KAP-1 phosphorylation following ionizing radiation treatment. Wild-type and 
lymphoblastoid cells were irradiated with 2 Gy  X-rays and cellular extracts were 
blotted with the indicated antibodies at various times after irradiation.
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other locations leave these sites after their phosphorylation15. Spatially 
localized DSBs were induced in cells using micro-irradiation with a laser 
beam whose path across the nucleus leaves a distinct track of DSBs15 and 
the spatial distribution of total and phosphorylated KAP-1 was monitored 
by immunofluorescence microscopy analysis. Notably, in the first few 
minutes after irradiation transient accumulation of KAP-1 was noticed 
at the damaged sites, but this rapidly disappeared (Fig. 3a). This tran-
sient stalling of KAP-1 at the damaged sites could also be observed using 
GFP-tagged ectopic KAP-1 (see Supplementary Information, Fig. S6). 
Significantly, in the first few minutes following irradiation, phosphor-
ylated KAP-1 was confined to the DSB tracks, but then migrated quickly 
from the damage sites and spread throughout the nucleus, reaching 
pan-nuclear localization within 15 min (Fig. 3b). These results sug-
gested that KAP-1 was transiently pausing and being phosphorylated at 
the DSB sites, presumably by the chromatin-bound fraction of activated 
ATM. Importantly, however, KAP-1 was not stably recruited to the dam-
age sites and the phosphorylated protein rapidly diffused throughout 
the nucleus (Fig. 3a, b). The spatial dynamics of KAP-1 were further 

characterized by measuring mobility of ectopic, GFP-tagged KAP-1 using 
fluorescence recovery after photobleaching (FRAP) before damage induc-
tion and when its phosphorylation was maximal and pan-nuclear (see 
Supplementary Information, Fig. S7a). GFP–KAP-1 displayed mobility 
parameters typical of chromatin-associated proteins, such as HP1, in both 
untreated and damaged cells (see Supplementary Information, Fig. S7b, 
c), and this mobility was consistent with the kinetics at which the phos-
phorylated protein spread away from the damage sites (Fig. 3b). FRAP 
analysis also indicated that the phosphorylation did not alter the mobility 
of KAP-1 or the extent of its binding to chromatin (see Supplementary 
Information, Fig. S7b, c). Taken together, these results suggested that 
rather than functioning in processes occurring at the DSB sites, phos-
phorylated KAP-1 rapidly conveys a global nuclear signal, presumably 
associated with chromatin organization.

The notion that KAP-1 might be involved in chromatin organization 
also arose during cell-cycle analysis, when it was noticed that lack of 
KAP-1 increased the accessibility of cellular DNA to the intercalating 
dye propidium iodide (data not shown). This observation prompted us 
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Figure 2 Functional significance of ATM-mediated phosphorylation of KAP-
1 in the DNA-damage response. (a) Replacement of endogenous KAP-1 
in U2-OS cells by ectopic protein in wild-type and two mutant versions. 
Protein replacement was carried out by a stable knock-down of endogenous 
KAP-1 and subsequent stable ectopic expression of recombinant proteins. 
Western blotting analysis of cellular extracts was performed after treatment 
of the cells with various NCS doses for 30 min. (b) Immunofluorescence 
microscopy analysis of the phosphorylation of endogenous KAP-1, and 

ectopic KAP-1 replacing it, in U2-OS cells. The scale bars represent 10 µm. 
(c) Loss of KAP-1 or abrogation of its phosphorylation are associated with 
increased sensitivity to radiomimetic treatment. U2-OS cells in which 
endogenous KAP-1 had been knocked down or replaced by ectopic wild-
type or mutant KAP-1 proteins, and cells in which the ATM protein had 
been knocked down, were treated with various doses of NCS and clonogenic 
survival was assessed. NCS was applied to the cells using a split dose 
protocol (see Methods).
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to examine the effect of DNA damage on the state of chromatin con-
densation in different KAP-1 backgrounds. Chromatin condensation 
was evaluated by digestion with micrococcal nuclease (MNase), which 
preferentially cuts the DNA in the linker regions between nucleosomes16. 
Partial MNase digestion releases chromatin fragments containing dif-
ferent numbers of nucleosomes; hence, the ladder obtained on gel elec-
trophoresis of the DNA reflects the MNase accessibility of the linkers 
— a measure of chromatin compaction. NCS treatment caused a marked 
increase in cellular chromatin accessibility to MNase, which peaked 
in HEK293 cells approximately 1 h after treatment and largely disap-
peared 1 h later (Fig. 4a and see Supplementary Information, Fig. S8a), 
in a time course similar to that of KAP-1 phosphorylation in these cells. 
Significantly, this effect was noticed in cells expressing wild-type but not 
mutant KAP-1S824A (Fig. 4b–d). Cells lacking KAP-1 exhibited a constitu-
tive, moderate increase in MNase accessibility of their chromatin, which 
was reversed on expression of ectopic wild-type KAP-1 and the S824A 

mutant (Fig. 4e). Strikingly, when endogenous KAP-1 was replaced 
by the S824D mutant, the MNase accessibility of their chromatin was 
greater yet (Fig. 4e). These results suggested that KAP-1 is involved in 
maintaining chromatin condensation and pointed to a global chromatin 
decondensation in response to DSBs that required KAP-1 phosphor-
ylation, presumably by inhibiting KAP-1 chromatin compaction. As 
KAP-1 phosphorylation is mediated by ATM, this phenomenon was 
examined in ATM-knockdown cells and was found to be ATM-depend-
ent (Fig. 4f and see Supplementary Information, Fig. S8b). The same 
phenomenon was also observed in U2-OS cells (data not shown) and 
in the neuroblastoma cells LA-N-5 (see Supplementary Information, 
Fig. S8b). Interestingly, the extent of chromatin relaxation in LA-N-
5 cells was greater than in HEK293 cells and its  kinetics were faster. 
Given the magnitude of this response in LA-N-5 cells, ATM depend-
ence was readily evident when ATM was knocked down in these cells 
(ref. 17 and see Supplementary Information, Fig. S8b). It is interesting 
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Figure 3 KAP-1 is phosphorylated at the DSB sites by chromatin bound ATM 
and the phosphorylated protein rapidly spreads throughout the nucleus. 
(a) Spatio-temporal dynamics of KAP-1 in response to localized DSBs. 
Exponentially growing U2-OS cells were exposed to a focused laser microbeam 
along linear tracks spanning the entire nuclear diameter. At the indicated times, 
the cells were fixed and immunostained with an anti-KAP-1 antibody and a 

monoclonal antibody against γH2AX, the phosphorylated form of histone H2AX, 
which marks the damage sites. Note the rapid but transient accumulation 
of KAP-1 at the damaged sites. (b) The same experiment as in Fig. 3a 
was performed using anti-pS824 antibodies. In the first few minutes after 
irradiation, KAP-1 phosphorylation is noticed exclusively at the damaged sites, 
but the pS824 rapidly becomes pan-nuclear. The scale bars represent 10 µm.
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Figure 4 Chromatin relaxation in response to DSBs. (a) Increased MNase 
accessibility of chromatin at different times after treatment of HEK293 
cells with 200 ng ml–1 of NCS. (b) A similar experiment as in a was 
performed with HEK293 cells in which wild-type or mutant (S824A) ectopic 
KAP-1 replaces the endogenous protein. The change in MNase accessibility 
of the chromatin is observed in cells with wild-type KAP-1 but not in those 
with the mutant protein. (c) Profiles of the various lanes of the gel presented 
in b. N1–N7 denotes the numbers of nucleosomes in each oligonucleosome. 
Note the shift in oligonucleosome size in wild-type cells after DNA damage. 
(d) Histogram representing average oligonucleosome length, calculated as 

described in the Methods, in seven independent experiments with wild-
type KAP-1 and four experiments with the S824A mutant. UT: untreated 
control. The error bars represent the s. d. ***, P <0.002; **, P <0.01. 
(e) Comparison of basal degree of chromatin condensation in cells with 
different KAP-1 constitutions. Note the constitutive increase in MNase 
accessibility in cells lacking KAP-1 and the greater increase in chromatin 
relaxation associated with the S84D mutant. (f) ATM dependence of 
the DSB-induced chromatin relaxation. Comparison was made between 
HEK293 cells with endogenous ATM and the same cells in which ATM had 
been stably knocked down using RNAi (bottom panel).
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to note that KAP-1 levels were particularly high in murine cerebellum 
and radiation-induced phosphorylation of KAP-1 in this tissue was par-
ticularly vigorous (data not shown).

Further evidence for DNA damage-induced chromatin deconden-
sation was obtained using controlled digestion of chromatin with 
DNaseI. Although this assay is usually used for monitoring chromatin 
decondensation at discrete sites18, it does demonstrate the global increase 
of DNA accessibility to DNaseI in the chromatin of NCS-treated cells 
(see Supplementary Information, Fig. S8d).

DNA damage is a major insult that induces a wide range of processes 
throughout the cell. At the DNA level, damage processing and repair 
take place at the damage sites, although gene transcription is modulated 
across the genome. As genomic DNA is entangled in the highly struc-
tured chromatin, it is conceivable that the chromatin must be relaxed to 
allow access to DNA by the relevant proteins19, 20. Chromatin deconden-
sation has been extensively documented at sites of gene transcription and 
several transcription activators have been shown to induce large-scale 
chromatin relaxation21–24. An enduring question in the DNA-damage 
field has been whether chromatin undergoes decondensation following 
DNA damage. Evidence suggests that such a process is indeed induced by 
DNA damage19, 20. Two regulators of gene transcription, Gadd45 (ref. 25) 
and p53 (ref. 26), were found to mediate global chromatin relaxation in 
response to UV damage.

Several reports have suggested that a general chromatin relaxation is 
also induced by DSBs27, 28, but it remains unclear whether this relaxation 
is confined to the damage sites or whether it is global. Recently, local 
chromatin relaxation at the vicinity of DSBs has been demonstrated in 
yeast29 and a similar, very rapid, process, which was ATM-independent, 
has been shown in mammalian cells30. Our results suggest that further 
to this process in mammalian cells, DSBs induce an ATM-dependent 
wave of chromatin relaxation that quickly traverses the entire genome, 
conveyed by ATM-phosphorylated KAP-1. The quantitative phosphor-
ylation of KAP-1 (see Supplementary Information, Fig. S2) together with 
its rapid diffusion throughout the chromatin (Fig. 3b), allow swift and 
efficient induction of chromatin relaxation on a global scale.

The functional significance of this transient chromatin relaxation is 
highlighted by the increased sensitivity of cells with non-phosphorylat-
able KAP-1 to DSB-inducing agents (Fig. 2c). It has been suggested that 
the radiosensitivity of A-T cells reflects a subtle defect in DSB repair 
that leaves a minute fraction of DSBs unsealed31. The global, ATM- and 
KAP-1-dependent chromatin relaxation that follows the local, ATM-
independent relaxation30 may create a chromatin configuration that is 
essential for a fully efficient repair process.

However, it is not known how the message carried by KAP-1 is deliv-
ered. Following DSB induction, major changes were not detected in the 
interaction between endogenous KAP-1 and HP1 proteins, the associa-
tion of HP1 proteins with the chromatin fraction and HP1 mobility and 
the interactions of KAP-1 with the histone methyltransferase SETDB1 
and the Mei-2α protein (a subunit of the NuRD deacetylase complex; 
data not shown). The interaction of KAP-1 with Mdm2, an inhibitor and 
ubiquitin ligase of p53, is known not to be affected by ionizing radia-
tion32. The mechanism by which KAP-1 phosphorylation leads to chro-
matin relaxation may depend on changes in unknown interactions of 
phosphorylated KAP-1 with other proteins.

Importantly, the role of KAP-1in the DNA damage response seems 
to be broader than its documented role as transcriptional corepressor. 

This is reminiscent of the transcription regulators Gadd45 and p53 
(which are implicated in UV-induced chromatin relaxation25, 26), the 
Brca1 and E2F1 proteins (which are also capable of regulating transcrip-
tion and inducing large-scale chromatin unfolding22) and the transcrip-
tion factor ATF2 (which when targeted by ATM functions in the DNA 
damage response in a transcription-unrelated capacity33). In this regard, 
it has been suggested that the transcription machinery may function in 
DNA damage surveillance across the genome34. Temporary decondensa-
tion of chromatin might facilitate such rapid genomic surveillance. This 
dual function may characterize additional players in the DNA damage 
response as this ever-expanding network continues to unfold.  

METHODS
Cell lines.  HEK293 and U2-OS cells were grown in DMEM with 10% fetal bovine 
serum at 37 °C in 5% CO2 atmosphere.

Antibodies. The anti-53BP1 antibody was a generous gift from T. Halazonetis 
(Wistar Institute, Philadelphia, PA). Other antibodies were purchased from the fol-
lowing manufacturers: anti-Mdm2 (OP46), Merck Biosciences, Inc. (Darmstadt, 
Germany); polyclonal anti-KAP-1, Bethyl Laboratories, Inc., (Montogomery, TX); 
monoclonal anti-KAP-1(anti-KRIP), BD Biosciences (San Jose, CA); monoclonal 
anti-HA, Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); anti-Flag (M5) 
and anti-tubulin, Sigma-Aldrich (St Louis, MO); anti-pS139-H2AX, Upstate 
Biotechnology, Inc. (Waltham, MA). The antibody against phosphorylated Ser 407 
of Mdm2 was previously described8. The specific phospho-antibody against phos-
phorylated Ser 824 of KAP-1 (BL-1067) was produced by Bethyl Laboratories, Inc. 
(Montgomery, TX). Secondary antibodies: anti-mouse and anti-rabbit IgG, Alexa 
488/568/647 were purchased from Molecular Probes (Leiden, Netherlands), and 
HRP-conjugated anti-rabbit IgG or anti-mouse IgG were obtained from Jackson 
Immunoresearch Laboratories, Inc. (West Grove, PA).

Vectors and constructs. Full-length KAP-1 cDNA cloned in pCMV–SPORT6 
was obtained from Research Genetics (catalog #FL1001; accession number, 
AL552369). An HA-tag was introduced at the amino terminus of the protein 
expressed from this clone by inserting a synthetic oligonucleotide duplex at the 
EcoRI site of the vector. The construct expressing Flag-tagged KAP-1 in pcDNA3.0 
vector was previously described12.

ATM knockdown. All stable knockdowns were obtained by expressing vari-
ous shRNAs in cells using the retroviral vector pRetroSuper (a gift from R. 
Agami, Netherlands Cancer Institute, Amsterdam, The Netherlands). ATM was 
knocked down in HEK293 and U2-OS cells by expressing in them two shR-
NAs containing sequences that correspond to positions 1266–1284 of the ATM 
ORF (GATACCAGATCCTTGGAGA; obtained from R. Agami) and positions 
7218–36 of this transcript (CTGGTTAGCAGAAACGTGC). The ATM shRNA 
in LA-N-5 cells contained a sequence corresponding to positions 912–932 
(GACTTTGGCTGTCAACTTTCG)17.

Stable protein replacement. An shRNA containing a sequence corresponding to 
positions 928–946 of KAP-1 mRNA (GCATGAACCCCTTGTGCTG) was stably 
expressed in U2-OS and HEK293 cells using the pRETRO-SUPER vector. Cells 
were infected with retroviral particles according to standard protocols and under-
went selection with 15 µg ml–1 (U2-OS) or 10 µg ml–1 (HEK293) puromycin for 
6–7 days. These cells were subsequently complemented with the retroviral vector 
pCLXSN (RetroMax system; IMGENEX, San Diego, CA) or the retroviral vector 
pEGFP-C1 (BD Biosciences, Palo Alto, CA) expressing HA-tagged KAP-1, and 
underwent selection with 250 ng ml–1 neomycin. To allow the ectopic protein to 
be produced on the background of the stably expressed siRNA, a silent mutation, 
A936G), was introduced into the cDNA using the QuickChange Site-Directed 
Mutagenesis kit (Stratagene, La Jolla, CA).

Survival assay. U2-OS-derived cells were plated in triplicate at densities of 100–
2000 cells per 60 mm plate and incubated for 48 h before exposure to various 
NCS doses. A ‘split-dose’ protocol was applied: each NCS dose was split into 15 ng 
ml–1 portions applied at 24 h intervals for up to 5 days. Cell colonies grown for 
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two weeks were fixed and stained with 2% crystal violet in 50% ethanol. Colonies 
containing at least 50 cells were counted under a dissection microscope.

Laser-induced, localized DNA double strand breaks. Cells grown on Cellocate 
coverslips (Eppendorf, Hamburg, Germany) were sensitized with 10 µM BrdU 
(Sigma, St Louis, MO) for 24 h. For micro-irradiation, the cells were placed in 
a LabTek chamber (Nunc, Denmark) and mounted on the stage of an Axiovert 
200M microscope integrated with the Palm microlaser Workstation (P.A.L.M. 
Laser Technologies, Bernried, Germany). A pulsed nitrogen laser (30 Hz, 337 nm) 
coupled to the epifluorescence path of the microscope was focused through a 
LD 40×, NA 0.6 Achroplan objective to yield a spot size of approximately 1 µM. 
Operation was assisted by the PALMRobo-Software supplied by the manufacturer. 
The laser output was set to 55% to generate strictly localized and clearly tractable 
subnuclear DNA damage. Typically, an average of 150 cells were micro-irradi-
ated within 10–15 min, and each cell was exposed to the laser beam for less than 
500 ms. Cells were fixed at the indicated times and further processed for immun-
ofluorescence microscopy analysis. To analyse phosphorylation of KAP-1 at very 
early times after irradiation, neighboring cells were laser treated along a straight 
line in a precisely defined region across the coverslip and fixed immediately after 
microirradiation of the last cell.

Immunofluorescence microscopy. U2-OS cells grown on 22-mm2 glass cover-
slips to about 70% confluence were treated with 200 ng ml–1 NCS or microbeam 
irradiated (see below). Cells were fixed in 4% buffered paraformaldehyde for 
10–15 min followed by a 5–10 min incubation in PBS containing 0.2–0.5% Triton 
X-100. Coverslips were blocked for 15 min with 1% bovine serum albumin and 
10% normal donkey serum in PBS. Coverslips were incubated for 1–1.5 h with 
primary antibodies diluted either in primary antibody dilution buffer (Biomeda 
Corp., Foster City, CA; after NCS treatments) or in DMEM containing 10% fetal 
bovine serum (after microbeam irradiation), washed and incubated with second-
ary antibody for 0.5 h. All steps were carried out at room temperature and the 
coverslips were rinsed three times with PBS after each step.

Micrococcal nuclease digestion of chromatin. The assay was carried out as pre-
viously described35. Briefly, cells were harvested and nuclei immediately isolated 
using hypotonic buffer. Freshly isolated nuclei (1 × 107) were digested at 25 °C 
with MNase (Roche Applied Science, Mannheim, Germany) at a concentration 
of 5 U per 250 µl of digestion buffer (15 mM Tris–HCl at pH 7.4, 60 mM KCl, 
15 mM NaCl, 0.25 M sucrose, 1 mM CaCl2 and 0.5 mM DTT). Aliquots (50 µl) 
were sampled every 2 min for 10 min. Genomic DNA was purified and separated 
by electrophoresis in 1.2% agarose gel. Each lane of the ethidium bromide-stained 
gels was scanned and profiles representing band intensity were obtained using 
the TINA software (version 2.07D). Oligonucleosome average size was calculated 
as previously described35. Briefly, average nucleosome size is ΣN1-Ni(Ni.PNi), where 
Ni is the oligonucleosome size (expressed as number of nucleosomes) and PNi is 
the fraction of that oligonucleosome out of the total scan calculated as the ratio of 
the area under the oligonucleosome peak to the area of the entire scan. Statistical 
significance of the differences in average oligonucleosome size between the dif-
ferent groups was determined using the Student’s t-test.

Note: Supplementary Information is available on the Nature Cell Biology website.
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Spatio-temporal properties of the ATM substrate Kap1 
In collaboration with Yossi Shiloh’s lab, we investigated the role of the novel ATM substrate Kap1 
in the DNA damage response (Ziv et al., 2006). This protein is a general transcriptional co-repressor 
(Friedman et al., 1996) which was found to cross-react with antibodies raised against a phospho-
epitope on Mdm2. Mass spectrometry analysis revealed that the site on Kap1 which underwent 
phosphorylation by ATM was Ser-824, which is located in the extreme C-terminus of the protein. 
To strengthen the link between Kap1 and the DNA damage response, we undertook a detailed 
analysis of the spatio-temporal properties of this protein and its ATM-mediated phosphorylation. 
By half-FRAP, we analysed the dynamic properties of GFP-Kap1 and, as shown in the previous 
chapter on photobleaching, found the protein to display chromatin binding properties which 
accounted for its relatively low mobility. Both endogenous and GFP-tagged Kap1 was found to 
associate weakly with the laser tracks very early after generation of DSBs, but quickly dissociated 
and remained completely dispersed from 15 minutes post irradiation and onwards. A similar 
behaviour was observed for phosphorylated Kap1: The signal from the Kap1 phospho-specific 
antibodies revealed an initial increase within the laser tracks, followed by a rapid dispersal of the 
phospho-signal to all parts of the nucleus. At the time when the phospho-signal was maximal, the 
weak signs of Kap1 accumulation disappeared, as determined both by Western blotting and 
immunofluorescence. These findings strongly indicate that the initial and rapid phosphorylation of 
Kap1 occurs directly within the modified chromatin compartment, as has been shown to be the case 
for other ATM-mediated phosphorylations (Lukas et al., 2003). Upon modification of Kap1, the 
protein dissociates from the modified chromatin compartment and exerts its phosphorylation 
dependent functions elsewhere in the nucleus. Such a spatio-temporal behaviour is very reminiscent 
of that displayed by Chk1 and Chk2 (Table 3). These prototype messengers do not give rise to a 
microscopically discernible accumulation even at the very earliest stages of the DNA damage 
response. The reason for such a discrepancy can probably be found in the very different dynamic 
properties between Kap1 and Chk1 / Chk2. While the latter proteins are extremely mobile, the 
much slower motions of Kap1 allows for a transient detection of the increased affinity at DSBs of 
this protein until equilibrium between phosphorylation and dephosphorylation has been reached. 
 
Analysis of Ser-824 phosphorylation revealed a novel function of Kap1 distinct from its roles in 
transcriptional repression: siRNA mediated knockdown of Kap1 was found to be accompanied by a 
marked and global chromatin relaxation as measured both by a micrococcal nuclease digestion 
assay and the propensity for small chemical compounds to intercalate with nuclear DNA. This 
phenotype could be rescued by re-introducing wild-type or phosphorylation deficient Kap1 to the 
knock-down cells, but not by introducing a mutant with an amino acid substitution mimicking a 
constitutive phosphorylation of Ser-824. This finding hints at a role for ATM-mediated 
phosphorylation of Kap1 in abrogating the natural condensation effect that Kap1 has on chromatin. 
Indeed, Shiloh and co-workers found a global relaxation of the chromatin structure upon treatment 
of cells with a radiomimetic drug that causes double stranded DNA breaks (Ziv et al., 2006). This 
effect was dependent on the integrity of the phosphorylation site, as Kap1 knockdown cells 
expressing a phosphorylation deficient mutant of the protein did not undergo DNA damage induced 
chromatin relaxation. A similar global decondensation of chromatin has been reported in cells 
exposed to UV light, and linked to the p53 and GADD45 proteins (Carrier et al., 1999; Rubbi and 
Milner, 2003). In both cases the mechanism as well as the role for the observed alterations in global 
chromatin compaction remains obscure. However, the importance of the ATM – Kap1 pathway is 
underscored by the finding that mutation of the phosphorylation site markedly increases the cellular 
sensitivity to genotoxic stress. A potential role could be to increase the accessibility for the 
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transcription machinery to otherwise poorly accessible genes that are potentially important for 
immediate cell survival. Besides the global and Kap1 dependent chromatin decondensation, there is 
increasing evidence for relaxation of the chromatin structure around DSBs both from yeast and 
human cells. In yeast, removal of histones from chromatin around the break site was shown to relax 
the chromatin structure, likely increasing the accessibility for repair factors (Tsukuda et al., 2005). 
In human cells, local DNA damage induced chromatin relaxation was demonstrated by a laser 
microirradiation approach and spreading of a H2B-GFP signal that could be photo activated 
concomitant with DNA damage generation (Kruhlak et al., 2006). This study did not find any 
genetic determinants of the process, suggesting that the chromatin relaxation, at least to some 
extent, could be a passive consequence of disrupting the local chromatin tension after DSB 
induction. A local relaxation of chromatin is also likely to be responsible for the increased 
accessibility of 53BP1 to methylated lysines on histones, the binding reaction that targets this DNA 
damage checkpoint mediator to modified chromatin (Huyen et al., 2004). We also noted a local 
change in chromatin topology within our DSB containing laser tracks, signified by an increased 
signal from DNA intercalators such as DAPI, ToPro3 and Hoechst (data not shown). This 
differential intercalation capacity is indeed consistent with a local relaxation of the chromatin fibers. 
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TopBP1 and Claspin are adaptor proteins that facilitate phosphorylation of Chk1 by the ATR kinase in
response to genotoxic stress. Despite their established requirement for Chk1 activation, the exact way in which
TopBP1 and Claspin control Chk1 phosphorylation remains unclear. We show that TopBP1 tightly colocalizes
with ATR in distinct nuclear subcompartments generated by DNA damage. Although depletion of TopBP1 by
RNA interference (RNAi) strongly impaired phosphorylation of multiple ATR targets, including Chk1, Nbs1,
Smc1, and H2AX, it did not interfere with ATR assembly at the sites of DNA damage. These findings challenge
the current concept of ATR activation by recruitment to damaged DNA. In contrast, Claspin, like Chk1,
remained distributed throughout the nucleus both before and after DNA damage. Consistently, the RNAi-
mediated ablation of Claspin selectively abrogated ATR’s ability to phosphorylate Chk1 but not other ATR
targets. In addition, downregulation of Claspin mimicked Chk1 inactivation by inducing spontaneous DNA
damage. Finally, we show that TopBP1 is required for the DNA damage-induced interaction between Claspin
and Chk1. Together, these results suggest that while TopBP1 is a general regulator of ATR, Claspin operates
downstream of TopBP1 to selectively regulate the Chk1-controlled branch of the genotoxic stress response.

In response to DNA damage or replication stalling, cells
activate genome surveillance pathways that cooperate to pre-
serve genomic integrity (50). One such pathway is the ATR
signaling cascade. In this pathway, ATR phosphorylates and
activates a number of downstream targets that coordinate cell
cycle progression with DNA repair. One of the best-studied
ATR substrates is Chk1, a kinase that amplifies ATR signaling
and directs it to the desired cell cycle and DNA repair effec-
tors. Chk1 is phosphorylated by ATR on serines 317 and 345 in
a DNA damage-dependent manner. These phosphorylations
are critical for Chk1 activation (49) but may also play other
roles, such as promoting Chk1 dissociation form chromatin
(34) or restraining Chk1 export from cell nuclei (17). Once
activated, Chk1 induces degradation of Cdc25A (8, 18, 29),
followed by inhibition of cyclin-dependent kinases (Cdk) and
cell cycle delay (32). Such a rapid and reversible cell cycle arrest
is believed to be essential to provide time for efficient DNA
repair. Besides having an important role in the cellular response
to exogenous DNA damage, the ATR-Chk1-Cdc25A-Cdk path-
way has a well-established role in the unperturbed cell cycle.
Thus, disruption of either the ATR or the Chk1 gene is embry-
onically lethal in mice (12, 42). On the cellular level, small inter-
fering RNA (siRNA)- or drug-mediated inhibition of Chk1 ac-
tivity also leads to unscheduled DNA replication resulting in
massive DNA damage and phosphorylation of ATR targets (40).

Thus, the ATR-Chk1 pathway appears essential to monitor the
fidelity of the replication process.

The term “checkpoint mediators” is collectively applied to
proteins that support timely and effective signaling by the up-
stream DNA damage-activated kinases (37). Specifically, it has
been proposed that checkpoint mediators assist in promoting
interactions between ATR/ATM and their substrates and/or
aid the retention of critical factors in close proximity to the
actual DNA lesions. As the ATM and ATR pathways differ in
a number of genetic and spatiotemporal aspects, they have
different checkpoint mediators assigned to them. Thus, the
DNA damage checkpoint mediators Mdc1, 53BP1, and
BRCA1 seem to be largely linked to the ATM pathway (39),
whereas TopBP1 and Claspin, together with the newly identi-
fied microcephalin, have been proposed to coregulate the ATR
pathway (14, 22, 45).

TopBP1 contains eight BRCA1 C-terminal (BRCT) repeats,
the phosphate-binding interaction modules that can be found
in many checkpoint mediators. Though TopBP1 was initially
identified as a DNA topoisomerase II�-binding protein (hence
its name) (46), its involvement in the DNA damage response
was soon established (30). Thus, TopBP1 was shown to be
instrumental for efficient Chk1 phosphorylation by ATR, a role
which is conserved in its yeast orthologs (Rad4/Cut5 in fission
yeast [Schizosaccharomyces pombe] and Dpb11 in budding
yeast [Saccharomyces cerevisiae], respectively) (14). In mam-
malian cells, TopBP1 forms ionizing radiation (IR)-induced
foci, which have been reported to be dependent on the integ-
rity of its fifth BRCT domain (47). Besides its role in the DNA
damage response, other functions of TopBP1 have been pro-
posed. Most notably, TopBP1 has been linked to repression of
E2F1-induced apoptosis (24, 25) and to regulation of normal S
phase (19).
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Claspin was identified as a Chk1-interacting protein in Xen-
opus laevis (20). Although there is a large body of evidence that
Claspin is an important regulator of Chk1 phosphorylation in
vertebrates (9), there are no apparent structural homologues
in yeast. However, Mrc1 has been proposed as a functional
equivalent of Claspin in budding and fission yeast through its
ability to contribute to activation of Rad53 and Cds1, respec-
tively, in response to replication stress (2, 43). The mechanism
by which Claspin assists ATR in Chk1 phosphorylation has
been documented best with Xenopus extracts (21) and partly
confirmed to be conserved in humans (11). Thus, upon DNA
damage, Claspin and Chk1 form a complex, dependent on
phosphorylation of at least two highly conserved sites (Thr-916
and Ser-945 in human Claspin). Although the motifs surround-
ing these phosphorylation sites do not resemble the ATR con-
sensus sites, their phosphorylation requires, at least in Xenopus,
active ATR. Thus, it seems that ATR activates a hitherto-
unknown kinase, required to promote Claspin-Chk1 complex
formation and Chk1 phosphorylation. Studies of the molecular
details underlying the physical association between Claspin
and Chk1 revealed that Claspin binds directly to the kinase
domain of Chk1 and that the affinity of the two proteins for
each other declines following phosphorylation of Chk1 by
ATR (16). Given the evidence that human Claspin interacts
also with ATR (10), this is consistent with a model in which
Claspin recruits Chk1 to ATR, only to disengage once the
phosphorylation and activation of Chk1 have taken place.

One important issue that is not completely understood is
why both TopBP1 and Claspin are required to mediate Chk1
phosphorylation and how these proteins cooperate in doing so.
Additionally, it is not known to which extent these proteins
regulate additional ATR substrates. Here, we set out to inves-
tigate the overlapping versus unique roles of TopBP1 and
Claspin in the DNA damage response and the mechanism of
how these two proteins converge on regulating Chk1 activity.

MATERIALS AND METHODS

Plasmids and siRNA. The expression plasmid for Venus-PCNA was generated
by inserting PCR-amplified PCNA cDNA in frame with yellow fluorescent pro-
tein-Venus in pcDNA3.1 (provided by A. Miyawaki). Wild-type and kinase-dead
versions of FLAG-tagged Chk1 in pCI-Neo, as well as a mutant version of this
construct with serines 317 and 345 changed to alanine (Chk1-2A), were previ-
ously described (35). Inducible short hairpin RNA (shRNA) expression vectors
targeting TopBP1 and Claspin were generated by annealing oligonucleotides and
ligating the fragments into BglII/HindIII-digested pSUPERIOR (OligoEngine).
For the TopBP1 targeting vector, the oligonucleotides corresponded to the
target sequence (5�-CCTGAAGAAACCTATTTTG-3�). For the Claspin target-
ing vector, the oligonucleotides corresponded to the target sequence (5�-GCA
ATGAAACTCCGAAGGT-3�).

siRNA was used to transiently downregulate the expression of TopBP1
(5�-AGACCUUAAUGUAUCAGUA-3�) and Claspin (5�-GCACAUACAU
GAUAAAGAA-3�). For control, a previously described siRNA against
HSP70B was used (7).

Antibodies. Antibodies used in this study included phosphospecific rabbit
polyclonal antibodies against Chk1 S317, Chk1 S345, Nbs1 S343, and Smc1 S966
(all from Cell Signaling), total TopBP1 (Abcam), Claspin (Bethyl and Abcam),
Chk1 (Santa Cruz), and 53BP1 (Santa Cruz) and goat polyclonal antibodies
against Mcm6 (Santa Cruz). In addition, mouse monoclonal antibodies against
�-H2AX (Upstate), FLAG (clone M2; Sigma), Chk1 (DCS-316), Cdk7 (MO-7),
Mcm7 (DCS-141), and the p32 subunit of RPA (Neomarkers) and a rat mono-
clonal antibody against bromodeoxyuridine (BrdU) (OBT0030CX; Immunologi-
cals Direct) were used.

Cell culture and DNA-damaging treatments. Human U-2-OS-derived cell
lines were cultivated in Dulbecco’s modified Eagle’s medium (Invitrogen) sup-

plemented with 10% fetal bovine serum and penicillin-streptomycin. In some
experiments, cells were incubated in the presence of 10 mM caffeine (Sigma).
For live-cell imaging, cells were grown in CO2-independent medium (Invitrogen)
in Lab-Tek microscope glass chambers (Nalge Nunc International). Transfection
of siRNAs was performed with Oligofectamine (Invitrogen). For stable and
transient DNA transfections, we used FuGene 6 (Roche) according to the man-
ufacturer’s instructions. For generation of stable cell lines with inducible expres-
sion of shRNA, naı̈ve U-2-OS cells were transfected with shRNA vector and a
plasmid encoding the tetracycline repressor for 24 h and selected with puromycin
(1 �g/ml; Sigma) and blasticidin (5 �g/ml; InvivoGen). Expression of the shRNA
was achieved by adding 2 �g/ml of doxycycline (BD Biosciences) to the culture
medium. The U-2-OS cell line stably expressing green fluorescent protein
(GFP)-ATR was described previously (15).

Cells were exposed to ionizing radiation, as described previously (41), by an
X-ray generator (Pantak HF160; 150 kV, 15 mA, dose rate of 2.18 Gy/min).
Exposure to UV light was performed with a Stratalinker 1800 (Stratagene). Prior
to exposure, the medium was removed, and the cells were washed with phos-
phate-buffered saline. To induce replication fork stalling, 2 mM hydroxyurea
(HU) (Sigma) was added to the culture medium for 1 h. Laser microirradiation
was performed essentially as described previously (26, 27). Briefly, cells were
grown in the presence of 10 �M BrdU for 24 h to sensitize the cells to the
double-stranded break (DSB)-generating insult. After shifting the cells to CO2-
independent medium (see above), approximately 200 cells were microirradiated
with a 337-nm UV-A laser.

Immunochemical techniques. Cells were lysed in a buffer containing 20 mM
Tris, 150 mM NaCl, 1 mM EDTA, and 0.5% NP-40 supplemented with inhibi-
tors. For immunoprecipitation, lysates containing 1 to 1.5 mg protein were first
precleared with 40 �l of a 50% protein G-Sepharose slurry for 30 min. Second,
the supernatants were incubated with 2 �g of monoclonal FLAG antibody for
1 h, followed by protein G-Sepharose for another hour. Subsequently, the beads
were isolated and washed four times. Immunoprecipitates as well as lysates were
subjected to immunoblotting as described previously (13). For detection of
immunoprecipitated FLAG-Chk1, horseradish peroxidase-coupled protein A
(Amersham) was used as a secondary reagent to circumvent cross-reaction be-
tween the Chk1 signal and the FLAG antibody heavy chain. For immunofluo-
rescence, cells were grown on glass coverslips (Menzel), fixed in 4% paraformal-
dehyde (15 min at room temperature), and permeabilized in 0.2% Triton X-100.
The cells were immunostained with the indicated primary antibodies and sec-
ondary antibodies coupled to Alexa dyes with excitation wavelengths of 488, 568,
and 647 nm (Molecular Probes). Where indicated, cells were counterstained with
the DNA intercalating dye ToPro3 (Molecular Probes) before being mounted on
glass slides (Menzel). Images were acquired through a PLAN-Neofluar 40�/1.3
oil immersion objective (Carl Zeiss) by use of an LSM510 confocal laser scanning
microscope (Carl Zeiss).

Flow cytometry. For flow cytometric analysis of cellular DNA content, cells
were harvested by trypsinization and fixed in 70% ethanol. Upon permeabiliza-
tion in 0.25% Triton X-100, the DNA was stained by incubation with propidium
iodide (0.1 mg/ml in phosphate-buffered saline) containing RNase for 30 min at
37°C. The samples were analyzed with a FACSCalibur flow cytometer (BD
Biosciences) using CellQuest software.

RESULTS

Generation of RNA interference-based knockdown models.
To study the roles of TopBP1 and Claspin in the DNA damage
response, we designed shRNA constructs to conditionally re-
duce the levels of the respective proteins in living mammalian
cells in a doxycycline-dependent manner (see Materials and
Methods). This approach has the advantage of ensuring near-
identical genetic backgrounds between different knockdown
and control cell lines. To validate these models, we first exam-
ined the kinetics and efficiency of the shRNA-mediated down-
regulation of TopBP1 and Claspin by inducing the respective
shRNAs for up to 4 days. Western blotting of lysates prepared
from the indicated time points revealed a rapid and quantita-
tive Claspin downregulation, while TopBP1 depletion occurred
with somewhat slower kinetics (see Fig. S1A in the supplemen-
tal material), reaching a nadir around 72 h after shRNA in-
duction. This analysis also revealed that the two proteins did
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not regulate each other in terms of expression levels or nuclear
localization (see Fig. S1A in the supplemental material; also
data not shown). To address the immediate effects of down-
regulation of TopBP1 and Claspin on the cell cycle, we mon-
itored the cell cycle distributions by flow cytometry during 4
days after shRNA induction. The shTopBP1 cell line showed
no detectable changes in cell cycle distribution over the course
of 4 days of shRNA induction. However, downregulation of
Claspin was accompanied by some degree of cell death and
accumulation in S phase at later time points (3 days after
shRNA induction) (see Fig. S2A in the supplemental mate-
rial). Despite these long-term adverse effects of Claspin re-
moval, the earlier time points (when the downregulation was
already maximal) were not associated with any detectable ef-
fects in cell cycle distribution. We also addressed whether
TopBP1-deficient cells showed any sign of replication stress by
a BrdU incorporation assay. We consistently observed replica-
tion patterns reminiscent of cells in early, middle, and late S
phase (36) in both TopBP1-proficient and -deficient cells, and
the relative proportions of BrdU-positive cells were indistin-
guishable between the two cell populations (see Fig. S2B in the
supplemental material). Consequently, 72 h of doxycycline in-
duction for the shTopBP1 cell line and 24 h for the shClaspin
cell line were used for most experiments in this study.

Impact of TopBP1 and Claspin on DNA damage-induced,
ATR-mediated phosphorylations. To further characterize our
experimental models, we determined the impact of TopBP1
and Claspin downregulation on Chk1 phosphorylation. First,
we induced the respective shRNAs in the cell lines and assayed
the dynamics of Chk1 phosphorylation on serine 317 in a time
course after exposure of the cells to a low dose of UV-C light
(� � 254 nm, 10 J/m2), the known inducer of the ATR-Chk1
pathway. In both cell lines, we observed a strong attenuation of
serine 317 phosphorylation following shRNA induction (see
Fig. S1B and S1C in the supplemental material). Throughout
the study, we consistently observed a stronger effect of TopBP1
downregulation, despite the fact that the degree of its down-
regulation was similar or even slightly less efficient than that of
Claspin.

Next, we addressed whether other ATR substrates are reg-
ulated by TopBP1 and Claspin by assaying the phosphorylation
statuses of several proteins known to function downstream of
ATR. We exposed the knockdown cell lines to UV (10 J/m2)
and the replication inhibitor HU (2 mM) and assayed the
phosphorylation statuses of Chk1, Nbs1, and Smc1 by Western
blotting with phosphospecific antibodies 1 h after these treat-
ments. Consistently, we observed a strong attenuation of Chk1
phosphorylations (on both serine 317 and serine 345) in both
cell lines, accompanied by an almost-complete abrogation of
the shift in Chk1 mobility (Fig. 1A). Strikingly, while phosphor-
ylations of Nbs1 on S343 and Smc1 on S966 were clearly
attenuated in the TopBP1-depleted cells, downregulation of
Claspin had no effect (Fig. 1A). Thus, these data suggest that
while the ATR-mediated phosphorylations of Chk1 and other
substrates, such as Nbs1 and Smc1, requires TopBP1, Claspin
selectively regulates the ATR-Chk1 cross talk.

ATM and ATR share many substrates, but the potential of
these kinases to become activated relies on the type of DNA
damage (1, 33). ATR is the main kinase to be activated as a
result of replication stress. ATM is the main kinase responsible

for phosphorylation of most downstream substrates after IR,
which creates DNA double-stranded breaks. However, ATR
also becomes activated by DSB-generating insults, albeit with a
delay, caused by the time required for resection of DSBs and
generation of stretches of single-stranded DNA (ssDNA) (15,
51). We therefore tested whether and how TopBP1 and
Claspin contribute to Chk1 phosphorylation after IR. When we
exposed the knockdown cell lines to a low dose of IR (2 Gy),
we observed equally robust phosphorylations of Nbs1 and
Smc1 in both Claspin- and TopBP1-depleted cells (Fig. 1A).
Thus, the ability of ATM to phosphorylate these substrates is
not dependent on TopBP1. However, phosphorylation of Chk1
(on both serine 317 and serine 345) clearly was dependent on
both TopBP1 and Claspin (Fig. 1A). This is consistent with the
emerging view that ATR is the only kinase that can phosphor-
ylate Chk1 on these residues, regardless of the type of DNA-
damaging insults (15), and suggests that both TopBP1 and
Claspin are involved in this process.

The three major phosphatidylinositol 3-kinase-like kinases
ATM, ATR, and DNA-dependent protein kinase have the
ability to phosphorylate the C-terminal tail of the histone vari-
ant H2AX on serine 139. Whereas this phosphorylation is
carried out exclusively by ATM or DNA-dependent protein
kinase after ionizing irradiation (38), ATR is responsible for
the reaction in response to replication stress (44). Replication
stress occurs when replication forks stall, for example, due to
their collision with DNA lesions (after UV). Indeed, in UV-
irradiated cells stably expressing PCNA fused with the yellow
fluorescent protein variant Venus, phosphorylation of H2AX
was evident only in replicating cells. High-resolution confocal
imaging revealed that the UV-generated �-H2AX signal
tightly colocalized with the PCNA foci (see Fig. S3A in the
supplemental material). Thus, the replication stress-induced
signaling represented here by �-H2AX is generated by ATR at
the sites of stalled replication forks. To address whether H2AX
phosphorylation by ATR also needs the mediator functions of
TopBP1, we exposed our knockdown cell lines to UV irradia-
tion and assayed the ability of the cells to phosphorylate H2AX
by Western blotting. Indeed, we found that TopBP1-depleted
cells were severely impaired in H2AX phosphorylation com-
pared to control cells. Importantly, although Claspin down-
regulation by itself induced some �-H2AX (see also the fol-
lowing sections), it did not interfere with the ability of ATR to
phosphorylate this target in response to UV-induced DNA
damage (Fig. 1B). This analysis adds H2AX to the list of ATR
substrates whose phosphorylation requires TopBP1 but is in-
dependent of Claspin.

Since both TopBP1 and Claspin impact Chk1 phosphoryla-
tion, we decided to compare their relative contributions to this
process. We used siRNA to deplete the two proteins either
individually or in combination and assayed the phosphoryla-
tion status of Chk1 1 h after exposure of the cells to 10 J/m2 of
UV (Fig. 1C; see also Fig. S4 in the supplemental material). By
this approach, we again found the TopBP1-depleted cells to
display the most severe defect in Chk1 phosphorylation. In
addition, we consistently observed no further effect of Claspin
downregulation on Chk1 phosphorylation in cells already de-
pleted of TopBP1. Thus, it appears that Claspin operates
downstream of TopBP1 on a common pathway designed to
target Chk1 for ATR-mediated phosphorylation.
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The spatial properties of TopBP1 and Claspin recapitulate
those of ATR and Chk1, respectively. We employed local laser
microirradiation (26, 27) combined with immunostaining to
dissect the patterns of TopBP1 and Claspin localization after
DNA damage. We recently used a similar approach to describe
the existence of several distinct spatial compartments gener-
ated by laser as well as IR (6). One of these compartments is
represented by the relatively large chromatin regions marked
by phosphorylated H2AX, to which ATM and its associated
mediators (e.g., Mdc1, 53BP1, and BRCA1) bind. The other,
and significantly smaller, compartment is delineated by single-
stranded DNA, the resection to which is allowed only during S
and G2 phases of the cell cycle (6, 15). The latter microcom-
partment harbors proteins involved in homologous recombi-
nation repair, ATR, and proteins involved in ATR-mediated

signaling (e.g., Rad17 and Rad9). Finally, some checkpoint pro-
teins interact with DNA lesions only transiently (without cytolog-
ically discernible accumulation) and remain homogenously dis-
tributed in the nucleus throughout the duration of the checkpoint
response. Importantly, the latter group also includes Chk1 (6).
When we stained microirradiated cells with Claspin antibodies,
no enrichment of Claspin could be detected along the laser
tracks, despite clear H2AX phosphorylation within these re-
gions (Fig. 2A). Similar results were obtained after exposing
the cells to IR (data not shown). Thus, Chk1 and Claspin
cluster to the same spatial category, consistent with Claspin being
a key mediator specifically linked to Chk1. In a parallel experi-
ment, we microirradiated cells stably expressing GFP-ATR (15)
and stained for endogenous TopBP1 and phosphorylated H2AX.
This approach revealed TopBP1 to tightly colocalize with

FIG. 1. Impact of TopBP1 and Claspin on ATR- and ATM-mediated phosphorylations. (A) Cells conditionally expressing shRNA to TopBP1
or Claspin were incubated (�) or not incubated (	) with doxycycline (Dox) and treated or not treated with 2 Gy IR, 10 J/m2 of UV, or 2 mM HU.
One hour after these treatments, cells were harvested and lysed. Total and phosphorylated (P) proteins were analyzed by immunoblotting with the
indicated antibodies. (B) shTopBP1 and shClaspin cells were induced as described for panel A and treated or not treated with 10 J/m2 of UV.
Lysates were prepared 1 h later, and the efficiency of knockdown as well as the extent of H2AX phosphorylation was assayed by immunoblotting.
(C) U-2-OS cells were transfected for 48 h with siRNAs targeting TopBP1 and Claspin, either individually or in combination, as indicated. The
remaining dishes were transfected with control siRNA. One hour after exposure to 10 J/m2 of UV, cells were lysed and the efficiency of knockdown
and the extent of Chk1 phosphorylation were assayed by immunoblotting.
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GFP-ATR in discrete microfoci, within a larger area of
�-H2AX-modified chromatin (Fig. 2B). Thus, TopBP1
shows the same spatial behavior as ATR, consistent with a
tight functional link between these two proteins.

We next asked whether TopBP1 or Claspin was required for
ATR accumulation into nuclear foci. To this end, we first
microirradiated uninduced and induced shTopBP1 cells and
assayed, by immunostaining, the ability of the RPA subunit p32

FIG. 2. Redistribution of ATR, TopBP1, and Claspin in response to laser-generated DNA damage. (A) U-2-OS cells were grown on glass
coverslips and incubated in the presence of 10 �M BrdU for 24 h. One hour after exposure to UV-A laser (see Materials and Methods), cells were
fixed and immunostained for endogenous Claspin and �-H2AX. In addition, the nuclear DNA was counterstained with ToPro3. (B) U-2-OS cells
stably expressing GFP-ATR were treated as described for panel A and immunostained for endogenous TopBP1 and �-H2AX. (C) shTopBP1 cells
were incubated (�) or not incubated (	) for 72 h with doxycycline (Dox), treated as described for panel A, and immunostained with antibodies
towards RPA and 53BP1 (the latter protein was used as a marker of DNA damage). (D) U-2-OS cells stably expressing GFP-ATR were transfected
with control siRNA for 72 h, siRNA targeting TopBP1 for 72 h, or siRNA targeting Claspin for 24 h. BrdU was added to the cultures for the last
24 h. A representative field of cells from each culture was microirradiated as described for panel A, and the ability of GFP-ATR to accumulate
at sites of DNA damage was assayed by confocal microscopy. Bar � 10 �m.
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to decorate single-stranded DNA in DSB-containing laser
tracks (Fig. 2C). We consistently observed that the TopBP1-
depleted cells were proficient in generating RPA-coated
ssDNA compartments, a key step required for the recruitment
of ATR to the sites of DNA damage. Second, we depleted
TopBP1 or Claspin from GFP-ATR-expressing cells by siRNA
and assayed the ability of GFP-ATR to assemble into micro-
irradiated tracks (Fig. 2D). Depletion of either protein did not
prevent GFP-ATR from accumulating at the sites of DNA
damage, despite the fact that these treatments impaired the
ability of ATR to phosphorylate Chk1 (Fig. 1C; see also Fig. S4
in the supplemental material) (Fig. 1C also shows the effec-
tiveness of TopBP1 downregulation by siRNA). Thus, al-
though mammalian TopBP1 is required for multiple ATR-
dependent phosphorylations, it does not appear to regulate
ATR on the level of its recruitment to ssDNA.

Removal of Claspin, but not TopBP1, confers a phenotype
reminiscent of that achieved by Chk1 inhibition. We noted
that a subset of Claspin-deficient cells showed elevated phos-
phorylation of H2AX, even though these cells were not ex-
posed to any external DNA damage (Fig. 3A). This was rem-
iniscent of the consequences of chemical inhibition of Chk1,
which leads to unscheduled replication and activation of ATR
(40). Although the intensity of the �-H2AX response in
Claspin-depleted cells was weaker than after Chk1 inhibition

or exposure to exogenous DNA damage, it was significant,
reproducible, and clearly elevated over the background level
detected in Claspin-proficient cells. By coimmunostaining with
BrdU, we found that the �-H2AX signal was invariably re-
stricted to S-phase cells (Fig. 3A). Besides �-H2AX, we no-
ticed moderately increased phosphorylation of other DNA
damage-regulated substrates, such as p53, Smc1, and Nbs1
(data not shown). Importantly, we did not observe any sign of
elevated ATR activity in S-phase cells depleted of TopBP1
(Fig. 3B), despite the previous evidence that TopBP1 is re-
quired for Chk1 function. Only after a substantial increase of
the detection sensitivity on our microscopes were we able to
detect a slightly elevated incidence of �-H2AX foci in the
TopBP1-deficient cells (see Fig. S3B in the supplemental ma-
terial). However, this �-H2AX response was much weaker
than that generated by Claspin depletion (Fig. 3A) and it likely
reflects increased incidence of double-stranded breaks fol-
lowed by ATM activation, as recently described (19). Thus,
despite the fact that TopBP1-deficient cells likely suffered rep-
lication stress and/or DNA damage, the lack of the ATR re-
sponse indicated that TopBP1 regulates a general step in ATR
activation and/or that it mediates ATR interactions with a
broader range of substrates. In contrast, Claspin emerged from
these experiments as a specific mediator of Chk1 activation.

TopBP1 regulates Claspin’s ability to interact with Chk1.
Activation of Claspin includes its phosphorylation by ATR and
at least one additional kinase activated by DNA damage. This
activation is required for interaction between Claspin and
Chk1 and subsequent activation of Chk1 (10, 21). To further
dissect the roles of TopBP1 in Chk1 activation, we also assayed
whether TopBP1 regulates the ability of Claspin to physically
interact with Chk1. First, by immunoprecipitating transiently
transfected FLAG-tagged Chk1 from U-2-OS lysates, we con-
firmed that Claspin and Chk1 interact specifically after DNA
damage (in this case, UV) and that this could be abrogated by
caffeine, an inhibitor of ATR (Fig. 4A). This result supports
previously published data from both human cells and Xenopus
extracts (10, 21). In addition, we found that the two major
ATR phosphorylation sites in Chk1 (S317 and S345 [49]) were
dispensable for the DNA damage-induced association between
Claspin and Chk1 (Fig. 4B). In several experiments, we ob-
served a slight decrease in the amount of coimmunoprecipi-
tated Claspin upon transfection of the kinase-dead version of
Chk1 (Fig. 4B) or after treatment with UCN-01 (not shown).
This is probably due to the fact that the region of Chk1 rec-
ognized by activated Claspin locates to its kinase domain (16).
To test whether TopBP1 also contributes to the formation of
productive Chk1-Claspin complexes, we induced the TopBP1
shRNA, transfected the cells with wild-type FLAG-Chk1 for
another 24 h, and exposed the cultures to UV (25 J/m2). West-
ern blotting of the FLAG immunoprecipitates revealed a
strong decrease in the Chk1-Claspin association in the
TopBP1-depleted cells (Fig. 4C). This result indicated that
TopBP1 indeed impacts not only the direct phosphorylation of
Chk1 on S317 and S345 but also the ability to form productive
Claspin-Chk1 complexes. These data are consistent with the
previous finding that ATR promotes Claspin-Chk1 interaction
(21), further corroborate these results by showing that TopBP1
is directly involved in this process, and place Claspin down-
stream of TopBP1 in the DNA damage response.

FIG. 3. Downregulation of Claspin, but not that of TopBP1, trig-
gers H2AX phosphorylation in replicating cells. (A) Cells conditionally
expressing Claspin-targeting shRNA were grown on glass coverslips in
the presence (�) or absence (	) of doxycycline (Dox) for 48 h. Sub-
sequently, BrdU (25 �M) was added to the medium for 1 h to label
S-phase cells. After fixation, the coverslips were treated with DNase to
expose the incorporated BrdU and stained with antibodies towards
Claspin, BrdU, and �-H2AX. (B) shTopBP1 cells were treated as
described for panel A, except that they were treated with doxycycline
for 72 h. Bar � 10 �m.
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DISCUSSION

Given its central importance in preserving genome integrity,
the ATR-Chk1 pathway is subject to several layers of regula-
tion. Tight control of Chk1 activity is critical to impose timely
delay in cell cycle progression after DNA damage (5) and to
support the physiological pace of the unperturbed cell cycle
(42). Here, we elucidated how TopBP1 and Claspin cooperate
in regulating the ability of ATR to phosphorylate Chk1. We
found that TopBP1 tightly colocalizes with ATR on RPA-
coated ssDNA generated after resection of chromosome
breaks. In addition, ATR-mediated phosphorylation of Chk1,
Smc1, Nbs1, and H2AX required TopBP1. Conversely, Claspin
possessed the same spatial properties as Chk1 (pan-nuclear
distribution after local DNA damage), a finding that likely
reflects the unique capacity of Claspin to selectively regulate
ATR-mediated Chk1 phosphorylation. Additionally, we found
that Claspin is required for Chk1 activity also during the un-
perturbed cell cycle by showing that Claspin-deficient cells
suffer replication problems reminiscent of those generated by
Chk1 inhibitors (Fig. 3A) (40). Notably, we did not observe a
similar response in TopBP1-downregulated cells, despite the
fact that depletion of TopBP1 causes replication errors and
inhibition of basal Chk1 activity to a similar extent as Claspin
downregulation (reference 19 and the present study).

When combined with the published results, our results led us
to propose a model for the respective functions of TopBP1 and
Claspin in the ATR-controlled genome surveillance pathway
(Fig. 5). In this model, TopBP1 regulates most (if not all) ATR
phosphorylations after DNA damage or replication stalling.
Claspin, on the other hand, is assigned exclusively to link ATR
with Chk1. Although we were limited to investigate a larger
array of substrates by the availability of suitable reagents
(phosphospecific antibodies), we suspect that the list of ATR-
mediated phosphorylations that require TopBP1 is in fact
much longer. Such a scenario is also supported by a recent
publication describing the requirement of TopBP1 for ATR-
mediated phosphorylation of Rad1 and Hus1 (28). Consistent
with the notion that TopBP1 contributes to ATR activation,
our results provide evidence that TopBP1 operates upstream
of Claspin in a common pathway leading to Chk1 activation
(Fig. 5). This is supported by our findings that Chk1 phosphor-
ylation was impaired more severely in TopBP1-depleted cells
than in Claspin-depleted cells. In addition, Chk1 inhibition in
TopBP1-deficient cells was already maximal and was not fur-
ther downregulated by concomitant Claspin ablation. Further-
more, we show that TopBP1 is required for DNA damage-
induced Claspin-Chk1 complex formation. Collectively, our
present data are consistent with TopBP1 being an essential

FIG. 4. DNA damage-induced interaction between Claspin and Chk1 depends upon TopBP1. (A) U-2-OS cells were transiently transfected
with FLAG-Chk1 expression plasmid, incubated in the presence or absence of 10 mM caffeine (Caff.) for 1 h, and exposed (�) or not exposed (	)
to 25 J/m2 of UV. Cells were lysed after 1 h and immunoprecipitated (IP) with monoclonal FLAG antibody. The levels of Chk1 and Claspin in
the immunoprecipitates were assayed by immunoblotting. (B) U-2-OS cells were transiently transfected with wild-type (WT), kinase-dead (KD),
or S317A/S345A (2A) versions of FLAG-tagged Chk1, as indicated, and exposed to 25 J/m2 of UV. FLAG immunoprecipitates were immuno-
blotted for Claspin and Chk1. (C) shTopBP1 cells were incubated or not incubated with doxycycline (Dox) for 72 h and transfected with wild-type
FLAG-Chk1 construct. FLAG immunoprecipitates and lysates used for immunoprecipitation were immunoblotted for the indicated proteins.

6062 LIU ET AL. MOL. CELL. BIOL.



component of the ATR activation machinery and place
TopBP1 upstream of Claspin in the DNA damage response.
After completion of this study, Kumagai and coworkers re-
ported that TopBP1 directly activates ATR both in vitro and in
vivo (23). Our data support and further corroborate this con-
cept. Most notably, we show that Chk1 stands out among other
ATR targets in its requirement for both TopBP1 and Claspin
for its activation. Such a dual requirement could be important
to separate Chk1 activation from other ATR substrates in
certain biological settings and to provide more flexibility for a
dynamic adjustment of Chk1 activity.

In this and earlier papers, we studied the intranuclear redis-
tribution of checkpoint and repair proteins in response to
DNA damage (6, 7, 27). During these studies, the Chk1 and
Chk2 kinases emerged as unique proteins capable of transmit-
ting the DNA damage signal from the site of DNA damage to
the rest of the nucleus. Clearly, their very high mobility and a
lack of physical retention at the sites of DNA damage are
important features required for the efficient signaling to pan-
nuclear checkpoint and/or repair effectors. An important ques-
tion is how these kinases manage to recognize the sites of
damage. Our results suggest that Claspin could be an impor-
tant determinant to mark damaged DNA or stalled replication
forks for a transient immobilization and activation of Chk1.
Claspin has been reported to interact with ATR, both in the
presence and in the absence of DNA damage (10). Such an
interaction is very dynamic (based on our preliminary data that
Claspin is a highly mobile protein both before and after DNA

damage); yet, it might be sufficient to transiently immobilize
Chk1 at the site of DNA damage and thereby physically link
Chk1 with the catalytic machinery (containing ATR, ATRIP,
and TopBP1) required for its phosphorylation and activation.

Another important question is how TopBP1 exerts its tight
control over ATR phosphorylation events. Until now, the pre-
vailing model was that ATR might be constitutively active and
that the key regulatory step in firing the ATR response is its
physical recruitment to the sites of DNA damage or replication
forks where (in the context of adaptor proteins and other
auxiliary factors) it can physically bind its substrates (1). How-
ever, our finding that TopBP1 deficiency strongly impairs
ATR’s ability to phosphorylate its substrates without impairing
its relocalization to the sites of DNA damage (Fig. 2C and D)
challenges this view. In fact, our results indicate that ATR is
subject to several layers of regulation and that local accumu-
lation of ATR at the sites of DNA damage is not sufficient for
or synonymous with its activation. Interestingly, two recent
studies on the ATR-ATRIP complex support this view. First,
Ball and colleagues reported an ATRIP mutant deficient in
binding RPA, which precluded sustained retention of ATR in
nuclear foci. Cells containing this ATRIP mutant were still
competent to support Chk1 activation (4). The same group
constructed a hybrid of the ATRIP protein by exchanging its
native coiled-coil domain with a heterologous dimerization
domain from the transcription factor GCN4. When expressed
in an ATRIP-deficient background, this mutant supported
ATR localization to sites of DNA damage but not Chk1 phos-
phorylation (3). In the Xenopus system, TopBP1 has been
reported to be required for binding of ATR, Rad1, and DNA
polymerase 
 to genotoxin-damaged chromatin (31). We can-
not exclude that human TopBP1 may also cooperate with other
factors to stabilize ATR retention in the vicinity of DNA le-
sions. However, our in vivo data (Fig. 2D) suggest that, con-
trary to the Xenopus system, this may not be an essential
function of TopBP1 in mammals. Indeed, results presented in
Fig. 1C and 2D and Fig. S4 in the supplemental material show
that it is possible to reduce the level of TopBP1 to an extent
that abrogates ATR signaling to the downstream effectors but
allows its productive assembly at the sites of DNA damage.
Thus, while ATR retention might well be the rate-limiting step
for ATR activity, it does not seem to be sufficient to trigger
efficient signaling to the downstream effectors.

We propose that the essential trigger to activate ATR is
provided by TopBP1. TopBP1 could act on the level of ATR
activation, a notion supported by a recent report by Kumagai
and colleagues showing that a conserved domain of TopBP1
(distinct from the BRCT repeats) binds ATR and strongly
stimulates its kinase activity (23). In addition, TopBP1 can
further promote ATR signaling by acting as an assembly factor
for substrates at sites of DNA damage and replication stress.
This view is supported by another recent report describing the
requirement for Xenopus TopBP1 in mediating ATR phosphor-
ylation of Chk1 bound to already-activated Claspin (48). With
its numerous BRCT domains, TopBP1 is well suited for such a
role. In conclusion, the present report identifies TopBP1 as a
general regulator of ATR and provides evidence that Claspin
generates an additional regulatory layer operating downstream
of TopBP1 and connecting ATR signaling specifically with the
Chk1-controlled branch of the genotoxic stress response.

FIG. 5. Roles of TopBP1 and Claspin in the ATR-mediated DNA
damage response. TopBP1 directly assists ATR in the phosphorylation
of numerous downstream targets at sites of DNA damage, including
Chk1, Nbs1, Smc1, and H2AX. Claspin, on the other hand, adds
another layer of control in channeling ATR signaling to Chk1. Addi-
tionally, TopBP1 regulates Chk1 not only by directly stimulating its
phosphorylation by ATR but also by facilitating activation of Claspin
and potentiating its ability to bind Chk1.
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Roles of Claspin and TopBP1 in ATR-mediated checkpoint signalling  
The ATR-Chk1-Cdc25A pathway is central to the rapid enforcement of the DNA damage 
checkpoints. Consequently, this pathway, and Chk1 activity in particular, is subject to tight control 
exerted by several mechanisms. One such mechanism is the existence of mediator proteins, the 
actions of which support the activation of Chk1 by ATR (Garcia et al., 2005; Kumagai and Dunphy, 
2000; Zhou and Elledge, 2000). We investigated the roles of two of these auxiliary factors, Claspin 
and TopBP1, in the DNA damage response. While TopBP1 was found to be required for efficient 
phosphorylations of several targets (Chk1, Nbs1, Smc1, Rad17 (not shown) and H2AX) by ATR 
but not by ATM, the role of Claspin seemed to be restricted to promoting ATR-mediated 
phosphorylation of Chk1 (figure 29). The many roles for TopBP1 in ATR phosphorylations suggest 
a very upstream role for this protein in the ATR signalling cascade. Indeed, a recent report found 
TopBP1 to stimulate ATR activity in vitro by a direct interaction, even in the absence of damaged 
DNA or stalled replication forks (Kumagai et al., 2006). The mapped interaction domain located to 
the middle part of TopBP1 containing a DD-XXXX-EE motif (our unpublished observation), which 
was shown to mediate interactions of the PIKK kinases (ATM, ATR and DNA-PK) with their 
respective binding partners (Nbs1, ATRIP and Ku), and thereby targeting them to sites of DNA 
damage (Falck et al., 2005). Even though TopBP1 was reported to be required for binding of ATR 
to damaged chromatin in Xenopus extracts (Parrilla-Castellar and Karnitz, 2003), we did not find 
any requirement for TopBP1 in targeting ATR to sites of DNA damage in human cells. Thus, if the 
putative PIKK interaction motif in TopBP1 is indeed responsible for the interaction between this 
protein and ATR, it likely mediates a conformational change in ATR which increases the potential 
for this kinase to phosphorylate its substrates. Alternatively, or in addition to an activating role, 
TopBP1 could function as a molecular bridge between ATR and its substrates. The ability of 
TopBP1 to directly interact with ATR and its propensity to bind numerous ATR substrates with its 
8 BRCT domains, suggests that TopBP1 could adopt such a role. Regardless of the precise 
mechanism by which TopBP1 acts to stimulate general ATR signalling, our study together with the 
study from the Dunphy group (Kumagai et al., 2006) directly links TopBP1 to ATR 
phosphorylations in general. 
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Figur 29. Roles of TopBP1 and 
Claspin in the ATR-mediated DNA 
damage response. TopBP1 
accumulates with ATR in micro foci 
and assists in the phosphorylation 
of targets such as Chk1, H2AX, 
Rad17, Nbs1 and Smc1. Claspin, 
on the other hand, only impacts on 
the ability of ATR to phosphorylate 
Chk1. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Applying the framework of DNA damage induced nuclear sub-compartmentalization (Bekker-
Jensen, 2006), we found Claspin to adopt a pan-nuclear distribution similar to Chk1, while TopBP1 
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tightly co-localized with ATR in micro foci. While we had already studied in detail the localization 
patterns of ATR and Chk1, the DNA damage induced intra-nuclear residence sites of TopBP1 and 
Claspin provided us with the very first clues to the roles of these mediator proteins in DNA damage 
signalling. Our subsequent biochemical investigations supported our initial notion that TopBP1 was 
tightly linked with ATR, while the functions of Claspin were more closely connected to Chk1. This 
striking connection between the intra-nuclear localization and function of DNA damage responsive 
proteins supports one of our key points concerning the relevance of our discovery of sub-
compartmentalization of the DSB surrounding nuclear space. We speculated that the specific 
localization of novel DSB regulators could be used diagnostically as an indication of the association 
of these proteins with a particular signalling, chromatin remodelling or repair pathway. The precise 
correlation between the nuclear residence sites and the functions of TopBP1 and ATR on the one 
hand, and Claspin and Chk1 on the other hand, underscores the suitability of such analysis in 
assigning functions to novel and putative regulators of the DNA damage response. 
 
Until recently, ATR was largely perceived as a constitutively active kinase, the potential of which 
to phosphorylate its targets is regulated by its localization (Shiloh, 2003). The prevailing model was 
that the key regulatory step that mediates the instigation of ATR signalling was the binding of the 
ATR-ATRIP homodimer to RPA-coated ssDNA (Zou and Elledge, 2003). Several findings have 
now challenged this view and it has become increasingly clear that ATR activity and localization 
are not synonymous. In the present study, we were able to down-regulate TopBP1 levels to a degree 
that significantly reduced the ability of ATR to phosphorylate its substrates but did not interfere 
with its binding to regions of ssDNA. Two recent studies from the Cortez lab described ATRIP 
mutants which could genetically separate the ability of ATR to phosphorylate Chk1 from its foci 
forming capability (Ball and Cortez, 2005; Ball et al., 2005). One mutant supported foci formation 
but not Chk1 phosphorylation, while the other failed to target ATR to foci yet supported its 
phosphorylation of Chk1. These findings indicate that ATR activity is controlled not only by its 
sub-cellular localization but also by events and factors that are both intrinsic and extrinsic to the 
ATR-ATRIP complex. While the direct interaction of TopBP1 with DNA lesions is clear, the way 
in which Claspin communicates with these structures is more illusive. Claspin can interact with 
ATR both in the presence and absence of DNA damage and it is itself an ATR substrate (Chini and 
Chen, 2003). This strongly suggests that the ability of Claspin to transiently interact with the site of 
DNA damage is instrumental for this protein to exert its control over Chk1. In a recent report, 
phospho-peptides derived from a portion of Rad17 that undergoes ATR phosphorylation was shown 
to pull down Claspin from cell extracts (Wang et al., 2006). This suggests that Rad17, which is 
itself instrumental for efficient ATR signalling to occur, mediates the dynamic exchange of Claspin 
with ATR containing foci. Our results suggest that Claspin could be an important determinant for 
either the recruitment of Chk1 to damaged DNA and stalled replication forks or for marking up 
such structures to facilitate their transient interaction with Chk1. Whether or not these dynamic 
exchanges between sites of DNA damage and factors like Chk1 and Claspin occur solely by random 
collision still remains to be worked out, but ATR phosphorylation of factors that reside within 
micro foci could provide phospho-epitopes that are suitable for attracting and activating these key 
checkpoint proteins. 
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Summary

We show that Claspin, an adaptor protein required for
Chk1 activation, becomes degraded at the onset of mi-

tosis. Claspin degradation was triggered by its interac-
tion with, and ubiquitylation by, the SCFbTrCP ubiquitin

ligase. This interaction was phosphorylation depen-

dent and required the activity of the Plk1 kinase and
the integrity of a bTrCP recognition motif (phosphode-

gron) in the N terminus of Claspin. Uncoupling of Clas-
pin from bTrCP by mutating the conserved serines in

Claspin’s phosphodegron or by knocking down bTrCP
stabilized Claspin in mitosis, impaired Chk1 dephos-

phorylation, and delayed G2/M transition during re-
covery from cell cycle arrest imposed by DNA damage

or replication stress. Moreover, the inability to de-
grade Claspin allowed partial reactivation of Chk1 in

cells exposed to DNA damage after passing the G2/M
transition. Our data suggest that degradation of Clas-

pin facilitates timely reversal of the checkpoint re-
sponse and delineates the period permissive for

Chk1 activation during cell cycle progression.

Introduction

The integrity of the genome is challenged by genotoxic
assaults that cause DNA damage or replication stress.
To avoid mutations, eukaryotic cells evolved genome
surveillance mechanisms (so-called ‘‘checkpoints’’)
that delay cell cycle progression and facilitate DNA re-
pair. A central component of checkpoint signaling is
Chk1, a Ser/Thr protein kinase activated by stalled rep-
lication forks and various types of DNA damage (Bartek
and Lukas, 2003). Mammalian Chk1 is an essential gene
whose disruption in mouse causes embryonic lethality
accompanied by chromosomal aberrations (Takai
et al., 2000). In addition, Chk1 is haploinsufficient for tu-
mor suppression in adult tissues: deletion of one allele of
Chk1 in the mammary epithelium triggered tumorigene-
sis accompanied by inappropriate S phase progression,
failure to restrain mitotic entry, and accumulation of
DNA damage (Lam et al., 2004). Similar defects were ob-
served after suppression of Chk1 by siRNA or chemical
inhibitors (Syljuasen et al., 2005; Zhao et al., 2002).

The best-studied targets of Chk1 include the Cdc25
phosphatases. Specifically, Chk1-mediated phosphory-
lation triggers ubiquitylation of Cdc25A by the SCFbTrCP

ubiquitin ligase followed by a rapid destruction of

*Correspondence: jil@cancer.dk
Cdc25A by the 26S proteasome (Busino et al., 2003; Jin
et al., 2003; Mailand et al., 2000). The resulting depletion
of Cdc25A is instrumental to delay S phase progression
and block G2/M transition in response to various types of
genotoxic stress (Busino et al., 2003; Falck et al., 2001;
Mailand et al., 2002). Phosphorylation of Cdc25C by
Chk1 creates a docking site for the 14-3-3 proteins, and
this contributes to inhibition of Cdc25C in G2 (Peng et al.,
1997). Finally, a fraction of Chk1 associates with inter-
phase centrosomes and appears to control the access
of Cdc25B to centrosome-associated Cdk1, thereby re-
straining mitotic onset (Kramer et al., 2004). Other Chk1
targets relevant for the DNA damage checkpoints in-
clude Rad51 (a repair protein required for homologous
recombination), Tlk1 (a protein kinase involved in modifi-
cation of histone assembly factors), and the p53 tumor
suppressor and its regulator MdmX (Groth et al., 2003;
Jin et al., 2006; Shieh et al., 2000; Sorensen et al.,
2005). Thus, Chk1 coordinates a number of diverse pro-
cesses required to preserve chromosomal integrity.

Chk1 is subject to multiple regulatory inputs designed
to control its activity. In response to DNA damage or rep-
lication stalling, Chk1 is phosphorylated by ATR on
Ser317 and Ser345 (Zhao and Piwnica-Worms, 2001).
In addition, activation of Chk1 requires several other pro-
teins, including Brca1, TopBP1, and Claspin. Whereas
Brca1 and TopBP1 fulfill multiple functions in the ge-
nome surveillance network, Claspin appears to be spe-
cifically linked to Chk1 (Chini and Chen, 2004). Claspin
was originally identified as a Chk1-interacting protein
(Kumagai and Dunphy, 2000), and it plays an essential
role in the Chk1-controlled genome surveillance pro-
gram. Thus, Claspin associates with replication forks,
a feature that facilitates recognition of replication prob-
lems and timely activation of Chk1 (Lee et al., 2005). After
DNA damage or replication stress, Claspin becomes
phosphorylated and interacts with the kinase domain
of Chk1. This interaction promotes Chk1 phosphoryla-
tion by ATR and enhances Chk1 autophosphorylation.
Consistent with the critical role of Claspin in Chk1-con-
trolled signaling, immunodepletion of Xenopus Claspin
or downregulation of its human counterpart by siRNA im-
paired Chk1 activation, abrogated cell cycle check-
points, and decreased survival (Chini and Chen, 2003;
Kumagai and Dunphy, 2000; Lin et al., 2004).

One important aspect of Chk1 activity that is currently
poorly understood is its temporal regulation. For in-
stance, given the fact that Chk1 is periodically activated
during each cell cycle, how do cells limit the Chk1 re-
sponse to the ‘‘legitimate’’ phases of the cell cycle and
avoid unscheduled Chk1 signaling in the ‘‘illegitimate’’
ones? It would seem undesirable to activate Chk1 out-
side S/G2 phases because persistent activity of Chk1
in early mitotic stages could undermine the amplification
loops between Cdc25 phosphatases and Cdk1 and
thereby interfere with the irreversible commitment to
chromosomal segregation. Another question is how
Chk1 becomes deactivated at the end of the checkpoint
response. Targeting Claspin appears to be an important
aspect of checkpoint termination—at least during one
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specialized form of cell cycle reentry called ‘‘adapta-
tion’’ (alleviation of the cell cycle arrest without a com-
plete removal of the primary checkpoint-inducing sig-
nal). In Xenopus egg extracts exposed to persistent
replication stress, Claspin becomes progressively
phosphorylated by Plx1, and this ultimately leads to dis-
sociation of Claspin from chromatin and Chk1 inactiva-
tion (Yoo et al., 2004). Although intriguing, the issues
of whether Claspin functions in an analogous manner
in other types of checkpoint termination (such as recov-
ery after DNA repair) and whether the Plk1-Claspin path-
way is conserved in mammals remain unclear.

To obtain deeper insight into the dynamics of Chk1
function during checkpoint termination, we studied fluc-
tuation of Chk1 and its upstream regulators during the
cell cycle and recovery from genotoxic stress. We pro-
vide evidence for a link between Claspin stability and
the cellular proteolytic machinery represented by the
SCFbTrCP ubiquitin ligase. Our data suggest that the
SCFbTrCP-mediated ubiquitylation and degradation of
Claspin constitutes a molecular switch that terminates
the period permissive for Chk1 activity during normal
cell cycle progression and contributes to recovery from
genotoxic stress.

Results

Claspin Is Degraded upon Entry into Mitosis

To gain insight into the regulation of human Claspin, we
studied its subcellular localization. We noticed that Clas-
pin’s levels varied among individual cells in a cell cycle-
dependent manner. Thus, as evidenced by codetection
of cyclin B1 and incorporation of BrdU, Claspin was ex-
pressed in S and G2 but absent in G1, in both primary hu-
man BJ fibroblasts and U-2-OS cells (Figures 1A and 1B,
and Figure S1 available in the Supplemental Data with
this article online). Furthermore, immunoblotting of
U-2-OS cells synchronized in mitosis by the nocodazole
shake-off and release procedure showed that the bulk
of Claspin was lost already in the nocodazole-arrested
cells (prometaphase) and subsequently kept repressed
in the ensuing G1 phase (Figure 1C). The downregulation
of Claspin in early mitosis resembled the expression pro-
file of Wee1, a known target for SCF-mediated proteoly-
sis, while it correlated less well with the mitotic degrada-
tion of APC substrates such as cyclin A and Plk1
(Figure 1C). Interestingly, cell cycle-dependent regula-
tion of Claspin abundance appeared to be a unique fea-
ture among proteins involved in the activation of Chk1, as
neither the expression of ATR and TopBP1 nor Chk1 it-
self varied significantly during the cell cycle (Figure 1C).
The mitotic loss of Claspin applied both to its soluble
and chromatin bound fractions (Figure 1D). To pinpoint
more precisely when Claspin becomes degraded, we ex-
amined cells at various stages of G2/M transition by im-
munostaining with Claspin antibodies. This analysis
showed that Claspin is degraded at the earliest stages
of mitosis, because it was invariably present in G2 cells
(high cytoplasmic cyclin B1 but no BrdU incorporation)
but absent from cells in which initial chromosome con-
densation was apparent; cyclin B1 had translocated
into the nucleus, but the nuclear envelope had not yet
broken down (Figure 1F). Thus, Claspin levels sharply
decline at the onset of mitosis.
Degradation of Claspin Is Mediated by SCFbTrCP

The majority of cell cycle-regulated proteolysis is medi-
ated by the two multisubunit ubiquitin ligases SCF and
APC (Vodermaier, 2004). To address which, if any, of
these enzymes were involved in degrading Claspin in
mitosis, we cotransfected U-2-OS cells with dominant-
negative forms of Cul1, a core subunit of SCF complexes
(Wu et al., 2000), or Cdc20, the activator subunit of
mitotic APC (Pfleger et al., 2001), and assessed their
ability to interfere with the mitotic degradation of
Claspin. Strikingly, in the presence of dominant-nega-
tive Cul1, the mitosis-specific degradation of Claspin
was virtually abolished (Figure 2A), whereas dominant-
negative Cdc20 had no effect (N.M. and J.L., unpub-
lished data). Hence, the early mitotic destruction of
Claspin appears to be mediated by an SCF-dependent
mechanism.

Next, we tested the mitotic expression pattern of a se-
ries of Claspin fragments. Only the N-terminal fragment
containing the first 448 amino acids of Claspin recapitu-
lated the expression profile of the full-length protein, be-
ing expressed at low levels in nonsynchronized cells and
absent from mitotic cells (Figure S2). Additional analysis
narrowed down the mitotic degron to the extreme N ter-
minus, as a Claspin construct lacking the first 100 amino
acids (Claspin DN) could be efficiently expressed in cells
arrested in mitosis (Figure 2B). Inspection of this region
revealed the presence of a DSGxxS sequence matching
the consensus binding motif of the F box protein bTrCP
(Fuchs et al., 2004). This motif is highly conserved in
vertebrate Claspin orthologs (Figure 2C).

To test whether bTrCP might be implicated in the mi-
totic degradation of Claspin, we transiently expressed
FLAG-bTrCP1 and assayed for its capability to bind Clas-
pin. Indeed, endogenous Claspin readily coimmunopre-
cipitated with FLAG-bTrCP1 (Figure 2D). Consistent with
its quantitative degradation in mitosis, Claspin bound to
bTrCP1 with a much higher affinity in mitosis than in inter-
phase, as determined by an in vitro binding assay where
Claspin was prephosphorylated in extracts prior to GST-
bTrCP1 pull-down (Figure 2E). Substrate recognition
by bTrCP requires phosphorylation of the two Serines
in the DSGxxS motif (Fuchs et al., 2004). Consistently,
treatment of prephosphorylated Claspin by l phospha-
tase impaired its interaction with bTrCP (Figure 2F).
These findings indicate that Claspin requires mitosis-
specific phosphorylations to be recognized by bTrCP.

To test whether bTrCP is required for degradation of
Claspin, we monitored Claspin levels in cells depleted
for endogenous bTrCP1/2 by siRNAs. As shown in
Figure 2G, the knockdown of bTrCP prevented degrada-
tion of Claspin in mitosis but had only a minor effect in
nonsynchronized cells. Wee1, a known mitotic target for
bTrCP-mediated proteolysis (Watanabe et al., 2005),
was also stabilized in mitotic cells transfected with
bTrCP1/2 siRNAs (Figure 2G). In line with this finding,
the loss of Claspin staining observed in early prophase
cells was abolished in bTrCP1/2 siRNA-treated cells,
which expressed comparable levels of Claspin in G2
and prophase (Figure 2H). Similar results were obtained
in an independent cell line (Figure S3). Together, these
data demonstrate that the phosphorylation-dependent
degradation of Claspin upon mitotic entry is mediated
by SCFbTrCP.
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Figure 1. Claspin Is Degraded upon Entry into Mitosis

(A and B) Exponentially growing U-2-OS cells and primary BJ fibroblasts were fixed and immunostained with the indicated antibodies. The

nuclear DNA was visualized by counterstaining with the ToPro3 DNA intercalating dye. In (B), cells were grown in the presence of BrdU for

the final 1 hr before fixation. Scale bar, 10 mm.

(C) U-2-OS cells were grown exponentially (Exp) or synchronized in mitosis by incubation in the presence of nocodazole for 12 hr. After release

from the mitotic block, cells were harvested at various times and probed for the abundance of indicated proteins by immunoblotting. MCM6

serves as a loading control.

(D) Asynchronous (Exp) or nocodazole-arrested (M) U-2-OS cells were fractionated to separate soluble (Sol) or chromatin-enriched (Chrom)

proteins, and the resulting extracts were analyzed by immunoblotting with the indicated antibodies. Orc2 was used as a loading control.

(E) U-2-OS/shClaspin cells were kept repressed or induced to express Claspin-specific shRNA by addition of doxycycline (Dox) for 48 hr and

harvested, and total cell extracts were probed for the indicated proteins by immunoblotting.

(F) U-2-OS/shClaspin cells treated as in (E) were grown on coverslips, fixed, and analyzed for the indicated proteins in G2 phase, prophase (Pro),

and metaphase (Meta) by immunostaining. Scale bar, 10 mm.
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Figure 2. The Early Mitotic Degradation of Claspin Is Mediated by SCFbTrCP

(A) U-2-OS cells were transfected with the indicated constructs for 24 hr and then kept unsynchronized (Exp) or synchronized in mitosis by

nocodazole treatment (M). The levels of ectopic proteins were monitored by immunoblotting of total cell extracts.

(B) U-2-OS cells were transfected with FLAG-tagged full-length Claspin (FL) or a deletion mutant lacking the first 100 amino acids (DN) and

synchronized as in (A). Total cell extracts were probed for the indicated proteins by immunoblotting.

(C) Schematic representation of the conserved bTrCP recognition motif in vertebrate Claspin orthologs.

(D) U-2-OS cells were transfected with FLAG-tagged bTrCP expression plasmid as indicated. Subsequently, FLAG-bTrCP1 was immunoprecipi-

tated with FLAG-resin and analyzed for its ability to interact with Claspin by immunoblotting. Abbreviation: WCE, whole-cell extract.
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The N-Terminal bTrCP Binding Motif in Claspin

Mediates Its Mitotic Degradation

We next replaced the two serines in the DSGxxS motif
with nonphosphorylatable alanines to generate a Clas-
pin 2A mutant (Figure 3A). Such mutations triggered
a striking restoration of Claspin expression in mitosis
(Figure 3B), suggesting that the DSGxxS motif is indeed
a functional bTrCP degron. Consistently, cotransfection
of dominant-negative Cul1 did not affect the mitotic ex-
pression of the 2A mutant (Figure 3C), in contrast to its
clear destabilizing effect on the wild-type (wt) protein
(Figure 2A). We then evaluated the ability of wt and 2A
mutant N-terminal fragments of Claspin to undergo pol-
yubiquitylation in vitro. In agreement with our previous
findings, we observed polyubiquitylation of wt, but not
mutant Claspin, in mitotic (but not interphase) extracts
(Figure 3D). The observed ubiquitylation activity re-
quired bTrCP, as extracts from mitotic cells treated
with bTrCP siRNAs lost their ability to ubiquitylate Clas-
pin (Figure 3E). The inability of Claspin 2A to undergo
ubiquitylation-dependent degradation in mitosis sug-
gested that it was not efficiently recognized by bTrCP.
Indeed, an in vitro binding assay revealed a strong re-
quirement for the two serine residues of the Claspin’s
DSGxxS motif for its interaction with bTrCP (Figure 3F).
Finally, we examined the half-lives of ectopic wt and
2A Claspin in cells expressing these proteins in an in-
ducible fashion. Consistent with the emerging evidence
that bTrCP-dependent degradation of Claspin occurs
predominantly in mitosis, the half-lives of wt and mu-
tant Claspin were comparable (between 2 and 4 hr) in
nonsynchronized cells, whereas the 2A mutant was
completely stable (no sign of protein decline after 6 hr)
in mitosis (Figure 3G). As observed previously, the wt
protein was extremely labile in mitotic cells. Collectively,
these findings indicate that the bTrCP-dependent deg-
radation of Claspin is mediated via the N-terminal
DSGxxS motif in a mitosis-specific fashion.

Plk1 Is Required for the Mitotic Degradation

of Claspin
Because Claspin is degraded in mitosis in a phosphory-
lation-dependent manner, we explored the possible in-
volvement of known mitotic kinases. In Xenopus egg
extracts undergoing adaptation, Claspin is targeted for
inactivation by Plx1 (Yoo et al., 2004). Hence, we tested
whether human Plk1 might contribute to the mitosis-
specific degradation of Claspin. Indeed, we detected a
clear association between transiently transfected Plk1
and endogenous Claspin (Figure 4A). In addition, Plk1
purified from mitotic cells phosphorylated the N termi-
nus of Claspin in vitro, and this phosphorylation was
reduced after mutating the two conserved serines in
the bTrCP phosphodegron (Figure S4). Furthermore,
depletion of Plk1 by siRNAs restored accumulation of
endogenous Claspin in nocodazole-arrested cells
(Figure 4B), comparable to the effect seen in cells with
reduced levels of bTrCP (Figure 2G). Consistently, an
in situ analysis showed that Plk1-depleted cells failed
to degrade Claspin in early prophase (Figure 4C). Finally,
depletion of Plk1 by siRNA impaired the mitosis-specific
ubiquitylation of Claspin (Figure 4D) and reduced its
ability to bind bTrCP (Figure 4E). Together, these data
suggest that Plk1-mediated phosphorylation of Claspin
contributes to the ability of bTrCP to recognize and
ubiquitylate Claspin in mitosis.

bTrCP-Mediated Degradation of Claspin Facilitates
Recovery from Cell Cycle Arrest Induced by

Genotoxic Stress
We then tested whether degradation of Claspin was
important for the cellular ability to enter mitosis under
different conditions. First, we examined whether over-
expression of wt or nondegradable Claspin would affect
the rate of G2/M transition in the absence of genotoxic
stress. Stable cell lines induced to express the Claspin
alleles showed only marginal delay in mitotic entry for
both Claspin wt and 2A clones compared to the parental
U-2-OS cells (Figure 5A). Thus, in the absence of exo-
genous DNA damage, overexpression of Claspin does
not seem to interfere with mitotic entry.

Next, we asked whether degradation of Claspin might
influence mitotic entry after DNA damage-induced G2 ar-
rest. To this end, U-2-OS cells and their derivatives con-
ditionally expressing wt or nondegradable Claspin were
synchronized in G2 and pulse treated with a low dose of
adriamycin, after which nocodazole was added to the
medium to trap cells entering mitosis. Adriamycin gener-
ates complex DNA damage, including DNA double-
strand breaks (DSBs), that induce the ATM and ATR
kinases. However, it was recently shown that the DSB-
induced phosphorylation of Chk1 is mediated exclu-
sively by ATR (Jazayeri at al., 2006). Under these condi-
tions, we consistently observed that overexpression of
wt Claspin caused moderate delay in mitotic entry com-
pared to control cells with physiological Claspin levels
(Figure 5B). This likely reflected the increased demand
on the proteolytic machinery to degrade the excess of
Claspin at the G2/M transition. Strikingly, this G2 delay
was significantly more pronounced in cells expressing
the nondegradable form of Claspin (Figure 5B), suggest-
ing that the bTrCP-mediated degradation of Claspin is
a rate-limiting step for G2/M transition after recovery
from the genotoxic stress. To test whether the delayed
mitotic entry in cells with impaired Claspin degradation
is mediated by Chk1, we monitored the level of Ser317-
phosphorylated Chk1 at various times after release from
the adriamycin-induced G2 arrest. Indeed, the removal
of Ser317 phosphorylation was delayed in adriamycin-
treated cells expressing nondegradable Claspin (Fig-
ure 5C). This delay was eliminated in the presence of
caffeine (Figure S5), suggesting that the recovery from
(E) In vitro-translated (IVT) [35S] labeled Claspin (residues 1–380) was phosphorylated in extracts from exponentially growing or mitotic U-2-OS

cells and incubated with GST-bTrCP1 bound GSH beads. bTrCP bound Claspin was resolved by SDS-PAGE and visualized by autoradiography.

(F) In vitro-translated [35S] labeled Claspin(1–380) was phosphorylated in mitotic extracts and treated for 30 min with l-phosphatase where

indicated. The binding of labeled Claspin to GST-bTrCP immobilized on GSH beads was analyzed as in (E).

(G) U-2-OS cells were transfected with control or bTrCP1/2 siRNA for 24 hr and then kept asynchronous or synchronized in mitosis. Cell lysates

were analyzed by immunoblotting with the indicated antibodies.

(H) U-2-OS cells grown on coverslips were transfected as in (G) for 48 hr, fixed, and immunostained with the indicated antibodies and counter-

stained with ToPro3. Scale bar, 10 mm.
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Figure 3. Mitotic Degradation of Claspin Depends on a Conserved bTrCP Degron

(A) Schematic depiction of the bTrCP phosphodegron mutant Claspin 2A protein.

(B) U-2-OS cell lines conditionally expressing wild-type (wt) or mutant (2A) Claspin were induced to express the transgenes for 24 hr and grown

exponentially or synchronized in mitosis. Cell lysates were probed for the indicated proteins by immunoblotting.

(C) U-2-OS cells were transfected with the indicated constructs for 24 hr and synchronized as in (B). Protein expression was monitored by

immunoblotting.

(D) In vitro ubiquitylation reactions were carried out with extracts from unsynchronized or mitotic U-2-OS cells supplemented with bTrCP and

in vitro-translated [35S] labeled Claspin(1–380). Ubiquitylated Claspin was visualized by autoradiography.

(E) U-2-OS cells were transfected with control or bTrCP1/2 siRNA for 24 hr and then synchronized in mitosis. Extracts from these cells were used

in in vitro ubiquitylation assays as in (D). Note that the ubiquitylation reaction was carried out without addition of recombinant bTrCP; conse-

quently, the formation of long polyubiquitylated chains (Ubn) was less prominent. Nevertheless, the inefficient Claspin ubiquitylation in the

bTrCP-depleted extract is clearly visible as the lack of conversion of unmodified Claspin (marked by asterisk) to higher molecular weight species.

(F) In vitro-translated [35S] labeled wt or mutant N-terminal fragments of Claspin were phosphorylated in mitotic extracts from U-2-OS cells, and

their binding to bTrCP was analyzed as in Figure 2F.

(G)U-2-OS/FLAG-Claspin cell lineswere inducedtoexpress the transgenes for24hrandkept unsynchronziedor arrested inmitosis.Cycloheximide

(CHX) was added to inhibit protein synthesis, and cells were harvested at the indicated times and analyzed by immunoblotting of total extracts.
DNA damage-induced G2 arrest involves both Claspin
degradation and attenuation of ATR. We also assessed
the effects of wt and mutant Claspin on mitotic entry after
recovery from replication stress induced by hydroxyurea
(HU). Also under these conditions, ectopic Claspin de-
layed mitotic entry (Figure 5D) accompanied by impaired
Chk1 dephosphorylation (Figure 5E), and these effects
were more pronounced in cells expressing nonde-
gradable Claspin. Together, these data suggest that the
bTrCP-mediated Claspin degradation facilitates recov-
ery from cell cycle arrest in response to DNA damage
or replication stress.

Expression of Stable Claspin Allows Unscheduled
Phosphorylation of Chk1

Because Claspin degradation periodically occurred dur-
ing each cell cycle even without any external genotoxic
stress, we reasoned that this mechanism could be part
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Figure 4. The Polo-like Kinase Plk1 Is Required for the Mitotic Degradation of Claspin

(A) Human 293T cells were transfected with the indicated constructs for 24 hr. Subsequently, Myc-Plk1 was immunoprecipitated with Myc-resin

and analyzed for its ability to interact with FLAG-Claspin by immunoblotting.

(B) U-2-OS cells were transfected with indicated siRNAs for 24 hr and then kept nonsynchronized or synchronized in mitosis. Levels of indicated

proteins were monitored by immunoblotting.

(C) U-2-OS cells grown on coverslips were transfected as in (B) for 48 hr, fixed, and immunostained with the indicated antibodies and counter-

stained with ToPro3. Cells in early prophase are indicated with arrows. Scale bar, 10 mm.

(D) Invitroubiquitylation reactions were carried out as in Figure 3D,using mitotic extracts from U-2-OS cells transfected withcontrol or Plk1 siRNAs.

(E) IVT [35S] labeled Claspin(1–380) was phosphorylated in mitotic extracts prepared from cells transfected with control or Plk1 siRNAs, and the

binding between Claspin and GST–bTrCP1 was analyzed as in Figure 2E.
of a cellular program to restrain unscheduled Chk1 acti-
vation of cells that passed the G2/M transition. To test
this idea, we asked whether Chk1 could undergo DNA
damage-dependent phosphorylation in post-G2 cells.
We exposed asynchronous or purified nocodazole-
arrested cells to adriamycin, which can generate DNA
damage also in mitotic cells (Skoufias et al., 2004). Al-
though adriamycin clearly activated Chk1 in non-
synchronized cells, as evidenced by phosphorylation
on Ser317, it had no effect on Chk1 in nocodazole-
arrested cells (Figure 6A). However, expression of
stabilized Claspin 2A, but not the wt protein, allowed
partial phosphorylation of Chk1 in nocodazole-arrested
cells (Figure 6B). This Chk1 phosphorylation was
strongly dependent on the induction of ectopic Claspin
2A (Figure 6C), and similar results were obtained in an
independent cell line with conditional expression of
nondegradable Claspin (data not shown). Consistently,
also depletion of bTrCP by siRNA in naive U-2-OS cells
partially restored the ability of adriamycin to induce
phosphorylation of Chk1 on Ser317 under these condi-
tions (Figure 6D), although the effect was less pro-
nounced compared with cells expressing ectopic
Claspin 2A. It is important to emphasize that nocodazole
treatment generates cells with depolymerized microtu-
bules, and it induces only a transient prometaphase
arrest to which some cells may adapt. Nevertheless,
because the experiments described in this section were
performed exclusively with rounded cells with partially
condensed chromosomes, the results suggest that the
bTrCP-dependent degradation of Claspin is indeed an
integral part of a mechanism that restrains unscheduled
reactivation of Chk1 in cells that progressed beyond the
G2/M transition.
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Figure 5. Inability to Degrade Claspin Delays Checkpoint Recovery after DNA Damage and Replication Stress

(A) Exponential U-2-OS cells and derivative lines induced to express FLAG-Claspin wt and 2A for 24 hr were incubated in the presence of

nocodazole. The cells were harvested at the indicated times, and mitotic accumulation was determined by immunodetection of phospho-histone

H3 using dual-parameter flow cytometry. Results show the mean of two independent experiments.

(B) U-2-OS cells or FLAG-Claspin clones induced to express the transgenes for 24 hr were presynchronized in S phase by incubation in the

presence of 3 mM thymidine for 24 hr. Six hours after release from the S phase arrest, cells were pulse treated with 0.25 mM adriamycin for

1 hr, washed extensively, and incubated in fresh medium containing nocodazole. Mitotic entry in cells fixed at the indicated times was monitored

as in (A). Results show the mean of two independent experiments.

(C) Extracts from cells treated as in (B) were analyzed by immunoblotting for the indicated proteins.

(D) U-2-OS cells or FLAG-Claspin derivative clones induced to express the transgenes for 24 hr were treated with 2 mM hydroxyurea (HU) for 24

hr. After extensive washing, cells were incubated in fresh medium containing nocodazole, and the proportion of mitotic cells at the indicated

times were measured as in (A). Results show the mean of two independent experiments.

(E) Extracts from cells treated as in (D) were analyzed by immunoblotting for the indicated proteins.

Error bars in (A), (B), and (D) indicate twice the standard deviation at the respective time points.
Discussion

On the first glance, our finding that the destruction of
Claspin contributes to checkpoint recovery may seem
unexpected based on what we know about the function
of SCFbTrCP at the level of checkpoint effectors. The
SCFbTrCP-catalyzed ubiquitylation was shown to trigger
Cdc25A degradation, a key event required to initiate S
phase delay and G2 arrest after DNA damage or replica-
tion stress (Busino et al., 2003; Jin et al., 2003). Thus, a
key issue to consider is how SCFbTrCP regulates two
completely opposing responses to genotoxic stress: cell
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Figure 6. Expression of Stable Claspin Supports Unscheduled Chk1 Phosphorylation

(A) U-2-OS cells were kept unsynchronized or trapped in prometaphase by incubating in the presence of nocodazole for 12 hr. Subsequently,

cells were treated with 0.5 mM adriamycin (ADR) for 2 hr, and DNA damage-dependent phosphorylation of Chk1 was analyzed by immunoblot-

ting, using a phosphospecific antibody to Ser317 (Chk1-pS317).

(B) U-2-OS/FLAG-Claspin lines were induced to express the transgenes for 24 hr and synchronized and analyzed as in (A).

(C) U-2-OS/FLAG-Claspin 2A cells were kept repressed or induced to express the transgene for 24 hr, synchronized in mitosis, and treated with

0.5 mM adriamycin for 2 hr. Total cell extracts were analyzed by immunoblotting.

(D) U-2-OS cells were transfected with control or bTrCP1/2 siRNA for 24 hr and synchronized in mitosis by nocodazole shake off. Cells were sub-

sequently treated with adriamycin and analyzed as in (A).
cycle arrest (via Cdc25A) and cell cycle resumption (via
Claspin). Our results point to an emerging model of the
checkpoint dynamics whereby multiple upstream inputs
converging on the same molecular switch (the SCFbTrCP

ubiquitin ligase) flexibly determine the desired outcome
(Figure 7).

First, in response to DNA damage or replication
stress, Chk1 activation and its ability to prime Cdc25A
for destruction represents the key signaling input to di-
rect the bTrCP-catalyzed proteolysis toward rapid cell
cycle inhibition (Figure 7A). This inhibitory effect of
Chk1 on cell cycle progression is boosted by its ability
to activate Wee1, a negative regulator of the M phase-
promoting CDK1 (Figure 7A; and see Lee at al. [2001]).
Interestingly, a recent study suggested that Chk1 en-
hances Claspin stability (Chini et al., 2006). This may fur-
ther increase (or stabilize) Chk1 signaling (Figure 7A) and
thereby reinforce its impact on the bTrCP-mediated
degradation of Cdc25A. Second, at the time of check-
point recovery, the upstream signaling shifts the prefer-
ence of SCFbTrCP toward Claspin (Figure 7B). Our data
strongly suggest that such a switch from the cell cycle-
inhibitory to the cell cycle-promoting mode of SCFbTrCP

is mediated by Plk1, a protein kinase that is activated at
the G2/M transition and that can modulate Claspin’s
ability to interact with bTrCP. Thus, we show that inter-
action of Claspin with bTrCP and ubiquitylation of Clas-
pin require the Plk1 kinase and the integrity of the two
Serine residues within its phosphodegron. Consistently,
Plk1 could efficiently phosphorylate the N-terminal part
of Claspin containing the bTrCP phosphodegron. Most
significantly, we provide biochemical and cytological
evidence that downregulation of Plk1 triggers reaccu-
mulation of Claspin in mitosis.

The role of Plk1 in checkpoint recovery is not unprec-
edented. Most notably, Plk1 triggers degradation of the
mitotic regulator Wee1, thereby facilitating the G2/M
traverse after recovery from (or chemical abrogation of)
the checkpoint arrest (van Vugt et al., 2004). Interest-
ingly, Wee1 turnover is also regulated by the SCFbTrCP

ubiquitin ligase and Plk1 primes Wee1 for its interaction
with bTrCP (Watanabe et al., 2005). Importantly, elimina-
tion of both Wee1 and Claspin converges on the same
mechanism that promotes mitotic entry. Whereas degra-
dation of Wee1 eliminates one of the main kinases that
inhibits Cdk1 by phosphorylating Tyr15 within its ATP
binding cleft, destruction of Claspin (and the ensuing in-
activation of Chk1) allows accumulation of Cdc25A, a
phosphatase that activates Cdk1 by dephosphorylating
Tyr15. Thus, the degradation of Wee1 and Claspin by the
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same mechanism (Figure 7B) cooperates to achieve
timely activation of Cdk1 and the irreversible commit-
ment to mitosis. In this scenario, the bTrCP ubiquitylation
emerges as a flexible switch that can integrate multiple
upstream stimuli and, according to the actual demand
induce, maintain and even terminate the cell cycle
checkpoints.

Interestingly, the requirement for both Claspin and
Wee1 destruction is specifically generated under stress
conditions, indicating that during the recovery from
a genotoxic insult, cells need to mobilize otherwise re-
dundant pathways to elevate Cdk1 activity to a threshold
that would be necessary and sufficient to overcome the
inhibitory barrier(s) accumulated during the checkpoint-
induced cell cycle arrest. In contrast, overexpression of
stable Wee1 (van Vugt et al., 2004) or Claspin (this study)
had only a minor effect on the timing of mitotic entry dur-
ing unperturbed cell cycle. This indicates that if at least
one of these mechanisms operates normally, the un-
stressed cells initiate mitosis on schedule. Neverthe-
less, the bTrCP-mediated destruction of Claspin in early
mitosis may still function as an important molecular

Figure 7. Model of bTrCP-Mediated Regulation of Cell Cycle Check-

point Response

(A) Initiation and maintenance of cell cycle checkpoints relies on

bTrCP-mediated degradation of Cdc25A.

(B) Checkpoint recovery and resumption of cell cycle progression is

associated with a switch of bTrCP preference to Claspin and Wee1.

See text for detailed description of the model.
switch determining a transition from a permissive to
a nonpermissive state for Chk1 signaling. In this context,
it is interesting to note that the latest stage where cell cy-
cle progression can still be delayed by DNA damage is
the so-called ‘‘antephase’’—a period spanning late G2
and early M when chromosomes start to condense
(Pines and Rieder, 2001). It would be interesting to de-
termine whether the ability of damaged antephase cells
to revert back to G2 correlates with the latest cell cycle
stage when the levels of Claspin are still high enough to
support activation of Chk1.

A key issue that needs to be resolved by future exper-
iments is how cells regulate the duration of checkpoint-
induced cell cycle arrest. Work by Dunphy et al. revealed
an important role for the Plx1-dependent inactivation
of Claspin for checkpoint adaptation in Xenopus (Yoo
et al., 2004), and in the context of this work and the
accompanying study by Peschiaroli and coworkers
(Peschiaroli et al., 2006), it seems that Plk1 may likewise
regulate checkpoint recovery through the bTrCP-medi-
ated degradation of Claspin. Although Plk1 is largely
recognized as a mitotic kinase, the Xenopus Plx1 be-
comes reactivated (at least to a certain extent) after rep-
lication stalling (Yoo et al., 2004). One can envisage that
such mode of Plx1 (or Plk1) activation would not reach
the levels observed in mitosis and thus may not immedi-
ately counteract the checkpoint signaling. For instance,
Plk1 may need to compete with DNA damage-induced
kinases that protect Claspin from precocious degrada-
tion. Plk1 may only prevail to trigger Claspin degradation
after initial attenuation of the ATR signaling associated
with completion of DNA repair or resolution of replica-
tion problems.

The Xenopus Plx1-mediated dissociation of Claspin
from chromatin was proposed to be crucial for check-
point adaptation (Yoo et al., 2004); however, a later study
indicated that the stable interaction of Claspin with chro-
matin is not required for its Chk1-activating function (Lee
et al., 2005). Nevertheless, it is possible that uncoupling
of Claspin from chromatin facilitates its recognition and
degradation by SCFbTrCP. In such a scenario, Claspin
degradation would be the final and irreversible step of
a pathway designed to terminate the checkpoint-
induced cell cycle arrest. The fact that the bTrCP phos-
phodegron in the N terminus of Claspin is conserved in
vertebrates, including Xenopus, is consistent with such
a hypothesis. Finally, it is important to note that among
additional mechanisms that may contribute to check-
point termination is destabilization of Chk1 itself (Zhang
et al., 2005). Although we did not observe any changes in
Chk1 protein levels in the timeframe of our experiments,
the increased turnover of Chk1 protein may contribute
to the checkpoint recovery under certain settings, for
instance during chronic exposure to genotoxic stress.

Experimental Procedures

Plasmids

A pIRES-S-FLAG-Claspin plasmid encoding full-length human Clas-

pin was a gift from Junjie Chen. The Claspin 2A mutant was gener-

ated by introducing S30A and S34A mutations into this construct,

using the QuikChange Site-Directed Mutagenesis Kit (Stratagene).

For doxycycline-inducible expression of Claspin, FLAG-tagged wt

and 2A alleles were amplified by PCR and subcloned into

pcDNA4/TO (Invitrogen). The FLAG-bTrCP1 plasmid was a gift
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from Michele Pagano. For in vitro translation, bTrCP1 and Claspin

(residues 1–380) were subcloned into pX-Myc containing a T7 pro-

moter. To generate GST-tagged bTrCP1, GST was amplified by

PCR from pGEX-2TK (Pharmacia) and inserted between the Myc-

tag and the bTrCP1 ORF in pX-Myc. A vector capable of expressing

Claspin-specific shRNA in an inducible fashion was generated by

inserting 50-phosphorylated oligos containing the Claspin target se-

quence (50-GCAATGAAACTCCGAAGGT-30) into pSUPERIOR.puro

(Oligoengine) according to the manufacturer’s instructions. A dom-

inant-negative Cul1 mutant (Cul1-DN) was generated by inserting

the N-terminal 452 amino acids of human Cul1 into pX-Myc. Plk1

cDNA was subcloned to pcDNA3 containing an N-terminal Myc

tag. Transfections were performed with FuGene6 (Roche) according

to the manufacturer’s instructions. Unless otherwise indicated,

transfections were performed for a total of 24 hr.

Antibodies

Antibodies used in this study included mouse monoclonals to FLAG

epitope (M2; Sigma), Myc epitope (9E10; Santa Cruz Biotechnology),

cyclin B1 (C23420; BD Transduction Laboratories), Plk1 (33-1700;

Zymed Laboratories), and bTrCP (37-3400; Zymed); rabbit poly-

clonals to Claspin (BL-73; Bethyl Laboratories, and ab-3720;

AbCam), TopBP1 (ab-2402; AbCam), Wee1 (sc-325; Santa Cruz),

cyclin A (sc-751; Santa Cruz), Orc2 (559266; BD Pharmingen), phos-

pho-Chk1 S317 (2344; Cell Signaling Technology), and phospho-

Histone H3 (06-570; Upstate Biotechnology); and goat polyclonals

to MCM6 (sc-9843; Santa Cruz) and ATR (sc-1887; Santa Cruz).

Rat monoclonal antibody to BrdU (OBT0030CX) was from Immuno-

logicals Direct. Mouse monoclonal antibody to Chk1 was described

earlier (Sorensen et al., 2003).

Cell Culture and Drugs

Human U-2-OS osteosarcoma cells, 293T human embryonic kidney

cells, and primary BJ fibroblasts were grown in DMEM containing

10% fetal bovine serum (GIBCO). U-2-OS derivative cell lines ex-

pressing FLAG-tagged Claspin wt and 2A proteins in a Doxycycline-

responsive manner were isolated by cotransfecting U-2-OS cells

with pcDNA6/TR (Invitrogen) and pcDNA4/TO-FLAG-Claspin con-

structs and selecting productively transfected cells with 400 mg/ml

Zeocin and 5 mg/ml Blasticidin S (both from Invitrogen). A U-2-OS

derivative cell line capable of depleting endogenous Claspin in an

inducible fashion was generated by cotransfecting U-2-OS cells

with pcDNA6/TR and pSUPERIOR.puro-shClaspin and selecting

cells with stably integrated plasmids in medium containing 5 mg/ml

Blasticidin S and 1 mg/ml Puromycin (Sigma). Pure fractions of

mitotic cells were obtained by shaking off rounded cells after 12 hr

treatment with nocodazole (40 ng/ml; Sigma). The following drugs

were used: doxycycline (1 mg/ml; Calbiochem), cycloheximide

(25 mg/ml; Sigma), HU (2 mM; Sigma), and adriamycin (Calbiochem;

0.25 mM for interphase and 0.5 mM for mitotic cells, respectively).

siRNA

siRNA oligonucleotides (Dharmacon) were synthesized to the fol-

lowing sequences (sense strand): bTrCP1/2 (50-AAGUGGAAUUUG

UGGAACAUC-30), Plk1 (50-AAAGAUUGUGCCUAAGUCUCU-30),

and GL2 (control) (50-AACGUACGCGGAAUACUUCGA-30). Transfec-

tions were performed with 100 nM siRNA duplexes using Oligofect-

amine (Invitrogen) according to the manufacturer’s instructions.

Immunoblotting, Immunoprecipitation, and Chromatin

Fractionation

Total cell extracts were prepared as described (Mailand and Diffley,

2005) and processed for immunoblotting or immunoprecipitation

as described (Mailand et al., 2000). Separation of cells into Triton

X-100-soluble and -insoluble (chromatin-enriched) fractions was

done as described (Mailand and Diffley, 2005).

Immunofluorescence

Cells grown on glass coverslips were fixed in 4% paraformaldehyde

for 15 min at room temperature and permeabilized with 0.2% Triton

X-100. The cells were immunostained with primary antibodies spec-

ified in figure legends and secondary antibodies coupled to Alexa

dyes with excitation wavelengths of 488, 568, and 647 nm (Molecular

Probes). Cells were counterstained with the DNA intercalating dye
ToPro3 (Molecular Probes) before they were mounted on glass

slides (Menzel). Images were acquired through a PLAN-Neofluar

403/1.3 oil immersion objective (Carl Zeiss) by using a LSM510 con-

focal laser scanning microscope (Carl Zeiss).

Ubiquitylation Assays

In vitro ubiquitylation of Claspin was done as described (Carrano

et al., 1999). Briefly, extracts of exponentially growing or purified mi-

totic U-2-OS cells were prepared by lysis in ice-cold buffer containing

20 mM Tris-HCl (pH 7.2), 2 mM DTT, 0.25 mM EDTA, and protease and

phosphatase inhibitors (Mailand and Diffley, 2005), followed by brief

sonication. The lysates were cleared by centrifugation for 10 min at

20,000 rpm and frozen at 280�C in small aliquots. The ubiquitination

reaction mix (10 ml) contained 40 mM Tris-HCl (pH 7.5), 5 mM MgCl2,

1 mM DTT, 10% glycerol, 1 mg/ml ubiquitin, 1 mg/ml methylated ubi-

quitin, 1 mM ubiquitin aldehyde, 10 mM phosphocreatine, 100 mg/ml

creatine phosphokinase, 0.5 mM ATP, 5 mM MG-132 (all from Sigma),

5 mM human E1, 2 mM hUbcH5 (both from Boston Biochem), 30 mg

U-2-OS extract, 2 ml unlabeled in vitro-translated bTrCP1, and 1 ml

in vitro-translated [35S] Claspin (amino acids 1–380). Reactions

were incubated at 30�C for 1 hr, stopped with Laemmli sample buffer,

resolved by SDS-PAGE, and visualized by autoradiography.

In Vitro Binding Assay

In vitro-translated [35S] Claspin was incubated in 10 ml extract from

asynchronous or mitotic cells (see above) with 1 mM ATP, 5 mM

MgCl2, and 0.5 mM MG-132 at 30�C for 30 min. Samples were diluted

1:10 with EBC buffer (Mailand and Diffley, 2005) and centrifuged for

10 min at 20,000 rpm. Proteins in the supernatants were precipitated

with GSH beads (Amersham) preincubated with unlabeled in vitro-

translated GST-bTrCP1 or in vitro-translation mixture. Beads were

washed four times with EBC buffer, resuspended in Laemmli sample

buffer, and resolved by SDS-PAGE and autoradiography.

G2 Checkpoint Recovery Assay

Activation of the G2 checkpoint in U-2-OS cells and derivative FLAG-

Claspin lines was performed essentially as described (van Vugt

et al., 2004). Briefly, cells were synchronized in S phase by a 24 hr

incubation in the presence of 3 mM thymidine. Six hours after re-

lease from the thymidine block, cells were treated with 0.25 mM

adriamycin for 1 hr. After thorough washing, cells were incubated

in fresh medium containing nocodazole and harvested at various

times for immunoblotting and flow cytometric analysis of mitotic

cells. Where indicated, caffeine (10 mM; Sigma) was added to the

medium to inhibit ATM and ATR kinases.

Flow Cytometry

Identification of mitotic cells was performed by staining of chromo-

somal DNA with propidium iodide combined with immunofluores-

cent detection of phosphorylated histone H3 as described (Xu

et al., 2001). Twenty-thousand cells were counted in each experi-

ment, using a FACSCalibur flow cytometer (Becton Dickinson).

Supplemental Data

Supplemental Data include five figures and can be found with this

article online at http://www.molecule.org/cgi/content/full/23/3/

307/DC1/.
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Claspin determines the window of opportunity for Chk1 activity 
Our finding that the mediator protein Claspin exclusively impacts upon Chk1 phosphorylation 
allows for a regulatory separation of Chk1 from other ATR targets. We found such an additional 
layer of regulation to be effectuated by proteolytic processing of Claspin (Mailand et al., 2006). The 
N-terminus of Claspin contains an evolutionarily conserved DSGXXS motif, the phospho-degron 
that mediates binding to the F-box protein β-Trcp upon phosphorylation of the two serines within 
the motif (Ang and Wade Harper, 2005). β-Trcp mediated degradation of Claspin was found to 
occur as cells enter mitosis in the unperturbed cell cycle. The important mitosis promoting kinase 
Plk1 was found to be required for the process and to both phosphorylate and stimulate the 
degradation of an N-terminal Claspin fragment in vitro (Mailand et al., 2006; Peschiaroli et al., 
2006). As a direct consequence of Claspin degradation, cells that had progressed to pro-metaphase 
were unable to activate Chk1 despite that several other checkpoint proteins such as Nbs1 and Smc1 
could be efficiently phosphorylated. By this mechanism, Claspin, and its degradation by the SCF 
complex determines a window of opportunity for Chk1 activation that could have important 
biological ramifications. “Antephase” is defined as the point in very early mitosis where the process 
of cell division can still be reverted and G2-phase resumed (Pines and Rieder, 2001). Such a 
response is seen upon addition of the microtubule inhibitors taxol and nocodazole to cells with an 
intact antephase checkpoint. The point in the cell cycle where Claspin is destroyed to disallow Chk1 
activation could well coincide with the termination of antephase. At this point and beyond, cells are 
committed to go through mitosis even if they are challenged by various genotoxic insults. Full 
activation of the Cyclin B-Cdk1 mitotic kinase involves intricate activation loops where Wee1 is 
inactivated and the Cdc25A phosphatase is activated by stabilization (Mailand et al., 2002). Full-
blown activation of Chk1 at this stage could interfere with these delicate processes with a 
deleterious impact on the fidelity of mitosis. Importantly, mutation of the two serines within the 
phospho-degron to non-phosphorylatable alanines restored not only the stability of Claspin in pro-
metaphase, but also the ability of cells to phosphorylate Chk1. 
 
Mitosis in the unperturbed cell cycle is not the only physiological setting in which Claspin is 
degraded. We found proteolytic destruction of Claspin to occur with the exact same genetic 
requirements during recovery from the DNA damage checkpoint. We assayed checkpoint recovery 
by synchronising cells in S-phase using a single thymidine block and then subjecting them to either 
prolonged treatment with hydroxyurea or a pulse of adriamycin. Upon removal of the DNA 
damaging drugs, we observed a strong requirement for β-Trcp mediated degradation of Claspin in 
the timely decay of Chk1 phosphorylation and the ensuing progression into mitosis. Furthermore, 
the prolonged period of elevated Chk1 activity observed in cells with Claspin mutated in the 
degron, translated directly into a prolonged checkpoint arrest and a significant delay in mitotic 
entry. Our finding highlights a novel branch of the pathway that is required for timely checkpoint 
alleviation and the ensuing enforcement of mitotic entry. The two other branches of the pathway 
impinge on the catalytic activity of Cdc25B and the destruction of Wee1 (figure 30) (van Vugt et 
al., 2005). Common to all three branches of the recovery pathway is that they converge to alleviate 
the inhibition of the mitotic kinase Cdk1 that was imposed by the checkpoint. Plk1, which is the 
master kinase behind destruction of both Wee1 and Claspin, is itself a target of the DNA damage 
checkpoint, as its activity decreases following genotoxic stress (van Vugt et al., 2001). The 
emerging role for this kinase in orchestrating the abrogation of checkpoint signalling suggests the 
presence of a molecular timer mechanism that alleviates the DNA damage induced inhibition of 
Plk1. In such a scenario, the G2-M checkpoint can be seen as only a transient delay of mitosis, as 
Plk1 will eventually gain the upper hand and promote mitosis similar to during the unperturbed cell 
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cycle. Curiously, destruction of Claspin as well as Wee1 during recovery is mediated by β-Trcp, the 
F-box protein that is also responsible for activating the checkpoint by degrading Cdc25A (Busino et 
al., 2003; Jin et al., 2003; Mailand et al., 2000). The SCF recognizes its target proteins at the level 
of substrate phosphorylation (Tyers and Jorgensen, 2000), and thus the switch in the checkpoint 
activating and abrogating functions of β-Trcp is likely mediated by a Plk1- and timing-dependent 
modification of distinct cell cycle and checkpoint proteins. In summary, our findings broadened our 
knowledge of the regulatory potential and use of Claspin, identify an important mechanism that 
operates during checkpoint recovery, and further highlight ubiquitin-mediated proteolysis in 
general, and the involvement of β-Trcp in this process in particular, as central requirements during 
all stages of DNA damage checkpoint signalling. 
 
 

 

Cdc25A
Ub

Chk1
Claspin

β-TrcpSCFβ-TrcpSCF

Cdc25A
P

Cdc25A
Ub

MITOSIS

P

Plk1

Cdk1
Y15-P

Cdk1
Y15-P

Wee1

X

inactive

β-TrcpSCF

Chk1
Claspin

Plk1

P

Claspin
P

Cdc25A

Chk1

Cdc25A
Cdc25A

MITOSIS

Claspin
Ub

Cdc25A
PX

Wee1
P

Wee1
Pβ-TrcpSCF

Ub

Wee1
Ub

Cdk1
Y15-PX

inactive

X

active

Cdc25B

β-TrcpSCFβ-TrcpSCF

Chk1
Claspin

Plk1

PP

Claspin
P

Cdc25A

Chk1

Cdc25A
Cdc25A

MITOSIS

Claspin
Ub

Cdc25A
PX

Wee1
PP

Wee1
PPβ-TrcpSCF β-TrcpSCF β-TrcpSCF

UbUb

Wee1
UbUb

Cdk1
Y15-PX

inactive

X

active

Cdc25B

G2-M checkpoint Mitosis during checkpoint recovery

Cdc25A
Ub

Chk1
Claspin

β-TrcpSCFβ-TrcpSCF

Cdc25A
P

Cdc25A
Ub

MITOSIS

P

Plk1

Cdk1
Y15-P

Cdk1
Y15-P

Wee1

X

inactive

β-TrcpSCF

Chk1
Claspin

Plk1

P

Claspin
P

Cdc25A

Chk1

Cdc25A
Cdc25A

MITOSIS

Claspin
Ub

Cdc25A
PX

Wee1
P

Wee1
Pβ-TrcpSCF

Ub

Wee1
Ub

Cdk1
Y15-PX

inactive

X

active

Cdc25B

β-TrcpSCFβ-TrcpSCF

Chk1
Claspin

Plk1

PP

Claspin
P

Cdc25A

Chk1

Cdc25A
Cdc25A

MITOSIS

Claspin
Ub

Cdc25A
PX

Wee1
PP

Wee1
PPβ-TrcpSCF β-TrcpSCF β-TrcpSCF

UbUb

Wee1
UbUb

Cdk1
Y15-PX

inactive

X

active

Cdc25B

G2-M checkpoint Mitosis during checkpoint recovery  
 
 
 
 
 

 
  

 

Figure 30. The diverse roles of β-Trcp in checkpoint activation and checkpoint recovery. To inhibit mitosis in 
G2 cells experiencing DNA damage (left panel), β-Trcp mediates SCF-dependent ubiquitination and 
destruction of the Cdc25A phosphatase. The decisive trigger for this is provided by Chk1 phosphorylaion of 
Cdc25A, and activation of Chk1 requires ATR and Claspin. Together with the inhibitory kinase Wee1, this 
pathway acts to deactivate Cdk1 and thus prevent mitosis. During recovery from the DNA damage checkpoint 
(right panel), the substrate specificity of  β-trcp changes form Cdc25A to Claspin and Wee1, which are both 
degraded. In this way, β-Trcp dependent degradation of checkpoint proteins actively silences checkpoint 
signalling directed against Cdk1 and lifts some of the restraints on this mitotic kinase. This dramatic shift is 
mediated by the sudden appearance of active Plk1, which creates phospho-degrons in Claspin and Wee1. 
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