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Abstract

Detection of DNA damage by the DNA damage checkpoint in S. cerevisiae

Justine A. Melo

The maintenance of genome integrity is tantamount to cell survival. Cells protect

themselves from structural damage to DNA by two major mechanisms, DNA repair and

the DNA damage checkpoint. While a host of DNA repair enzymes are each responsible

for reversing the effects of specific types of DNA damage, the DNA damage checkpoint

responds nonspecifically to all damage types by preventing mitosis until repair is

completed. The checkpoint pathway thus not only protects subsequent cellular

generations from harboring genetic damage, but also promotes proper repair by often

ensuring that a wild type DNA template is available for use in repairing a damaged DNA

strand. In S. cerevisiae, DNA damage checkpoint components have been identified by

the use of genetic screens, and the mechanism of checkpoint signaling to the cell cycle

machinery has been fairly well elucidated. However, the mechanism by which the DNA

damage checkpoint actually senses the presence of DNA damage has remained

mysterious. The goal of my thesis has been to identify checkpoint components required

for sensing DNA damage and to understand how damage recognition leads to activation

of the cell cycle checkpoint signaling pathway. By tagging checkpoint components with

GFP and performing live fluorescence and chromatin immunoprecipitation experiments, I

have determined that Ddc1 and Ddc2 are two independent sensory proteins that are

recruited to DNA damage sites in living cells. When cells adapt to prolonged, unrepaired

vii



DNA damage by resuming cell cycle progression, Ddc1 damage-dependent localization

is maintained while Ddc2 localization is significantly reduced, suggesting a mechanism

for checkpoint adaptation. These results have allowed us to propose a new model for

checkpoint activation involving parallel sensory branches. Additional checkpoint

components, Rad24, Radø and RadS3 each show weak relocalization in response to DNA

damage, suggesting that these checkpoint factors may be present at damage sites only

transiently. Finally, I have begun to use Ddc1 localization to damage as a tool for

visualizing the dynamics of damaged chromosomes in living cells.
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A unified view of the DNA damage checkpoint.

Justine Melo and David Toczyski

Mt. Zion Cancer Research Center

Department of Biochemistry and Biophysics
University of California, San Francisco

San Francisco, CA 94115
email: toczyski (ºcc.ucsf.edu

jmelo Qitsa.ucsf.edu
Ph: 415-502-1301

Fax: 415-502-3179

Key Words: Checkpoint, DNA damage, signal transduction, cell cycle

Teaser: We have reviewed recent data on the DNA damage checkpoint in humans
and model organisms and explored the similarities to present a unified view of the
checkpoint signaling pathway.



Summary. Recent investigation of the DNA damage checkpoint in several organisms

have highlighted the conservation of this pathway. The checkpoint's signal transduction

pathwayconsists of four conserved classes of molecules: two large protein kinases having

homology to PI3 kinases; three ‘sensor' proteins with homology to PCNA; two S/T

kinases; and two adaptors for the S/T kinases. This review compares the role of these

four classes of checkpoint proteins in humans and model organisms.

Introduction. The DNA damage checkpoint is a signal transduction pathway that blocks

cell cycle progression (in G1, G2 or metaphase) or slows that rate at which S phase

proceeds when DNA is damaged. In addition to delaying cell cycle progression, cells

respond to DNA damage in a collection of other ways, which include undergoing

apoptosis, promoting repair processes, and inducing transcription. Much of the signal -- ~ *

transduction machinery required for the DNA damage checkpoint is also required for

these other responses to damage. DNA damage checkpoint proteins are generally well

conserved, although there are a number of important differences in the checkpoint

signaling pathways between organisms. This review will discuss recent work on the

DNA damage and S phase checkpoints, making a special effort to compare and contrast

the pathways in yeast and higher organisms. We will concentrate on the checkpoint

pathway starting with the recognition of DNA lesions and ending with the signal

transducers. A discussion of the downstream targets of the DNA damage checkpoint

pathway, a large topic in itself, is reviewed elsewhere (Rhind and Russell 2000; Abraham

2001; Bartek and Lukas 2001).



We have separated the checkpoint proteins into four groups: the PI3 kinase-like

protein kinases, a PCNA-like group, two serine/threonine (S/T) kinases and their

adaptors. The PI3K-like kinases are a pair of large protein kinases thought to bind

damaged DNA directly and initiate signaling. The PCNA-like group is a complex of

three proteins thought to form a PCNA-like trimer that loads directly at sites of DNA

damage. This complex may help recruit substrates to the PI3K-like kinases. The two S/T

kinases are thought to be activated by the PI3K-like kinases and phosphorylate targets of

the checkpoint. The two adaptors proteins bind the S/T kinases and aid in their

activation. All of these molecules are conserved from S. cerevisiae and S. pombe to

humans. However, the relative role of the two PI3K-like kinases, the pairing of the S/T

kinases with their adaptors, and the final targets of the S/T kinases have, in some cases,

diverged.

Many cell cycle transitions are under the control of the DNA damage checkpoint. For

the sake of simplicity, we will primarily distinguish the various checkpoints as those that

occur within S phase and those that occur outside it, namely in G1, G2 and mitosis. The

S phase checkpoint responds to both the inhibition of replication and DNA damage

incurred during S phase. This checkpoint differs from other arrests in several important

ways. First, replication intermediates and stalled replication machinery may serve as a

damage signal and help to recruit the checkpoint machinery. Second, DNA lesions that

are carried through S phase may be processed, altering the signal recognized by the

checkpoint pathway. Finally, the checkpoint pathway appears to have a role not only in

slowing the rate of S phase, but also in stabilizing stalled replication forks (Lopes, Cotta

Ramusino et al. 2001; Tercero and Diffley 2001).



Due to the fact that the S. cerevisiae and S. pombe RAD genes were well

characterized before their cloning, the S. pombe homonym of a gene is not necessarily the

homologue (e.g. scRadz4=spRad 17; whereas scRad 17=spRadl). We will attempt to

simplify the nomenclature of these checkpoint genes as follows: when we are referring to

all the homologues collectively, we will use the most established name for each gene (in

bold in figures 1.1 and 1.2) without a prefix (e.g. Radl). When we are referring to one

specific homologue in a given species, we will precede the name with a species

indicating prefix and the common gene name will be given afterwards parenthetically if it

is different from the species name, for example scRad 17(Radl).

PI3K-like checkpoint kinases. Central to all of the DNA damage-induced

checkpoint responses are a pair of large protein kinases with homology to

phosphatidylinositol-3 (PI3) kinases: ATR and ATM. ATR and ATM are required for all

of the DNA damage-responsive checkpoints in both yeast and mammals and are involved

in the initial sensing of DNA damage, as we discuss below. The reason these kinases

share homology with PI3 kinases is not yet known. While it is possible that the

homology of these kinases to PI3 kinases is an artifact of their evolution, a recent study

has shown that inositol phosphate (IP6) binds and stimulates the DNA repair function of

a related DNA damage-responsive kinase, DNA-PK (Hanakahi, Bartlet-Jones et al.

2000). The relationship between ATR and ATM seems to represent a striking difference

between mammals and yeast. In both S. cerevisiae and S. pombe, ATR (called scNMecl

and spRad?) appears to be a much more important player in the DNA damage response

than ATM (called scTell and spTell). In contrast, many important damage-induced



phosphorylations are carried out by the mammalian homologues of either ATM or ATR,

depending upon the initiating DNA lesion. While haTM appears to be the primary

player in the response to ionizing radiation (IR), haTR is more important for the

response to UV light, DNA methylation by MMS and replication inhibitors, like

hydroxyurea (HU) and aphidicolin (APH) (reviewed in (Abraham 2001)).

ATR is constitutively associated with another protein called Rad?6, which may act as

a regulatory subunit (Edwards, Bentley et al. 1999; Paciotti, Clerici et al. 2000; Rouse

and Jackson 2000; Cortez, Guntuku et al. 2001; Wakayama, Kondo et al. 2001). Deletion

of the yeast or human RAD26 gene renders cells effectively ATR-null in all assays

examined thus far. Rad26 is phosphorylated after DNA damage, and this

phosphorylation is thought to be ATR-mediated, but the relevance of Rad26

phosphorylation is not yet known. While it is possible that Rad26 phosphorylation

increases ATR activity in vivo, studies in S.cerevisiae show that deletion of

scDac2(Rad26) has no effect on scNMec 1(ATR) activity in vitro (Wakayama, Kondo et al.

2001). Both scDac2(Rad26) and scNMec 1 (ATR) have been shown to localize to an

endonucleolytic dsDNA break in vivo by chromatin immunoprecipitation (ChIP) and

localization of GFP fusions (Kondo, Wakayama et al. 2001; Melo, Cohen et al. 2001). It

is tempting to speculate that Rad26 may bind DNA damage directly and recruit ATR to

damage sites, since two other PI3K-like kinases, DNA-PK and ATM, are closely

associated with repair proteins that bind DNA breaks (KU and the Mre 1 1/Radj0/Nbs1

complex, respectively). In support of this hypothesis, ScDdc2(Rad?6) contains regions of

homology with scrads0 (Rouse and Jackson 2000). However, efficient recruitment of

scDac2(Rad26) to damage sites does not occur in the absence of scMec 1(ATR) (Melo,



Cohen et al. 2001), suggesting that scDolc2(Rad26) requires the presence of

scMecl(ATR) to stably associate with DNA breaks.

Like ATR, ATM is thought to associate with damaged DNA (Costanzo, et al. 2000;

Hekmat-Nejad et al. 2000; Smith et al. 1999; Andegeko et al. 2001). ATM isolated from

damaged cells has increased specific activity, but the nature of the activation is not

known (Banin, Moyal et al. 1998; Canman, Lim et al. 1998). Both ATR and ATM are

able to autophosphorylate in vitro, which might be responsible for this activation

(Canman, Lim et al. 1998). haTM does not associate with hATRIP(Rad?6) in vitro

(Cortez, Guntuku et al. 2001). Instead, several pieces of evidence suggest a close link

between ATM and the RadS0/Mre 11/Nbs1 complex. RadS0, Mre 11, and Nbs1 constitute

a conserved complex important for the repair and processing of double-stranded DNA

breaks. haTM binds hnbs 1 and phosphorylates it in response to DNA damage.

Furthermore, mutations in haTM and h\bs 1 cause similar cancer prone syndromes

(reviewed in (Petrini 2000)). Perhaps haTM’s association with the hNbs1 complex may

help to explain the fact that haTR and haTM respond to different DNA lesions. Recent

work in S. cerevisiae suggests that scTell (ATM) also phosphorylates scxrs2(Nbs1)

(D'Amours and Jackson 2001). scTell (ATM)'s checkpoint function (which is only

detectable in scNMec 1(ATR) deleted cells) depends upon the scxrs2(Nbs1) complex

(Usui, Ogawa et al. 2001). scTell (ATM)'s role in telomere maintenance also requires

the scRadS0 complex, re-enforcing the hypothesis that ATM function is dependent upon

its association with the RadS0/Nbs1/Mre 11 complex (Ritchie and Petes 2000).



The “9-1-1” checkpoint complex. The discovery that three checkpoint proteins (Rado,

Rad 1, Hus 1, coined the “9-1-1 complex”) share sequence similarity with PCNA, the

DNA polymerase processivity factor, has generated many predictions about the structure

and function of these proteins (Venclovas and Thelen 2000). PCNA is a toroidal

homotrimer that encircles DNA and binds DNA polymerase delta, thereby serving to

increase the processivity of that polymerase by tethering it to its template. Deletion of

the genes encoding the S. cerevisiae or S. pombe homologues of Radl, Radø or Husl

yields similar checkpoint and damage sensitivity phenotypes, again suggesting that they

function in the same process. Radl, Rad9, and Husl are present as a complex in both

undamaged and damaged cells (Kostrub, Knudsen et al. 1998; Paciotti, Lucchini et al.

1998; Volkmer and Karnitz 1999), indicating that their association with each other is not

regulated by the damage checkpoint.

Rad 17 is similar in sequence to the large subunit of replication factor C (RFC1). RFC

is a five subunit complex that serves to open the PCNA complex and load it onto DNA.

Mass spectrophotometric analysis of scRad24(Rad 17) complexes in S. cerevisiae showed

that scRad24(Rad 17) replaces RFC1 and exists in a complex with the other four RFC

subunits (Green, Erdjument-Bromage et al. 2000). Interestingly, the bacterial homologue

of RFC1, called Y, forms a stable complex with the bacterial PCNA homologue, called fl.

Recent crystal structures of these molecules have suggested that the Y subunit acts as a

molecular wrench to open the ■ complex (reviewed in (O'Donnell, Jeruzalmi et al.

2001)). By analogy, these studies suggest that the 9-1-1 complex is loaded onto damaged

DNA by the Radl 7 RFC complex.



Studies on the human 9-1-1 complex showed that this complex associates with

chromatin after DNA damage (Burtelow et al. 2001). More recently, it has been shown

in S.cerevisiae by a chromatin immunoprecipitation (ChIP) assay and by direct

localization with GFP fusions that members of this 9-1-1 class are recruited to double

stranded (ds)DNA breaks (Kondo, Wakayama et al. 2001; Melo, Cohen et al. 2001). The

recruitment of scDoc 1(Rad9) to damage sites depends not only on the other two PCNA

like checkpoint genes, but also upon scFad24(Rad 17) (Kondo, Wakayama et al. 2001;

Melo, Cohen et al. 2001). This suggests that the 9-1-1 group functions as a complex and

requires the scRad24(Rad 17)-RFC complex for its loading onto DNA. It has now also

been shown that inhibition of hPad 17 synthesis using a small inhibitory RNA strongly

reduces the damage-induced chromatin association of hPad'9 (Zou Let al. 2002).

Moreover, hPad 17 binds the 9-1-1 complex directly in a fashion that is dependent upon
-

- *

hRad 17's nucleotide binding pocket (Rauen, Burtelow et al. 2000).

Each member of the PCNA/RFC-like class (Rad9, Hus 1, Radl and Rad 17) has been

shown to be phosphorylated after DNA damage in either yeast or mammals (Burtelow, et
º

al. 2000; Volkmer et al. 1999; Paciotti et al. 1998; Post et al. 2001; Bao et al. 2001; Chen,

et al. 2001; Kostrub, et al. 1998), hPad'9 is constitutively phosphorylated and undergoes

hyperphosphorylation upon IR in an ATM-dependent manner (Volkmer and Karnitz

1999; Chen, Lin et al. 2001). The sites of damage-induced phosphorylation on hPad')

and hPad 17 have been mapped and mutation of the phosphorylated serines has yielded

checkpoint-deficient alleles (Bao, Tibbetts et al. 2001; Chen, Lin et al. 2001; Post, Weng

et al. 2001). Damage-induced phosphorylation of hPad'9 or scDac1(Rado) is not

important for their association with Radl or Husl, since this complex forms in the



absence of DNA damage (Paciotti, Lucchini et al. 1998; Volkmer and Karnitz 1999). In

addition, scDac1(Rad9) associates with dsDNA breaks in the absence of scMec 1(ATR),

which is required for its phosphorylation, suggesting that this phosphorylation functions

subsequent to loading of the 9-1-1 complex at sites of damage in yeast (Kondo,

Wakayama et al. 2001; Melo, Cohen et al. 2001). These data also suggest that

scRadž4(Rad 17) does not require scMec 1(ATR)- or scTell (ATM)-dependent

phosphorylation in order to load scDac1(Rad9) onto dsDNA breaks. Recent data have

also shown that this is true in mammalian cells; DNA damage-induced chromatin

association of hPad'9 is unaffected by deletion of ATR (Zou Let al. 2002). The function

of hPad 17 phosphorylation is particularly vexing. This phosphorylation is reported to

promote hPad 17's association with hPad'9 and to be required for checkpoint function

(Bao, Tibbetts et al. 2001; Post, Weng et al. 2001), but is not required for damage

induced chromatin association of hPad'9 (Zou Let al. 2002). These data, and the fact that

hHusl is required for hrad 17 phosphorylation (Zou Let al. 2002), suggests that hrad 17

phosphorylation occurs after loading the 9-1-1 complex.

It is not yet known whether the aforementioned checkpoint proteins associate with naked

DNA or DNA-protein complexes. During DNA replication, RFC associates with primed DNA.

Checkpoint-defective alleles of primase have been identified in yeast (reviewed in (Foiani, Lucchi

et al. 1997)). Interestingly, in vitro reconstitution of the checkpoint in Xenopus extracts has also

suggested a requirement for primase, or, more specifically, a requirement for the RNA primer

(NMichael, Ott et al. 2000). It will be interesting to see whether these proteins promote loading of

ATM and ATR, the 9-1-1 complex, or both at the damage site. It should be noted, however, the

Studies showing the importance of primase in the checkpoint response have concentrated on

10



damage induced during S phase, when primase normally functions in DNA replication. Studies

conducted in other cell cycle phases will help to address whether there is an absolute requirement

for a primer in loading the checkpoint complexes outside of S phase.

Effector kinases: Chk1 and Chk2

If one considers ATM and ATR to act as “sensor kinases” at the top of the DNA

damage checkpoint signaling pathway, a class of conserved S/T kinases that function

downstream in the pathway, Chk1 and Chk2, could be referred to as the “effector

kinases”. These kinases target the cell cycle machinery to inhibit cell cycle progression.

Chk2 and Chk 1 have been co-opted by budding yeast, fission yeast and vertebrates into

surprisingly divergent response pathways, perhaps in accommodation of fundamental

differences in cell cycle regulation between eukaryotes. However, the details of

downstream signaling events in the DNA damage and S phase checkpoint pathways are

not completely worked out in vertebrates, and there may be similarities we do not yet

realize.

In S. cerevisiae, activation of both scRadS3(Chk2) and scChk I requires

Mec 1(ATR). ScRadS3(Chk2), but not scChk1, is required for the S phase DNA damage

checkpoint. scNMec 1(ATR) signals through two independent branches to effect the G2/M

DNA damage checkpoint (Gardner, Putnam et al. 1999), one branch going through

scRadS3(Chk2) and one going through scChk1 (Sanchez, Bachant et al. 1999). While

deletion of either scRadS3(Chk2) or scChk1 alone causes a moderate G2/M checkpoint

defect, loss of both scChk1 and scRadS3(Chk2) results in complete abrogation of this cell

cycle arrest in response to DNA damage (Sanchez, Bachant et al. 1999).

11



In S.pombe, spChk1 and spCds 1(Chk2) are, under normal conditions, dedicated to

separate checkpoint responses, both of which require spRad:8(ATR) function. For cell

cycle arrest in response to DNA damage in the G2 phase, S.pombe relies entirely on the

function of spChk1 (Walworth, Davey et al. 1993) and not spCds1(Chk2) (Lindsay,

Griffiths et al. 1998). For the S phase checkpoint in S.pombe, the situation is more

complicated. Although spCds 1(Chk2) is phosphorylated and activated following HU

treatment or damage within S phase and is required for maintaining cell viability

(Lindsay, Griffiths et al. 1998), spCds 1(Chk2) is not required for cell cycle arrest. This

disparity is explained by the fact that spChk1, although not normally activated in HU,

becomes activated in HU in the absence of spCds 1, presumably because of damage

arising from the loss of spCds 1(Chkl) function. (Lindsay, Griffiths et al. 1998). Cells

lacking either spCds 1(Chk2) or spChk1 arrest normally in the presence of HU, but cells

lacking both spCds 1(Chk2) and spChkl are completely defective for cell cycle arrest. In

summary, spCds 1(Chk2) but not spChk1 appears to enforce the S phase checkpoint in

wild type cells.

In Xenopus extracts, xChk I appears to act exclusively downstream of x ATR,

while xCds 1(Chk2) functions downstream of xATM. xChk1 is phosphorylated and

activated in an XATR-dependent manner by UV damage and aphidocolin treatment of

sperm nuclei (Guo, Kumagai et al. 2000; Hekmat-Nejad, You et al. 2000), but is not

activated by the presence of dsDNA ends (Guo and Dunphy 2000). In contrast,

xCds 1(Chk2) is phosphorylated and activated by dsDNA breaks, but not by inhibition of

DNA replication (Guo, Kumagai et al. 2000). Moreover, xCds1(Chk2) phosphorylation

in response to dsDNA ends is unaffected by immunodepletion of xATR (Guo and
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Dunphy 2000). Presumably, this phosphorylation is carried out by xATM, since xATM

in required to block DNA replication in response to dsDNA ends in extracts (Costanzo,

Robertson et al. 2000). Hence, in Xenopus, xChk1 appears to be devoted to the XATR

signaling pathway in response to replication inhibition and UV-induced damage, while

xCds 1 is devoted to an xATM-dependent pathway in response to dsDNA breaks.

In mammalian cells, Chk1 and Chk2 pathways are also distinct from other

organisms in that both kinases may play a role in all response pathways to DNA damage

and replication stress. hChk2 is phosphorylated in response to IR in an ATM-dependent

manner, and in response to UV and replication inhibitors in an ATM-independent (and

probably ATR-dependent) manner (Matsuoka, Huang et al. 1998; Brown, Lee et al. 1999;

Matsuoka, Rotman et al. 2000). Damage-induced phosphorylation of hChk2 appears to

be necessary for activation of the kinase (Matsuoka, Rotman et al. 2000). hChk1 is

required for multiple DNA damage checkpoints (Busby, Leistritz et al. 2000; Jackson,

Gilmartin et al. 2000; Liu, Guntuku et al. 2000; Takai, Tominaga et al. 2000). hChk1 is

phosphorylated in response to UV, IR and HU treatment (Sanchez, Wong et al. 1997;

Busby, Leistritz et al. 2000; Liu, Guntuku et al. 2000). HU or UV-induced hChkl

phosphorylation is haTR-dependent (Liu, Guntuku et al. 2000; Zhao and Piwnica

Worms 2001).

Adaptor proteins: Claspins, and more

Evidence from yeast and vertebrate systems has shown that activation of Chkl

and Chk2 requires one of two “adaptor proteins”. The adaptors appear to function by

promoting checkpoint signaling from the ATM and ATR kinases to the Chk1 and Chk2
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kinases in a manner dependent on the type of DNA damage present. These molecules are

thought to function as kinase adaptors by recruiting Chkl and Chk2 to the damage site to

facilitate their activation. One recently identified adaptor, called Claspin, is well

conserved in the yeasts and in vertebrates (Kumagai and Dunphy 2000; Alcasabas,

Osborn et al. 2001; Tanaka and Russell 2001). The other class, consisting of

scRad')(BRCT), spCrb2(BRCT) and hERCA1, is poorly conserved outside of homology

in the BRCT repeat motif and has been grouped largely by function. The BRCT domain

is found in several checkpoint and DNA repair proteins, and may be involved in protein

protein interactions. Although scrad')(BRCT) and spCrb2(BRCT) appear to play similar

roles in checkpoint activation in yeast, it is not yet clear if herCA1 is a functional

homologue of these proteins. In any case, the use of different adaptors in different

checkpoint responses may at least partially explain how the specific response pathways of

the Chk1 and Chk2 kinases have been shuffled during evolution.

Much of our molecular understanding of how these adaptors function to activate

the Chk1 and Chk2 kinases comes from a series of experiments in yeast that examine the

mechanism by which scRad')(BRCT) promotes activation of scRadS3(Chk2). In S.

cerevisiae, scRad9(BRCT) is required for activation of scRadS3(Chk2) and scChk1 in

response to damage that elicits a G2/M arrest and, to a lesser extent, damage arising

during S phase. scRad9(BRCT) becomes phosphorylated following DNA damage in a

manner dependent on the presence of the scMec 1(ATR) or scTell (ATM) genes (Emili

1998; Sun, Hsiao et al. 1998; Vialard, Gilbert et al. 1998). Phosphorylation of

scRad9(BRCT) induces its oligimerization, a process requiring the BRCT repeat domain

in scRadø(BRCT) (Soulier and Lowndes 1999). ScRadS3(Chk2) binds scRad')(BRCT)
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only after scFad')(BRCT) is phosphorylated, promoting subsequent phosphorylation of

scRadS3(Chk2) (Sun, Fay et al. 1996; Sun, Hsiao et al. 1998). ScRad9(BRCT)-bound

scRadS3(Chk2) undergoes autophosphorylation in trans, which induces its dissociation

from scFad'9(BRCT) (Gilbert, Green et al. 2001). ScKado(BRCT) also interacts with

scChkl in the yeast 2-hybrid assay and is required for phosphorylation of scChk1 after

damage, suggesting it may activate scChkl kinase activity by a similar mechanism

(Sanchez, Bachant et al. 1999).

A second putative adaptor molecule, called Claspin, is well conserved from yeast

to humans (Kumagai and Dunphy 2000; Alcasabas, Osborn et al. 2001; Tanaka and

Russell 2001). Surprisingly, Claspins are important for activation of Chk2 homologues

in yeast and for Chk1 homologues in vertebrates. Several lines of evidence support the

hypothesis that Claspins function as adaptor molecules for Chk1 and/or Chk2.

scMrcl(Claspin) is phosphorylated in a scMec 1(ATR)-dependent, scRadS3(Chk2)-

independent manner, suggesting its function lies in between scMec 1(ATR) and

scRadS3(Chk2) in the checkpoint signaling pathway. Claspins contain regions of

homology to spCrb2(BRCT), the scRad9(BRCT) orthologue. In S. cerevisiae,

scMrcl (Claspin) is the primary adaptor required for scrads3(Chk2) activation in S

phase. Moreover, in the absence of scRad!)(BRCT), scMrcl(Claspin) is absolutely

required for S phase scRadS3(Chk2) activation. These data (Alcasabas, Osborn et al.

2001) suggest that scFad9(BRCT) and scMrcl have similar, and partially redundant

roles, in activating scRadS3(Chk2) during the S phase checkpoint.

Adaptors are also required for the activation of spChk1 and spCds 1(Chk2) kinases

in S.pombe. As in S.cerevisiae, spMrcl functions only in S phase (Alcasabas, Osborn et
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al. 2001; Tanaka and Russell 2001). However, in S.pombe, spMrcl(Claspin) appears to

be the only adaptor for spCds 1(Chk2), consistent with the S phase specific function of

spCds1(Chk2) in fission yeast (Lindsay, Griffiths et al. 1998). Conversely, spChk1 is

exclusively required for G2/M arrest in the presence of DNA damage (Walworth, Davey

et al. 1993), and activating phosphorylation of spChkl requires spCrb2(BRCT) (Saka,

Esashi et al. 1997). However, spChk1 can also become activated in a spCrb2(BRCT)-

dependent manner during DNA replicational stress in cells lacking spMrc 1(Claspin)

(Tanaka and Russell 2001) or spCds 1(Chk2), as mentioned earlier (Lindsay, Griffiths et

al. 1998). Hence, in S.pombe spChk1 and spCds 1(Chk2) each appears to have an adaptor

protein dedicated to its activation.

The checkpoint pathways involving xClaspin in Xenopus (Kumagai and Dunphy

2000) are distinct from either yeast system. xClaspin is important for the

phosphorylation and activation of xChk1 in extracts containing nuclei treated with

aphidocolin or UV-irradiation. xClaspin itself becomes phosphorylated after aphidicolin

or UV treatment and phosphorylated xClaspin binds to xChk1. Immunodepletion of

XClaspin abrogates both xChkl phosphorylation and activation, and xClaspin-depleted

extracts are unable to block mitosis in the presence of aphidocolin. Hence, the logic of

“guilt by association” would predict that xClaspin is the adaptor that mediates checkpoint

activation of xChk1 by XATR (Guo, Kumagai et al. 2000). If there is a corresponding

adaptor protein involved in the ATM-mediated checkpoint response to dsDNA breaks

(Costanzo, Robertson et al. 2000), which may activate xCds 1 (Guo and Dunphy 2000) in

Xenopus extracts, it has yet to be discovered.
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In mammalian cells, less is known regarding the identity and role of adaptor

proteins in activation of Chk1 and Chk2 kinases. The human homologue of Claspin has

been identified (Kumagai and Dunphy 2000), but its mode of action has not yet been

reported. One issue of debate, however, is whether hERCA1 is the functional homologue

of the yeast adaptors scRad!)(BRCT) and spCrb2(BRCT), each of which contain

sequence homology to hERCA1 in the BRCT repeat motif. Several studies have

indicated that hERCA1 is important for the S-phase and G2 checkpoints in response to IR

(Xu, Weaver et al. 1999; Xu, Kim et al. 2001), but is not required for the G1/S

checkpoint (Xu, Weaver et al. 1999).

Despite the lack of molecular data regarding a putative adaptor function for

BRCA1 in the damage checkpoint, there is good evidence that BRCA1 interacts with

components of the DNA damage checkpoint pathway as well as the DNA repair

machinery. BRCA1 is phosphorylated in an ATM- and ATR-dependent manner in

response to IR (Cortez, Wang et al. 1999; Gatei, Scott et al. 2000; Tibbetts, Cortez et al.

2000), and is phosphorylated in an ATR-dependent manner in response to UV, HU and

aphido.colin treatment (Tibbetts, Cortez et al. 2000). In addition, BRCA1 co-localizes

with ATR to nuclear foci in response to HU (Tibbetts, Cortez et al. 2000). Mass

spectrophotometry of proteins that co-immunoprecipitate with BRCA1 identified ATM

and a number of proteins involved in DNA repair, as part of a BRCA1-containing

complex in human cells (Wang, Cortez et al. 2000). In addition to being phosphorylated

by ATM and ATR, BRCA1 is a substrate of hChk2, and associates with hChk2 in the

absence of damage by co-immunoprecipitation and co-localization experiments (Lee,

Collins et al. 2000). In fact, activated hChk2 stimulates dissociation of BRCA1 from
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hChk2 in a manner dependent on hChk2's kinase domain and S988 of BRCA1, the

phosphorylation site for hChk2. This result supports an adaptor role for BRCA1 in that it

is reminiscent of the mechanism of scRad9(BRCT) release from scRadS3(Chk2) after

scRadS3(Chk2) phosphorylation, as described above.

Conclusion: A model for activation of the checkpoint pathway. The discovery that

DNA damage induced the accumulation of large complexes containing proteins required for

checkpoint arrest and DNA repair promoted the notion that these complexes could act as

signaling centers. One of the captivating questions to remain is how the DNA damage activates

these proteins. Recent data has suggested that the 9-1-1 complex and the PI3K-like checkpoint

proteins are independently recruited to sites of damage (Kondo, Wakayama et al. 2001; Melo,

Cohen et al. 2001; Zou L). We have proposed a “substrate recruitment model” (see fig. 1.2), in

which the 9-1-1 complex serves to bring substrates to the checkpoint kinase (Melo, Cohen et al.

2001). Such a model would predict that molecules which were already at sites of damage (e.g.

histone 2A or the ATR/Rad26 kinase itself) would not need the 9-1-1 complex to be activated.

The 9-1-1 complex could then act as a landing pad for adapter proteins, such as scRad')(BRCT).

During S phase, this 9-1-1 complex may be redundant with other molecules, such as replication

factors, for the recruitment of adapter molecules or other substrates. This is suggested by the fact

that deletion of ScRad9(BRCT) increases the damage sensitivity of strains already lacking

scRad24(Rad 17) (Lydall and Weinert 1995). The Substrate Recruitment Model is able to

explain the activation of the checkpoint pathway by DNA damage without a requirement for a

damage-induced conformational change in one of the damage sensors. The ATR-Rad?6

complex could act on neighboring DNA bound substrates, such as the 9-1-1 complex or another

ATR-Rad26 complex and activate those substrates based on their proximity. The Substrate
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Recruitment Model is analogous to known signal transduction pathways that colocalize or

concentrate signaling molecules at specific sites, such as the plasma membrane, in order to

initiate pathway activation.
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Fig1.3 The Substrate Recruitment Model: checkpoint activation by the
concentration of checkpoint factors on a DNA strand. Mec 1/Ddc2 and
the Ddcl/Mec3/Rad 17 complex are recruited to DNA damage independently,
promoting their interaction. Multiple Ddcl/Rad!7/Mec3 complexes are loaded
by the Rad24/RF-C complex and may function to recruit the substrates of Mec 1.
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Abstract

The Ddcl/Rad 17/Mec3 complex and Rad24 are DNA damage checkpoint

components with limited homology to replication factors PCNA and RF-C, respectively,

suggesting that these factors promote checkpoint activation by “sensing” DNA damage

directly. However, Mec 1 kinase phosphorylates the checkpoint protein Ddc2 in response

to damage in the absence of all other known checkpoint proteins, suggesting instead that

Mec 1 and/or Ddc2 may act as the initial sensors of DNA damage. Here, we demonstrate

that Ddc1 or Ddc2 fused to GFP localizes to a single subnuclear focus following an

endonucleolytic break. Other forms of damage result in a greater number of Ddc1-GFP

or Ddc2-GFP foci, in correlation with the number of damage sites generated, indicating

that Ddc1 and Ddc2 are both recruited to sites of DNA damage. Interestingly, Ddc2

localization requires Mec 1 but no other known checkpoint proteins, while Ddc1

localization requires Rad 17, Mec3, and Radz4, but not Mec 1. Hence, Ddc1 and Ddc2

recognize DNA damage by independent mechanisms. These data support a model in

which assembly of multiple checkpoint complexes at DNA damage sites stimulates

checkpoint activation. Further, we show that while Ddc1 remains strongly localized

following checkpoint adaptation, many nuclei contain only dim foci of Ddc2-GFP,

Suggesting that Ddc2 localization may be downregulated during resumption of cell

division. Lastly, visualization of checkpoint proteins localized to damage sites serves as

a useful tool for analysis of DNA damage in living cells.
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Introduction

The eukaryotic DNA damage checkpoint machinery both delays cell cycle progress and

promotes repair processes in response to genotoxic stress. This response ensures that only an

intact, fully replicated genome will be inherited by cells after mitotic division. The damage

checkpoint is capable of responding to many types of genetic lesions, including double-strand

DNA breaks (DSBs), UV and gamma radiation-induced damage, chemically-modified DNA and

errors in DNA replication. Early DNA processing events which give rise to single-stranded

DNA (ssDNA) (Garvik, Carson et al. 1995; Lee, Moore et al. 1998) and/or other repair

intermediates may provide common substrates for recognition by the DNA damage checkpoint.

How this signal (or signals) is detected by the checkpoint machinery remains unknown.

In the budding yeast S. cerevisiae, it has been suggested that Rad24, Ddc1, Radl 7, Mec3

and Radø act as “sensors” of DNA damage (reviewed in (Weinert 1998; Lowndes and Murguia

2000)). Rad 17 and Ddc1, which exist in a complex with Mec3 (Paciotti, Lucchini et al. 1998),

contain limited homology to PCNA (Venclovas, et al. 2000; Caspari et al., 2000), the processivity

factor for DNA polymerase. PCNA forms a homotrimeric ring-like clamp around dsDNA, and is

loaded onto DNA in a reaction catalyzed by the RF-C complex (reviewed in (Mossi and

Hubscher 1998)). The RAD24 gene contains homology to all five subunits of RF-C (Griffiths,

Barbet et al. 1995). Moreover, Radz4 is found in a complex containing Rfc2-Rfc5 in which

Rad24 has replaced Rfcl (Green, Erdjument-Bromage et al. 2000). These data suggest that the

Ddcl/Mec3/Rad 17 complex acts as a damage-specific DNA clamp, and perhaps loading of these

proteins is catalyzed by a modified version of RF-C co-opted by Rad24. Once bound to DNA,

this damage-specific clamp could become competent to recruit additional checkpoint factors,

Subsequently activating the checkpoint response. Additional evidence that Rad9 and Rad24 are

26



recruited to DNA damage sites stems from experiments that measure ssDNA generation at

damaged telomeres. In cdc13-1 cells, telomeres are recognized as DNA damage and undergo 5’-

>3' endonucleolytic degradation (Garvik, Carson et al. 1995). cdc13-1 cells deleted for RAD24

are partially defective for this degradation, while deletion of RAD9 results in increased 5’->3'

degradation of telomeric sequences (Lydall and Weinert 1995). rad24A rad9A and rad24A cells

exhibit similar levels of degradation, suggesting that Rad9 antagonizes a pro-endonucleolytic

function of Rad24, and implicating both proteins in activities at sites of damage.

Mec 1 is a PI3K-like kinase that has also been proposed to sense DNA damage. Mec 1 is

required for phosphorylation and activation of the RadS3 (Sanchez, Desany et al. 1996; Sun, Fay

et al. 1996) and Chk1 (Sanchez, Bachant et al. 1999) protein kinases, which in turn target the cell

cycle machinery to enact checkpoint arrest. Ddc1 (Paciotti, Lucchini et al. 1998) and Rad')

(Emili 1998; Sun, Hsiao et al. 1998) are also phosphorylated upon damage in a Mec 1-dependent,

Rad24-dependent manner, indicating that putative sensor proteins are a target of Mecl. Mec 1,

and its S. pombe homolog Rad■ , is required for damage-inducible phosphorylation of the

checkpoint protein Ddc2 (S.p. Rad26) (Edwards, Bentley et al. 1999; Paciotti, Clerici et al. 2000;

Rouse and Jackson 2000). This phosphorylation requires no other known checkpoint genes. In

addition, Ddc2 (also called Lcd1 and Piel) contains sequence similarity to the RF-C subunit

Rfc5. Hence, Mec 1/Ddc2 function either in a parallel pathway, or upstream of Rad24, Rad 17,

Mec3 and Ddc1.

Rad24, Radl 7, Mec3, Ddc1, Rad9, Mec 1 and Ddc2 are all reasonable candidates for

damage-sensing molecules. Homologs of some of these genes have been shown to relocalize in

response to DNA damage. The mammalian homolog of Ddc1 (hPad'9) becomes perinuclear

(Komatsu, Miyashita et al. 2000) and more tightly chromatin-associated [Burtelow, 2000 #671]
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after treatment with the DNA methylating agent MMS or ionizing radiation (IR), respectively.

Moreover, the Mec 1 homolog, ATR, forms nuclear foci which co-localize with BRCA1 after IR

treatment (Tibbetts, Cortez et al. 2000). In this study, we provide direct evidence of the

recruitment of checkpoint proteins to DNA lesions in live cells. Ddc1 fused to GFP forms a

single subnuclear focus upon induction of a single telomeric double strand break, while induction

of damage at multiple sites in cdc13-1 and cdc9-1 cells results in the formation of 2-5 and >10

foci, respectively. These foci can be observed within 0.5 hr of damage induction, and increase in

intensity with time, persisting in all cells even after checkpoint adaptation. Hence, recruitment of

Ddcl protein is rapid during checkpoint activation and perdures into subsequent cell cycles. We

show that damage-inducible Ddc1 localization requires the checkpoint genes RAD17, MEC3 and

RAD24, but not MEC1, DDC2, RAD9, or RAD53. Similarly, we found that Ddc2-GFP is re

localized upon cdc13-1 or HO break-induced damage in a manner identical to Ddc1 protein.

In contrast to Ddc1, formation of Ddc2-GFP foci depends on MEC1 and no other

checkpoint gene tested. Ddc2 foci increased in intensity at early time points following an HO

break, but many cells viewed at late time points, during and after checkpoint adaptation,

exhibited faint Ddc2 foci. We have also shown that Ddc2 associates with DNA breaks in

chromatin IP experiments. Finally, Rad24, Rad9 or Rads 3 fusions to GFP show either no or

weak recruitment (relative to Ddc1 and Ddc2) to damage sites. Together, these data constitute a

model in which independently recruited checkpoint complexes are concentrated at damage sites,

allowing them to physically interact to promote activation of the DNA damage checkpoint.

Localization of checkpoint proteins provides a method for visualization and analysis of

damage in living cells. For instance, an intrachromosomal DSB results in a single nuclear Ddc1

focus, suggesting that broken DNA ends remain associated. Ddc1-GFP also allows observation

28



of spontaneous DNA damage in repair-deficient strains; most radj2 cells were shown to contain

one or more Ddc1 foci in the absence of induced damage. In this manner, checkpoint protein

localization may serve as an indicator of genomic instability in living cells.

Results

Ddc1 is recruited to DNA damage sites. To determine whether localization of Ddc1 is

regulated by DNA damage, we examined haploid cells expressing Ddc1 fused to GFP in the

presence and absence of an irreparable dsDNA break (DSB). The Ddc1-GFP fusion protein is

expressed under its own promoter and is the only copy of Ddc1 in this strain. A microcolony

assay (see Methods) was used to determine that the fusion protein is fully proficient for the DNA

damage checkpoint (data not shown). A DSB is generated by the site-specific HO endonuclease

under control of the galactose-inducible promoter in a strain containing an HO cleavage site at

the telomere of chromosome VII. The endogenous HO site (used for mating type switching in

yeast) is deleted in this strain, so that expression of HO will introduce a single DSB into the

genome. Upon induction of HO in asynchronous cultures, approximately 90% of cells had

undergone cleavage by 4 hr, as assayed by Southern blotting (Fig. 2.1a). When cells were grown

in glucose (non-inducing) media, Ddc1-GFP localization was diffusely nucleoplasmic (Fig.

2.1b), as confirmed by DAPI staining (data not shown). Similar Ddc1-GFP nucleoplasmic

localization was seen when HO was induced (by galactose) in cells lacking an HO site (not

shown). Upon shifting to galactose-containing media, we observed the appearance of a single

focus in each nucleus, such that 76% (74/97) of nuclei contained a Ddc1–GFP focus after 3 hr,

and >95% (81/85) of cells contained a focus by 6 hr (Fig. 2.1c). Ddc1-GFP foci were less intense

at earlier time points and grew continually brighter during a 16 hr time course (Fig. 2.1b). We
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believe this is most likely caused by continuous resection of the 5’ strand of the double strand

break (Lee, Moore et al. 1998). Though the extent of resection observed at irreparable breaks is

probably exaggerated, it is likely to occur at sites of reparable damage as well. Resection would

allow multiple Ddc1 molecules to bind to one break site if Ddc1 were recognizing either ssDNA

or other repair intermediates (See Discussion). We observed that eight percent of uninduced cells

(14/167) contained faint Ddc1 foci (Fig. 2.1b inset t=0, Fig. 2.1c). These foci may result from

spontaneous DNA damage.

The observation that a single telomeric DSB results in a single Ddc1-GFP focus is

consistent with the model that Ddc1 is recruited to sites of DNA damage. We reasoned that the

generation of multiple sites of DNA damage should result in the formation of multiple Ddc1

GFP foci, and would rule out the possibility that Ddc1 localizes to another subnuclear structure

following DNA damage. To address this issue, we utilized two conditional mutations, calcl:3-1

and cdc9-1, that generate different types of DNA damage and should result in distinct patterns of

Ddc1-GFP localization. Cdc13 associates with telomeres (Nugent, Hughes et al. 1996; Bourns,

Alexander et al. 1998) and is thought to protect telomere ends. cdc13-1 cells undergo extensive

telomere degradation at the nonpermissive temperature, resulting in a DNA damage checkpoint

dependent arrest (Garvik, Carson et al. 1995). In S. cerevisiae, telomeres are reported to cluster

into 4-7 discrete foci per focal plane as visualized by Rap1-GFP fluorescence and by in situ

hybridization against telomeric sequences (Gotta, Laroche et al. 1996). We first confirmed by

Rap1-GFP fluorescence in living cells that telomeres maintain this clustering pattern of 4-7 foci

in cdc13-1 arrested cells at 34°C (data not shown). When we analyzed Ddc1-GFP fluorescence

in cdc13-1 cells at 34°C, we observed an average of 2.3 foci per nucleus per focal plane (Fig. 2),

with most cells exhibiting 2-5 foci. Ddc1 foci are observed by 0.5 hr (data not shown), and all

30



cells scored contain foci by 2 hr (144/144). A Radl 7-GFP fusion exhibited a similar localization

pattern in most cdc13-1 cells (although the foci were less pronounced in some of the cells),

whereas a Rad24-GFP fusion did not show significant relocalization (discussed below). The

number of Ddc1-GFP foci observed is fewer than that observed for Rap1-GFP localization,

perhaps because not all telomeres are damaged in cdc13-1 cells. It has been reported that only

~5% of telomeric DNA becomes single stranded in cdc13-1 arrested cells (Garvik, Carson et al.

1995).

When cells harboring a conditional allele of DNA ligase (cdc9-1) are grown at the

nonpermissive temperature, Okazaki fragments generated during DNA replication are not

efficiently ligated (Johnston and Nasmyth 1978), resulting in a DNA damage checkpoint arrest

(Weinert and Hartwell 1993). After shifting cdc9-1 cells to 36°C for 2 hr, Ddc1-GFP localization

became punctate in nuclei of all cells (93/93)(Fig. 2.2). The large number of foci and their

heterogeneous intensity made them difficult to score, but most cells exhibited -10 prominent foci

of Ddc1-GFP per nucleus. The pattern of Ddc1 localization seen in cdc9-1 cells is distinct from

that observed following a single DSB or cdc13-1 induced telomeric damage, consistent with the

greater extent of damage thought to be generated in cdc9-1 cells.

Ddc1 localization persists through adaptation to the damage checkpoint. In response to a

telomeric HO break, yeast cells arrest in mitosis for approximately 8-10 hr before undergoing a

process called “checkpoint adaptation” and re-entering the cell cycle (Sandell and Zakian 1993;

Toczyski, Galgoczy et al. 1997; Lee, Moore et al. 1998). Recent evidence suggests adaptation

results from a downregulation of checkpoint signalling, including a reduction in RadS3 activity

(Pellicioli, Lee et al. 2001). We determined the rate of adaptation in our strain in order to
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examine Ddc1 localization after adaptation to the HO break. Cells were assayed for adaptation

by a microcolony assay on galactose containing plates (see Methods). Sixty percent of cells

(177/300) adapt by 8 hr after HO induction, and >98% of cells (295/300) are adapted by 11 hr

(Fig. 2.1d). At the 11 hr time point, over a third of cells (11 1/300) have divided a second time to

give rise to 4-cell microcolonies. When we examine Ddc1 localization during an adaptation time

course, we observe Ddc1 foci in > 98% of cells at 9, 12 and 16 hr after HO induction (Fig. 2.1c).

Hence, loss of Ddcl localization does not precede adaptation.

Radl 7, Mec3 and Rad24 are required for damage-inducible Ddc1 localization. To

determine whether Ddc1 requires other checkpoint components for its localization upon DNA

damage, we examined Ddc1-GFP fluorescence in checkpoint mutant strains. In cells deleted for

RAD24, RAD17 or MEC3, Ddc1-GFP foci are not observed in either cdc13-1 cells at the

nonpermissive temperature (Fig. 2.3) or HO break-induced cells (data not shown). Western blot

analysis of Ddc1-GFP in rad24, radl 7 and mec3 mutants showed that the Ddc1-GFP fusion

protein levels are similar in these mutants to the levels seen in wild type cells (data not shown).

Hence, Rad24, Rad 17 and Mec3 are not only required for the DNA damage checkpoint but are

essential for detectable subnuclear localization of Ddc1-GFP after DNA damage.

We tested whether damage-inducible localization of Ddc1 relies on the proposed sensor

molecules, Mec 1, Ddc2 and Radø, as well as the RadS3 kinase. cdc13-1 (Fig. 2.3) or HO break

induced cells (data not shown) deleted for MEC1, DDC2, RAD9, or RAD53 were all competent

for damage-inducible localization of Ddc1-GFP. The same number of Ddc1-GFP foci were

observed in these mutants upon damage induction (2-5 foci after cdc13-1 induced damage and 1

focus after an HO break) as in checkpoint proficient cells. The intensity of Ddc1 foci was not
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noticeably reduced in any of these mutants, although there were slight variations between

experiments. Tell is a Mec 1-related kinase that is redundant with Mec 1 for some damage

inducible phosphorylation events (Emili 1998). Ddc1-GFP was able to form foci in cdc13-1

mecl tell mutants, ruling out a redundant requirement for mecl and tell in Ddc1 localization

(data not shown).

Ddc2-GFP localizes to DNA damage in cdc13-1 and HO break induced cells, and its

localization requires Mecl but not other known checkpoint genes. We examined the

localization of other checkpoint proteins by fusing GFP protein to the C terminus of Radz4,

Radl 7, Mec3, Rad9, Ddc2 and RadS3 proteins. While Rad24-GFP and Radl'7-GFP suffered

slight checkpoint defects in cdc13-1 damaged cells by microcolony assay, a Mec3-GFP fusion

protein was completely defective for checkpoint arrest (data not shown). As discussed above, we

observed that this hypomorphic Radl 7-GFP fusion in cdc13-1 cells at the nonpermissive

temperature yielded a similar localization pattern to Ddc1-GFP (data not shown). Rad24-GFP

showed a diffuse nuclear localization in cdc13-1 cells growing asynchronously at 23°C or

arrested at 35°C for 2 hr, possibly exhibiting subnuclear foci at the nonpermissive temperature in

a small fraction of cells (data not shown).

Ddc2-GFP, Rad9-GFP and RadS3-GFP fusion proteins were each fully proficient for

checkpoint function by microcolony assay (data not shown) and were tested for damage

inducible localization in cdc13-1 cells. Rad9-GFP and RadS3-GFP were both nuclearly

localized at the permissive temperature for cdc13-1. Upon shifting to the nonpermissive

temperature for 2 hr, a fraction of cdc13-1 RAD9-GFP or cdc13-1 RAD53-GFP cells showed

very faint foci (Fig. 2.4, arrowheads), but most cells showed no relocalization at all. In contrast,

Ddc2-GFP was diffusely nuclear at 23°C but formed bright subnuclear foci in cdc13-1 cells
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shifted to 35°C. These foci could be detected by 0.5 hr after temperature shift, and were

observed in >98% cells by 2 hr (165/167) (Fig. 2.4). Similar to Ddc1-GFP localization in cdc13

1 cells, nuclei contained an average of 2.1 Ddc2-GFP foci, with a maximum of 5 foci per

nucleus. Hence, Ddc2-GFP localizes to telomeres as rapidly as Ddc1-GFP in response to cdc13

1 induced telomeric damage. Ddc2-GFP also formed 2-3 foci in most cells following treatment

with the DNA damaging agent Zeocin, a bleomycin derivative (data not shown).

Ddc2-GFP localizes to a single subnuclear focus in cells containing an HO-induced break

(Fig. 2.5), as was observed for Ddc1-GFP. While 7% percent of uninduced cells (25/370)

contain a distinguishable Ddc2-GFP focus, 53% percent of cells (100/190) contained a Ddc2

GFP focus by 3 hr after induction of HO endonuclease and > 98% of cells (311/317) contained a

Ddc2-GFP focus by 6 hr. Interestingly, when we examined the intensity of Ddc2-GFP foci with

time during the experiment, we saw that Ddc2-GFP foci were of increasing intensity until 6 - 9

hr of HO induction, after which an increasing fraction of cells exhibited only faint Ddc2 foci

(Fig. 2.5; 12, 16 hr time points). Notably, the loss of intensity of Ddc2 foci correlates with the

time at which cells undergo adaptation to an HO break in this strain. An adaptation time course

of the Ddc2-GFP tagged strain after an HO break (data not shown) was identical to that shown

for Ddc1-GFP (Fig. 2.1d). Ninety-six percent of cells co-expressing Ddc1-GFP and Ddc2-GFP

also showed a single focus of fluorescence after induction of an HO break, suggesting that these

two proteins are recruited to a single DNA locus. The 4% of cells showing two foci is likely due

to spontaneous DNA damage and is indistinguishable from what was seen with Ddc1-GFP or

Ddc2-GFP alone. In summary, the damage-inducible localization patterns of Ddc2 in cdc13-1

and HO break-induced cells indicates that it is recruited to DNA damage in addition to Ddc1.
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While the correlation between the number of Ddc2 (and Ddc1) foci and the number of

damage sites strongly suggests that Ddc2 associates with damaged DNA, we wished to

demonstrate this directly using chromatin IPs. Cells expressing Ddc2-GFP were collected

throughout a time course of HO induction, fixed with formaldehyde, Sonicated and

immunoprecipitated with anti-GFP antibody. DNA was extracted from the immunoprecipitates

and PCR amplified (Fig. 2.5c). PCR reactions allowed simultaneous amplification of either: an

internal negative control (TUB1) and a PCR product 0.4 KB from the HO site (HO-2) (Fig. 2.5c,

d); or a different internal negative control for nonspecific DNA binding (ACT1) and a PCR

product 1.0 KB from the HO site (HO-1). These data show enrichment for the two HO proximal

PCR products but not the unlinked controls. By 3 hr, HO sequences are 8-fold enriched,

increasing to nearly 70-fold enrichment by 7 hr. Two hours after HO induction is the earliest

time point at which we could observe HO proximal association in other experiments (data not

shown). PCR amplification of the input DNA showed no preference for the HO site-proximal

PCR products, indicating that cutting does not, in and of itself, induce a preference for

amplification of the HO site-proximal products. In fact, the relative ability to amplify the break

proximal sequences from input DNA decreased with duration of HO induction, possibly due to

degradation of both DNA strands at the HO break site (reported in Lee et al. 1998). Consistent

with the epistasis data for Ddc2 localization, Mec 1 but not Ddc1 was required for Ddc2

association with the break site. A side-by-side experiment performed using Ddc1-GFP showed

no preferential precipitation of HO-proximal sequences (data not shown). Moreover, we were

unsuccessful in our attempts to observe Ddc1 localization by other procedures requiring

crosslinking (immunofluorescence or chromatin spreads), a technical challenge that might be

related to the topological nature of the binding of a PCNA-like complex to DNA.
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In contrast to Ddc1-GFP localization, MEC1 but not DDC1, MEC3, RAD17, or RAD24

is largely required for Ddc2-GFP recruitment to cdc13-1-induced telomeric damage (Fig. 2.6).

However, mecl cells did show very weak Ddc2-GFP foci in 5% of cells. In addition, Ddc2-GFP

re-localized normally in cdc13-1 cells deleted for RAD9 or RAD53 (Fig. 2.6). Hence, RAD9 and

RAD53 are unimportant for localization of either Ddc1 or Ddc2 in response to DNA damage,

while Ddc1 and Ddc2 have mutually exclusive requirements for Mec3/Rad 17/Rad24 or Mec 1,

respectively. It should be noted that our epistasis analysis for Ddc1-GFP and Ddc2-GFP does

not distinguish between effects on the establishment and the maintenance of protein localization

at damage sites.

Visualization of Broken Chromosome Fragments and Spontaneous Damage in Living Cells.

Damage-induced recruitment of checkpoint proteins provides a valuable tool for visualizing sites

of DNA damage in living cells. We wished to utilize Ddc1-GFP localization to determine the

fate of the two chromosomal fragments generated after introduction of an intrachromosomal

DSB. If the broken ends of the cleaved chromosome remain associated following

endonucleolytic cleavage, we expected to observe a single focus of Ddc1-GFP, whereas if the

two halves separate we predicted observation of two foci of Ddc1-GFP localization. Our prior

experiments demonstrate that a single Ddc1 focus is formed upon cleavage of a chromosome at

its telomere. In that experiment, an acentric fragment approximately 0.4 kb in size containing

telomeric sequences was generated by the HO break. Due to 5’->3' resection at DSBs, a

fragment this size is likely to be rapidly degraded, and was not expected to be detectable by

Ddc1 recruitment. In support of this, DNA sequences located 0.7 kb from an Ho site are

degraded by 2-3 hr after HO induction (Lee, Moore et al. 1998). To determine whether an

* -
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intrachromosomal HO break resulted in one or two Ddc1 foci, we constructed a strain containing

a single HO site on chromosome VII that would generate chromosomal fragments 320 kb and

780 kb in size upon cleavage. Following HO induction, we observed the formation of a single

Ddc1-GFP focus in 89% of cells (215/243) by 6 hr (Fig. 2.7a). Six percent of cells (18/243)

contained 2 foci, comparable to that observed when a telomeric break was generated (7%: 6/85).

A likely explanation is that these cells contain both an HO break and spontaneous DNA damage

(Fig. 2.1C, t-0 time pt.), as 8% (14/167) of undamaged cells exhibited a Ddc1 focus. An HO

break introduced at the TRP5 locus on chromosome VII yielded similar results to those above

(data not shown). Thus, intrachromosomal HO cleavage gives rise to a single Ddcl focus in the

majority of cells.

The observation that 8% of undamaged cells exhibit dim Ddc1-GFP foci led us to

examine whether we could also use Ddc1-GFP localization to detect spontaneously arising DNA

damage in cells. It has been previously reported that rads2 cells, which are defective for

recombinational repair, exhibit reduced plating efficiency (Toczyski, Galgoczy et al. 1997) and

increased spontaneous chromosome loss (Galgoczy and Toczyski 2001). The decreased viability

of this strain may result from spontaneous generation of DSBs that cannot undergo

recombinational repair. Upon microscopic examination, radj2 cells are heterogeneous in size

and many are large-budded, a morphological indicator of checkpoint arrest. Nearly 60%

(88/153) of cells showed one or more Ddc1-GFP foci of varying intensity (Fig. 2.7b). However,

only thirteen percent of radiº2 cells are unable to form colonies (Toczyski, Galgoczy et al. 1997),

indicating that spontaneous DNA damage detected by Ddc1 localization is either not lethal in

both daughters or is repaired by a less efficient, RadS2-independent pathway.
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Discussion

In order to be effective as a mechanism that preserves genomic integrity, the DNA

damage checkpoint must be extremely sensitive in its ability to detect DNA damage.

Indeed, introduction of a single dsDNA break results in a prolonged cell cycle arrest prior

to mitosis. Our results demonstrate that multiple molecules of both Ddc1 and Ddc2

recognize a single dsDNA break site, since many molecules of each protein must be

recruited to this site in order to be visualized microscopically in living cells. The rapid

assembly of multiple checkpoint complexes at a single damage site may be the

mechanism by which the DNA damage checkpoint achieves its high sensitivity.

Recruitment of Ddc1 and Ddc2 to damage sites occur independently of each other. We

propose that DNA damage activates the checkpoint by providing a scaffold on which the

Mec 1/Ddc2 kinase complex and the Ddcl/Rad 17/Mec3 complex can interact.

The DNA damage checkpoint proteins Ddc1 and Ddc2 are recruited to sites of DNA

damage. Although there have been clues that DNA lesions are detected by the checkpoint

machinery, direct evidence that checkpoint factors are recruited to the physical sites of DNA

damage had not previously been directly demonstrated. In mammalian cells, localization of the

Ddc1 homolog hRad') has been examined following DNA damage, with somewhat conflicting

results. hPad'9 is reported to become predominantly perinuclear upon treatment with the DNA

methylating agent MMS, and to interact with nuclear membrane-associated anti-apoptotic Bcl-2

proteins (Komatsu, Miyashita et al. 2000). Another report describes the conversion of hPad'9 to

a salt inextractable nuclear form following irradiation of human cells which was detected by

indirect immunofluorescence as punctate nuclear staining in permeabilized cells [Burtelow, 2000
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#671]. These results suggest that hrad9 becomes associated with one or more subnuclear

structures following DNA damage. Our data indicate the following: (1) many Ddc1 molecules

are recruited to sites of damage in a manner dependent on Rad24, Rad 17 and Mec3, (2) Ddc1

molecules are continually recruited with time, as indicated by increasing intensity of Ddc1 foci

following damage and (3) Ddc1 recruitment persists after downregulation of the checkpoint

during adaptation. Because these phenomena can be visualized in living cells, the caveats of

fixation-dependent immunofluorescent techniques are avoided.

We demonstrate that damage-inducible Ddc1 recruitment requires RAD24, RAD17 and

MEC3. Considering the homology of these proteins to RFC and PCNA, our data support a

model in which Ddc1, Rad 17 and Mec3 form a complex that loads onto DNA in a reaction

catalyzed by Radž4 and other RF-C components. Preliminary data indicate that Rad 17 is also

localized to DNA damage. We detected no major changes in Rad24-GFP localization in

response to damage, although Rad24 is required for proper localization of Ddc1-GFP in a

manner consistent with its proposed catalytic role. Rfc1 and Rad24 may act as specificity factors

for the RF-C complex. While RF-C catalyzes loading of the PCNA homotrimer during DNA -

replication, a Rad24-containing variant of RF-C could catalyze loading of a trimeric complex

containing Ddc1, Rad 17 and Mec3 to genetic lesions. One function of this complex may be to

facilitate 5’->3' endonucleolytic processing (reviewed in (Weinert 1998)). Interestingly, we find

that Rad24 is not required for general nucleoplasmic localization of Ddc1, whereas the S. pombe

homolog of Rad24 (S.p. Rad 17) is required for nuclear localization of S.p. Hus 1 (S.c. Mec3), a

member of the S. pombe PCNA-like checkpoint complex (Caspari et al. 2000).

The S. pombe checkpoint gene Rad26 was identified recently to possess a homolog in

budding yeast, Ddc2. Homologs in higher eukaryotes have not yet been identified. Interestingly,
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Ddc2 was shown to contain sequence similarity to Rfc5 and RadS0, a subunit of the RF-C

complex and a recombinational repair protein, respectively (Rouse and Jackson 2000). Ddc2

associates with Meclindependently of DNA damage, and shares identical mutant phenotypes

with MEC1, including its requirement for DNA damage and replication checkpoints and its sml.1-

suppressed lethality. These data suggest that Ddc2 may function as a regulatory subunit of the

Mec 1 kinase. Taken together with the result that Ddc2 is phosphorylated upon damage in a

manner dependent on Mec 1 but no other known checkpoint proteins, Mec 1 and Ddc2 have been

proposed to act as sensors of DNA damage (Paciotti, Clerici et al. 2000).

In this study, we have shown that Ddc2 is recruited to cdc13-1 induced telomeric damage

and to a single HO-induced break. In the absence of DNA damage, Ddc2 localization is

diffusely nuclear. Introduction of an HO-induced break results in formation of a single intense

Ddc2-GFP focus in the nucleus such that the diffuse nucleoplasmic pool of Ddc2 becomes

practically undetectable. It appears as if the majority of the Ddc2 protein in the nucleus is

recruited to the HO break site. This recruitment is facilitated by MEC1, in agreement with the

hypothesis that these proteins function as a single complex. While both Ddc1 and Ddc2 were

found to localize to damage sites, it was difficult to detect localization of Rad24, Radø or RadS3

under the same conditions of DNA damage. This result is informative in that if any of these

proteins function at sites of DNA damage, they must be present either transiently or

substoichiometrically to Ddc1 and Ddc2.

We have demonstrated in this study that both Ddc1 and Ddc2 are recruited to

DNA damage sites. A caveat of our experimental approach is that we do not observe

significant localization of either protein until 30 min. after damage induction in cdc13-1

cells and 2 hrs in HO break induced cells. Checkpoint-dependent phosphorylation of
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Ddc1, Radø, and RadS3 has been reported as early as 15 min. after treatment with UV

and IR (Sanchez, Desany et al. 1996; Sun, Fay et al. 1996; Emili 1998; Paciotti, Lucchini

et al. 1998; Sun, Hsiao et al. 1998). We were not able to demonstrate that checkpoint

factors associate with damage sites with equally rapid kinetics. However, we posit that

localization of checkpoint factors to damage sites is required for rapid checkpoint

activation and that we are limited by the sensitivity of live fluorescence techniques for 3

reasons: 1) We observed slow cleavage kinetics by HO endonuclease in our system.

Notably, even detection of checkpoint activation by Rads 3 phosphorylation in response

to a single HO break in asynchronously growing cells does not become prominent until 2

4hr after HO induction (Pellicioli, Lee et al. 2001). 2) Our data suggest that Ddc1 and

Ddc2 molecules are continually recruited with time, which is likely the result of

continuous 5’->3' strand resection at an irreparable HO break(Lee, Moore et al. 1998).

In order to observe Ddc1 and Ddc2 localization by fluorescence microscopy in live cells,

the number of fluorescent molecules at the break site must exceed the level of

background fluorescence, which is mainly attributable to unbound Ddc1 or Ddc2

molecules. 3) We observe Ddc1 and Ddc2 foci in 7-8% of undamaged cells, presumably

due to spontaneous DNA damage. Therefore, we are unable to attribute focus formation

to the induction of DNA damage until the fraction of cells with foci is significantly

higher.

The Substrate Recruitment Model for the activation of the DNA damage checkpoint

pathway. Our data show that damage-induced localization of Ddc1 and Ddc2 occur with similar

kinetics following either cdc13-1 or HO break-induced damage. Recruitment of Ddc1 to damage
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requires RAD17, MEC3 and RAD24, but not MEC1 or DDC2. In contrast, relocalization of Ddc2

upon DNA damage requires MEC1, but not DDC1, RAD17, MEC3 or RAD24. Taken together,

this suggests a model in which there are two independent damage-recognizing branches of the

checkpoint pathway (Fig. 2.8). In this model (the Substrate Recruitment model), association

with DNA damage allows the Mec 1/Ddc2 complex to be brought into close proximity with the

Ddcl/Rad 17/Mec3 complex. The Mec 1/Ddc2 kinase complex is believed to act as the central

regulator of checkpoint signaling, as it is required for both the DNA damage checkpoint and the

incomplete replication checkpoint. Mec 1 is also required for all known phosphorylation events

which occur following DNA damage, including the phosphorylation of key cell cycle targets,

reviewed in (Weinert 1998). Mec 1 is capable of phosphorylating Ddc2 in the absence of other

checkpoint factors in response to damage (Paciotti, Clerici et al. 2000). Our data are consistent

with the model that Mec 1 kinase activity is stimulated by recruitment of Ddc2/Mec 1 to damage

sites. In vitro experiments have shown that the ATM kinase, a mammalian homolog of Mec 1, is

stimulated by pre-incubation with DNA (Smith, et al. 1999). However, we propose that

stimulation of Mecl kinase activity is not sufficient to activate the checkpoint, as

Ddcl/Rad 17/Mec3 and Rad24 are required for Mec 1-dependent phosphorylation of known

checkpoint targets other than Ddc2. We suggest a model in which the Ddcl/Radl 7/Mec3

complex recruits Mec 1 substrates, allowing Mecl to phosphorylate targets of the DNA damage

checkpoint signal transduction cascade (Fig. 2.8). Targets recruited by a Ddc1-containing

complex may include Rad9, RadS3, and the checkpoint kinase Chk1 (Sanchez, Bachant et al.

1999). The finding that Rad9 and RadS3 are not required for Ddc1 or Ddc2 localization and are

not themselves strongly localized is consistent with a model in which these proteins act

transiently at sites of damage, downstream of Ddc1 and Ddc2. Our observation that Ddc1 is able
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to relocalize upon induction of damage in a mecl strain indicates that Mec 1-dependent Ddc1

phosphorylation is not required for damage recognition. Instead, Ddc1 phosphorylation may aid

in its ability to recruit other factors to the damage site. Our model for checkpoint activation is

reminiscent of many other signaling systems that act by concentrating signaling components to a

common site.

Localization of Ddc1 and Ddc2 during adaptation to the damage checkpoint

When we examined Ddc1 localization over an extended time course of HO induction, we

determined that Ddc1 foci are maintained in >98% of cells as they undergo adaptation to the

DNA damage checkpoint. Adaptation correlates with downregulation of the damage checkpoint,

as evidenced by decreased RadS3 activity during adaptation to an irreparable HO break

(Pellicioli, Lee et al. 2001). Loss of RadS3 activity does not result from a decrease in Ddc1

localization, as Ddc1 foci increased in intensity in all cells through a 16 hr time course of HO

induction. During this time, HO-break induced cells have adapted and divided several times.

Ddc1 recruitment is unlikely to disappear transiently during adaptation as no drop in the fraction

of cells exhibiting Ddc1 foci is observed. Therefore, RadS3 activity is downregulated

downstream of damage recognition by Ddc1.

In contrast, Ddc2-GFP foci do not increase in intensity throughout a 16 hour time course.

Following HO induction, Ddc2-GFP foci appear maximal in intensity by 6 hr, after which a

subpopulation of cells begin to exhibit only faint foci of Ddc2-GFP. Despite this observation,

>95% of cells maintain Ddc2-GFP foci between 6 hr and 16 hr of HO induction. Though a drop

in Ddc2-GFP focus intensity correlates with the timing of adaptation in these cells, we cannot be

certain whether Ddc2 recruitment is a cause or an effect of adaptation. In any case, we can
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reasonably conclude that unlike Ddc1, the Ddc2 protein is not continually accumulated at sites of

DNA damage.

Ddc1-GFP localization as a tool for visualizing DNA damage in living cells

Because Ddc1-GFP foci are maintained at sites of DNA damage, Ddc1-GFP localization

provides a novel approach to the analysis of DNA damage events in real time. Though we

predicted that we would only see a single focus after a telomeric break, we were uncertain of the

number of foci that would be observed after an intrachromosomal break. Both sides of the break

should generate a checkpoint signal in the form of ssDNA resulting from 5’-> 3’ strand

resection. We observed only a single focus of Ddc1 following an intrachromosomal break,

suggesting that the broken ends remain associated (although the resolution of this assay

precludes us from determining whether some separation has occurred). It will be interesting to

determine which proteins are required for this association.

Ddc1-GFP localization also serves as an indicator of spontaneous DNA damage in cells.

Faint Ddc1-GFP foci are observed in undamaged wild type cells at a frequency of 8%.

Similarly, Ddc2-GFP foci are observed at a frequency of 7% in asynchronously growing cells.

Presumably this frequency is fixed due to the equilibrium between rates of spontaneous damage

and subsequent repair. Rads2 is required for recombination-based repair, the primary pathway

utilized for DSB repair. radj2 cells exhibit elevated rates of spontaneous chromosome loss

(Galgoczy and Toczyski 2001). When examined for Ddc1 localization, 60% of rads2 cells

contain one or more Ddc1-GFP foci. However, only thirteen percent of asynchronously growing

radj2 cells are unable to form colonies (Toczyski, Galgoczy et al. 1997), indicating that

Spontaneous DNA damage detected by Ddc1 localization is either not lethal in both daughters or
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is repaired by a less efficient, RadS2-independent pathway. Use of Ddc1-GFP provides a real

time read out for genomic instability with resolution at the single-cell level in a genetically

tractable system.

Methods

Yeast Strains and Constructs

cdc13-1 and cdc9-1 experiments were conducted in A364a: Mata cacI3-1 his3 ura■

leu2 trp 1 and Mata cdc9-1 his 7 leu.2 ura■ can 1, respectively. Control strains were wild type for

CDC13 or CDC9. The following checkpoint mutants were generated by gene replacement:

rad24::TRP1, mec:3::URA3, radl 7::LEU2, rad9::LEU2, mec 1: TRP1, radº::URA3. The

lethality of MEC1 and RAD53 deletions was suppressed by the sml1 mutation (Zhao, Muller

et al. 1998).

The strain containing the telomeric HO site at adhá::HO site::HIS3, y]M01, used in

telomeric break experiments was derived from the disomic LS20 strain constructed in (Sandell

and Zakian 1993), however all strains in this paper are monosomic. The genotype of y.JM01

was: Mata can 1 ade2 trp 1 his3 uras leu.2 lyss cyh2 ade3::galPIO adh-4:: HIS3::HO site. The

following checkpoint mutants were generated by gene replacement: rad/7::TRP1, rad24::TRP1,

mec:3::TRP1, sml 1::URA3 mec 1: TRP1, sml.1::URA3 rads 3::TRP1. Intrachromosomal DSB

strains contained HO sites either interrupting TRP5 on chr. VII (described in (Galgoczy and

Toczyski 2001)) or near the SRM 1 locus. The intrachromosomal break near SRM1 was

generated by PCR amplification of a cassette containing the TRP1 gene and an HO site from

Mata using oligonucleotides with 5’ homology to a non-coding region near SRM1. The

45



TRP1/HO site cassette template was contained in p[XC3 (Galgoczy and Toczyski 2001). The

oligonucleotides used were MIDHO5:

5’ATTTGCATAGTCAGTGTGGCGTGCATTCTCCACAGAATCTAACTAATCAAcaatctgatc

cggagcttt and MIDHO3:

5’TGTTCTATTTTTTATTCGCGAAAATGATGCAACACCCAGTCACGATACATtcaaccactct

acaaaacca, which are homologous with either nt. 323929 to 323978 in CHR VII plus 20 nts in

pDG3 or 324028 to 323979 in CHR VII plus 20 nt’s in p[XC3, respectively. RAD52 was

disrupted in y.JM20 for the spontaneous damage experiment, as in (Sandell and Zakian 1993).

Above strains were transformed with integrating plasmid p■ AM108, containing a C

terminal DDC1 fragment fused to GFP(S65T). The DDC1 fragment used for cloning was

generated by Vent (Roche) High Fidelity PCR of yeast genomic DNA, using primers

5'ggagctccaccgcggtagaattggttgaagttactgacagtaac and 5'cgggatc.cgtcaaatataccccttggcttttctacttgtg.

This fragment was digested with SacII and BamhI and ligated into the GFP vector (donated by

Jodi Nunnari). For integration at DDC1, p.JAM 108 was linearized with BSmI. Plasmid-based

GFP tagging constructs for Rad24, Rad 17, Mec3, and RadS3 were constructed similarly to

p]AM108 to generate pjAM100, p.JAM104, p.JAM102, and p) AM106, respectively. A prS306

based GFP-tagging construct for Radø was donated by W. Lim, and C terminal RAD9 sequences

were introduced by PCR to generate p■ K1. Plasmid information and specific primer sequences

used for each protein tag are available upon request. Ddc2 was C terminally tagged with

GFP(S65T) using a PCR-based integration approach as described in (Longtine, et al., 1998). For

viewing telomere localization in cdc13-1 cells, the Rap1-GFP construct (generously provided by

Yasushi Hiraoka) was integrated into the cdc13-1 strain above.
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Chromatin immunoprecipitation

The chromatin IP technique was carried out essentially as described (Strahl

Bolsinger, Hecht et al. 1997). Sonication of formaldehyde-fixed extracts resulted in DNA

fragments -1 kb in size. Immunoprecipitations were performed for 2 hours at 4°C using affinity

purified polyclonal anti-GFP antibodies (generously donated by A. Rudner) bound to protein A

agarose beads (BioFad). An aliquot of each sample (input DNA) was not subjected to

immunoprecipitation but was prepared and analyzed by PCR in parallel to immunoprecipitated

samples. Crosslinks were reversed by incubation overnight at 65°C, followed by DNA

purification and semi-quantitative PCR. Primers pairs HO-1 and HO-2 are specific for the HO

break site introduced at the telomere of chr. VII in strains described above. Internal control

primers act1 and tub1 were used to amplify unlinked DNA sequences at the ACT1 and TUB1

loci. All primer sequences are available upon request. The predicted fragment sizes are - *

approximately as follows: HO-1, 300bp; HO-2 285bp; ACT1, 500bp; TUB1, 150 bp. PCR

products were run on 2% agarose gels containing 0.05 ug/ml EtBr, visualized and quantitated

using the BioFad Gel Doc 2000 and BioPad Quantity One 4.0.3 software. Fold enrichment of º

HO-proximal sequences was calculated as the ratio of HO site:control ratio of each IP sample

with its corresponding input sample.

Microcolony Checkpoint Assays

Positive transformants for each GFP-tagging construct were assayed by PCR and tested

for checkpoint proficiency by a plate-based microcolony assay in cdc13-1 and/or HO break

induced cells. Microcolony assays in cdc13-1 cells were performed by incubating log phase

cultures at 36°C for 1 hr, followed by sonication and plating to pre-warmed rich plates. Plates

Y,
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were incubated at 36°C for 2–4 hr, and the number of cell bodies per microcolony were counted

(n=100) and compared to cdc13-1 and the appropriate cdc13-1 checkpoint mutant control treated

in parallel. Microcolony checkpoint assays in HO-break induced cells were performed by

pregrowing cells in YM1 - 2% raffinose at 30°C, shifting cells to YM1 - 2% galactose liquid

media for 2 hr before sonication and plating to YM1-raffinose/galactose plates. Plates were

incubated at 30°C and the number of cell bodies/microcolony counted (n=100) at multiple time

points between 2 and 8 hours after plating, and compared to wild-type and appropriate

checkpoint mutant controls treated in parallel.

HO cleavage assay

A time course of HO cleavage at the adh-4::HO site::HIS3 in y.JM20 was assessed as follows

(rates of cleavage were originally reported in (Sandell and Zakian 1993)): cells were grown at

30°C in YM1-2% raffinose, transferred to YM1-2% galactose and harvested at indicated time

points. Genomic DNA was quantitated at ODºo, 5 ug of each sample was digested with Pst■ , and

analyzed by electrophoresis followed by Southern blotting and probing for sequences integrated

on the CEN proximal side of the HO site.

Checkpoint Adaptation Assay

yJM20 cells were grown in pre-induction media (YM1-raffinose) at 30°C and shifted to YM1

containing 2% glucose or 2% galactose for 2 h. Samples were sonicated, plated to rich plates

containing glucose or raffinose and galactose, respectively, and microcolonies scored (n=300)

for cell number at the time points indicated in Fig. 2.1. Adapted cells were scored as >2 cell

bodies.
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Microscopy

Microscopy was performed using an Olympus IX70 flourescence microscope with a 100x, 1.4

NA PlanApo Olympus Oil Immersion objective. GFP flourescence was detected using a Chroma

FITC filter set (excit.485/20 nm, emiss. 515/30 nm), and captured with a Hamamatsu C4742-95

CCD camera. Data were visualized using Metamoph 4.5 imaging software by Universal Imaging

Corporation. Fields of cells were photographed in 4-7 focal planes in succession in order to

gather data through the depth of each nucleus. Exposure time, gain, and binning functions were

held constant. Figures were prepared in Adobe Photoshop, keeping processing parameters

constant within an experiment.
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Figure legends

Figure 2.1 Ddc1 forms a single subnuclear focus after a dsDNA break. a, Southern blot of

DNA proximal to the HO site at the telomere of chromosome VII. To monitor the rate of HO

induced cleavage, log-phase cells were transferred from raffinose to galactose media to induce

the HO endonuclease and samples were collected at time points indicated. The uncleaved band is

heterogeneous in size because it contains telomeric sequences. The cleaved fragment disappears

at late time points due to gradual degradation. b, Visualization of Ddc1-GFP. Cells at the zero

time point were grown in glucose media to repress HO expression; cells at 3, 6, 12, 16 hr time

points were grown in raffinose media, then transferred to galactose media for the indicated time.

Inset at t=0 representative of occasional Ddc1-GFP foci in HO-uninduced cells. At the 12hr and

16hr time points, multiple focal planes were merged to demonstrate that Ddc1-GFP foci are seen

in all nuclei. Arrowhead in the 12 hr time point indicates the presence of an adapted anaphase

cell containing a single focus in each nucleus. c, Fraction of cells containing Ddc1-GFP foci as a

time course of HO induction. Data combined from all focal planes within a field. d. Time course

of adaptation following an HO break. Cells were grown in raffinose media, transferred to

galactose media for 2 hr, sonicated, and plated to raffinose plus galactose plates. Microcolonies

containing more than one cell (>2 cell bodies) were considered adapted.

Figure 2.2 Ddc1 forms multiple nuclear foci following cdc13-1-induced and cdc9-1 induced

DNA damage. Log phase cultures of cdc13-1 DDC1-GFP and cdc9-1 DDC1-GFP cells were

shifted to 34°C and 36°C, respectively, and visualized after 2 hr. Also shown are asynchronously

growing wild type control cells containing DDC1-GFP alone after shift to 34°C for 2 hr.
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Figure 2.3 Ddc1 requires Rad24, Radl'7 and Mec3 for damage-inducible localization.

cacI3-1 DDC1-GFP cells deleted for RAD 17, MEC3, RAD24, MEC1, DDC2, RAD53 or RAD9

were raised to 34°C for 2 hr prior to visualization of GFP. Single focal planes for each sample

are shown.

Figure 2.4 Localization of other Checkpoint Proteins Fused to GFP in cdc13-1 damaged

cells. GFP fusions generated for Rads 3, Rad9 and Ddc2 were expressed under the endogenous

promotor for each protein in cdc13-1 cells. Log phase cultures were shifted to 34°C for 2 hr

prior to visualization of GFP fusions. Arrowheads indicate the presence of occasional faint foci

in cells expressing RadS3-GFP and Radø-GFP.

Figure 2.5 Ddc2-GFP forms a single focus in HO break-induced cells. a. Fraction of cells

containing Ddc2-GFP foci as a time course of HO induction. Data combined from all focal

planes within a field. b. Visualization of Ddc2-GFP foci following an HO break. HO

endonuclease was induced in cells as described in Fig. 2.1. Cells grown in glucose to repress HO

expression are presented as the t-0 time point. A representative focal plane for 0, 3, 6, 12 and 16

hr after HO induction is shown. c. Chromatin immunoprecipation of Ddc2-GFP at an HO break

site. The t-0 represents cells grown in glucose to repress HO induction. Cells collected at each

indicated time point were fixed and analyzed by chromatin IP. Ddc2-GFP and cross-linked

DNA were immunoprecipitated using affinity-purified anti-GFP antibodies. After reversal of

crosslinking and DNA purification, PCR was performed using HO-2 primers directed to unique

DNA sequence 0.4 kb from the HO cleavage site. Primers to amplify unlinked TUB1 sequence
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were used as an internal control in each PCR reaction. Input DNA was isolated from fixed cells

at each time point prior to immunoprecipitation, and treated in parallel with IP samples in

preparation for PCR. Control strains deleted for DDC1 or MEC1 or lacking a Ddc2-GFP tag

were grown and harvested at the 7 hr time point and treated in parallel to the wild type Ddc2

GFP strain. d. The HO-2 and TUB1 bands in part c were quantitated and the ratio of HO

2:TUB 1 band intensities calculated for each IP and input DNA sample. Fold enrichment was

calculated as the ratio of HO-2:TUB1 in the IP samples to its respective input DNA control and

graphed as shown.

Figure 2.6 MECI is required for Ddc2 localization following cdc13-1 induced damage. Log

phase cacI3-1 DDC2-GFP cells deleted for DDC1, RAD17, MEC3, RAD24, MEC1, RAD53 or

RAD9 were raised to 35°C for 2 hr prior to visualization of GFP. Ddc2-GFP localization in

CDC13 checkpoint-proficient cells at 35° C is shown at the bottom right. Single focal planes for

each sample are shown.

Figure 2.7 Ddc1 localization shows that the two ends of an intrachromosomal DSB remain

associated, and that cells lacking RadS2 contain high levels of unrepaired damage. a, Cells

containing an HO site near the chromosome VII SRM 1 locus were grown in raffinose, transferred

to galactose media and Ddc1-GFP was visualized after 6 hr. b, Log-phase radj2 cells in the

absence of induced DNA damage were visualized for Ddc1-GFP.

Figure 2.8 The Substrate Recruitment Model: checkpoint activation by the

concentration of checkpoint factors on a DNA strand. Mec 1/Ddc2 and the

Y,

s
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Ddcl/Mec3/Radl 7 complex are recruited to DNA damage independently, promoting

their interaction. Multiple Ddcl/Radl 7/Mec3 complexes are loaded by the Rad24/RF-C

complex and may function to recruit the substrates of Mec 1.
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Fig 2.3 Ddc1-GFP in cdc13-1 cells
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Fig 2.4
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Fig2.5
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Fig 2.6 Ddc2-GFP in cdc13-1 cells
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Fig 2.7
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Fig 2.8 The Substrate Recruitment Model
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Chapter 3



Localization of additional DNA damage checkpoint factors upon DNA
damage in living cells

Abstract

The result of our work and that of others has demonstrated that Ddc1, Mec 1, and

Ddc2 are DNA damage checkpoint factors recruited to sites of DNA damage in S.

cerevisiae. We believe that these molecules act as cellular “sensors” of DNA damage. In

order to determine whether other checkpoint proteins are recruited to sites to DNA

damage, we fused the MEC3, RAD17, RAD24, RAD9 and RAD53 genes to GFP and

visualized their localization in response to DNA damage. While several of these fusion

proteins were deficient for checkpoint function, we observed weak subnuclear foci of

RAD24-GFP, RAD9-GFP, and RAD53-GFP in response to cdc13-1 induced telomeric

damage. The genetic requirements for these localization patterns were also analyzed.

Introduction

The research described in Chapter 2 of this thesis demonstrates that two

checkpoint factors, Ddc1 and Ddc2, are recruited to sites of DNA damage in living cells.

These data have been corroborated by researchers using a chromatin immunoprecipitation

assay to demonstrate that Ddcl and Mecl (the binding partner of Ddc2) are recruited

independently to an HO-induced dsDNA break in S. cerevisiae (Kondo, Wakayama et al.

2001). We have proposed that Ddc1 and Ddc2 serve a sensory function in the DNA

damage checkpoint pathway by recognizing the damage signal. In our model, referred to

as the Substrate Recruitment Model, we propose that Ddc2 escorts the checkpoint kinase

Mec 1 to sites of DNA damage, while Ddc1 recruits Mecl substrates to damage sites.
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Thus acting together, Ddcl and Ddc2 could promote phosphorylation of downstream

signaling components by co-localizing the Mecl kinase with its substrates at the DNA

damage site. This model also explains why Ddc1 may be required for Mecl-dependent

phosphorylation of downstream signaling components, as Ddc1 is not required for

localization of Mecl to damage sites.

Ddc1 and Ddc2 are almost certainly not the only checkpoint factors acting as

sensor molecules in the DNA damage checkpoint pathway. As discussed in Chapter 2,

Ddc1 is one subunit of a trimeric complex also containing the checkpoint proteins Rad 17

and Mec3 (Paciotti, Lucchini et al. 1998; Kondo, Matsumoto et al. 1999). Each of these

proteins contains homology to the DNA replication processivity factor, the PCNA clamp

(Venclovas, et al. 2000; Caspari, et al., 2000). In addition, Rad?4 is a checkpoint protein

containing homology to Rfc 1 (Griffiths, Barbet et al. 1995), a subunit of the RFC

complex required to catalyze the loading of PCNA onto DNA. RFC is sometimes

referred to as the clamp loader for PCNA. Rad24 has been found to reside in a complex

with Rfc subunits 2-5 (Green, Erdjument-Bromage et al. 2000). Together, these

observations suggest that cells may possess a DNA damage-specific clamp, the Ddc1

Rad 17-Mec3 complex that is loaded by a damage-specific clamp loader consisting of

Rad24 and Rfc2-5. Though it has not been definitively demonstrated that these other

factors are recruited to damage sites, my results have shown that Ddc1 recruitment

requires the presence of the Rad 17, Mec3 and Rad24 gene products. By fusing each of

these proteins to GFP, I have attempted to confirm that Radl 7, Mec3 and Rad24 also

play a fundamental role in the initial sensing of DNA damage.
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In addition, we were interested in whether the intermediate signaling molecules in

the DNA damage checkpoint response could be observed to localize to DNA damage

sites, either stably or transiently. It is conceivable that damaged DNA itself serves as a

scaffold for checkpoint signaling, upon which a signaling center composed of many

checkpoint components assembles. This concept allows direct coupling between the

physiological stimulus (i.e. DNA damage) and the regulation of a response (i.e.the cell

cycle checkpoint). One such example is the spindle checkpoint, in which localized,

active signaling centers assemble at kinetochores lacking attachment to microtubules,

preventing mitosis until all kinetochores have been attached to the spindle.

Activation of the Mec 1 kinase towards its substrates results in the activation of

several downstream kinases, including Chk 1 and RadS3. Chk1 and Rads3 represent two

parallel signaling branches in the checkpoint pathway (Sanchez, Bachant et al. 1999),

each with distinct functions in mediating cell cycle arrest. Activation of Chk 1 and RadS3

is most likely mediated in both cases by the BRCT-motif containing protein, Rad9. Rad9

belongs to a class of general cell cycle checkpoint factors called “adaptor proteins”,

because they are non-kinases that mediate signaling between kinases(Melo and Toczyski

2002). Rad9 is phosphorylated in response to DNA damage in a manner dependent upon

Mec 1 and the Ddc1-Radl 7-Mec3-Rad24 epistasis group(Emili 1998), though the latter

resulted has been disputed(Vialard, Gilbert et al. 1998). This phosphorylation results in

dimerization of Rad9 via its BRCT motifs(Soulier and Lowndes 1999), and binding of

Radø to RadS3(Sun, Fay et al. 1996; Sun, Hsiao et al. 1998). The RadS3 kinase is

subsequently activated by Rad9 dimerization-mediated autophosphorylation (Gilbert,

Green et al. 2001) and possibly also by phosphorylation by Mec 1. Preliminary studies
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suggest that Rad9 may facilitate Chkl activation by a similar mechanism. So far, Rad')

has been shown to interact with Chk1 by yeast 2-hybrid assay, as well as by association

in vitro using purified components (Y. Sanchez, personal communication). If Mec 1

phosphorylates Rad9 directly, as current data suggest, then Rad9 is likely recruited to

sites of DNA damage, either stably or transiently.

Rado has been implicated to function directly at damage sites based on the

observation that rad9 mutant cells exhibit significantly increased 5’ to 3’ ssDNA

resection at damaged telomeres in cdc.13 cells. Rad24 has been shown to be epistatic to

this function of Rad9 in that both rad24 and rad24 rad9 mutant cells exhibit reduced 5’

to 3’ resection compared to wild type cells. Therefore, Rad24 appears to promote

exonucleolytic activity at damage sites while Rad') opposes this Rad24 function. As a

result of putative visitation at damage sites by Rad9, RadS3 and Chkl may also be

recruited to DNA damage and may themselves even play a role in exonucleolytic DNA

processing.

In chapter 2, I briefly describe the localization patterns of Rad24, Radø and

RadS3 tagged with GFP in response to telomeric damage in cdc13 cells. In none of these

cases do I observe abundant recruitment to DNA damage, as I have for Ddc1 and Ddc2

checkpoint proteins. In this chapter I will more fully describe the localization of these

proteins, and the effect of various checkpoint mutants on these localization patterns. The

significance of these data in the context of what is known about checkpoint activation

will also be discussed.
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Results

In order to examine the localization of additional putative damage sensors, I fused

GFP(S65T) to the C terminus of Rad24, Radl 7, Mec3, Rad9 and RadS3 and generated

cdc13-1 strains containing each of these fusion proteins. These checkpoint fusion

proteins were tested for checkpoint function by a microcolony assay at the nonpermissive

temperature for cdc13-1 (data not shown). Rad9-GFP and RadS3-GFP cells were

indistinguishable from wild type cells for checkpoint arrest. The remainder of checkpoint

fusion proteins exhibited varying degrees of checkpoint defectiveness. Mec3-GFP and

Radl 7-GFP were both >90% defective for checkpoint arrest in cdc13-1 cells, while

Rad24-GFP cells were ~15% defective. Despite these defects, I examined the ability of

each of these proteins to localize in response to cdc13-induced telomeric damage.

The Ddc1-Radl'7-Mec3 PCNA-like complex

While Mec3-GFP cells did not exhibit any GFP signal, a fraction of Radl 7-GFP

cells showed a localization pattern similar to that observed for Ddc1-GFP (Fig 3.1).

Rad 17–GFP foci were less intense than Ddc1-GFP foci, and these foci were evident in

only 10-20% of cells. Because Mec3 and Rad 17 are always associated in a stoichiometic

complex with Ddc1 in S. cerevisiae(Kondo, Matsumoto et al. 1999), the predicted

localization for these proteins in the absence of DNA damage is that they would reside

primarily in the nucleoplasm, as does Ddc1. In the case of both Mec3 and Radl 7 fusions

to GFP, diffuse fluorescence was scarcely detectable and was not nuclear, suggesting that

these fusions may not be stable proteins. However, the observed damage-dependent
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localization of Rad 17–GFP in a subset of cdc.13 cells is at least consistent with the model

that Rad 17 is acting in a complex with Ddc1 to recognize DNA damage.

The Rad24 RFC-like protein

Unlike Mec3–GFP and Radl 7–GFP, Rad?4-GFP cells exhibited only a mild

checkpoint defect. Approximately 85% of Rad24-GFP cells arrested as well as wild type

cells in a cdc.13 microcolony assay. As a result, it seemed that the hypothetical damage

dependent localization of Rad24 might only be slightly perturbed. However, the Rfc.1

homology of Rad24 suggests that it may act catalytically towards the Ddc1-Radl 7-Mec3

PCNA-like complex. A complex of checkpoint factors that act catalytically at a damage

site might be more difficult to observe by this direct in vivo microscopic assay. At the

permissive temperature for cacI3-1, Rad24-GFP appeared diffusely nucleoplasmic.

When RAD24-GFP calcl;-1 cells were shifted to the nonpermissive temperature, only

10% of cells (8/80) exhibited visually scorable foci (Table 3.1). Usually, only one focus

could be observed per cell.

Despite this weak localization phenotype for Rad24-GFP, we generated

checkpoint mutant strains containing the Rad24-GFP fusion to determine if any of these

proteins were required for or otherwise affected Rad24-GFP localization. Not

surprisingly, none of the checkpoint mutants we tested were defective for Rad24-GFP

localization, as one would predict that Rad24-GFP functions upstream of the Ddc1

Mec3-Radl 7 group. On the contrary, mec■ , mecl and rad9 mutant cells all showed a

dramatic increase in the fraction of cells containing Rad24-GFP foci (Fig 3.2).

Moreover, the Rad24-GFP foci observed were significantly brighter and more prominent
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than in checkpoint-proficient cells (Fig 3.2). Presuming this subnuclear localization

represents recruitment of Rad24 to damage sites, there are several possible explanations

for this increase in foci number. One possibility is that continued cell cycling due to lack

of checkpoint function in these mutants results in an increase in the amount of telomeric

damage, and a concomitant increase in Rad24 recruitment. A second possibility is that

Rad24 actually competes with these other factors for occupancy at the damage site.

The Rad9 adaptor

Mec 1-dependent phosphorylation of Rad9, and Rado's apparent regulatory role in

exonucleolytic DNA processing suggest that Rad9 may be recruited to DNA damage

sites. When Rad') was fused to GFP and visualized in cdc13 cells, the fusion protein

exhibited diffuse nuclear localization at the permissive temperature (data not shown) and

weak but distinct subnuclear foci at the non-permissive temperature (Fig 3.3). These foci

were present in 61% of cells (43/71) (Table 3.2), with usually only one focus per cell.

Visually, the foci were more prominent than Rad24-GFP foci in response to telomeric

damage, but less pronounced than Ddc1-GFP foci. Additionally, the general abundance

of Rad9-GFP appears to be greater than for Ddc1-GFP, as only half the exposure time

was required to visualize this protein. This observation may have additionally hampered

my ability to visualize Rad!)-GFP foci, since the background protein levels seemed

higher.

In our Substrate Recruitment Model (Chapter 2), we predict that Rado (a putative

Substrate of Mec 1) is recruited to DNA damage sites by the Ddc1-Radl 7-Mec3 complex.

If the Rad9 localization in response to telomeric damage represents recruitment of Rad9
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to damage, then I can test this prediction of our model by examining Rad9-GFP

localization in different checkpoint mutant cells.

Rad9-GFP localization was characterized in dac2, rad24 and dde 1 mutant strains

(Fig3.3). The result was perplexing. The fraction of cells exhibiting Rado-GFP foci in

response to telomeric damage was reduced in all of these checkpoint mutant strains, but

most dramatically in dac2 cells. Moreover, despite the reduction in frequency of

observable Rad9-GFP foci, the intensity of these foci actually increased in rad24 and

ddc1 cells. The simplest interpretation of these results is that both the Ddc2-Mec 1

complex and the Ddc1-Radl 7-Mec3-Rad24 group are partially involved in Rad')

recruitment. It is not clear why these foci would be decreased in frequency, yet appear

visually brighter in rad24 or ddel cells.

The Rad53 kinase

The autophosphorylation and activation of RadS3 facilitated by Rad9 may or may

not occur at DNA damage sites. Therefore we had no a priori hypothesis regarding the

localization of this protein in response to DNA damage. At the permissive temperature

for cdc13-1, RadS3-GFP exhibits diffuse localization within the nucleoplasm. When

cells are shifted to 35°C for 3 hr, 34% of cells (40/119) possess a visually scorable focus

of fluorescence (Fig 3.4, Table 3.3). Thus, like Rad9-GFP, RadS3–GFP does not appear

to reside abundantly at damage sites. When the ability of RadS3-GFP to localize was

examined in rad9, ddel, or dde2 cells held at the nonpermissive temperature for 3 hr,

essentially no RadS3-GFP foci were observed (Fig 3.4; Table 3.3). This result is

consistent with data showing that Rad9 is required for RadS3 activation, and that the

2.
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Ddc2-Mecl and Ddc1-Radl 7-Mec3-Radz4 groups are both required for Rad')

phosphorylation.

Discussion

Direct visualization of checkpoint proteins by GFP tagging and fluorescence

microscopy was a successful method for identifying Ddc1 and Ddc2 as two independent

sensory components of the DNA damage checkpoint pathway. In this case, a correlative

argument was constructed for recruitment of these proteins to damage sites based on the

correlation between the number of foci observed and the number of DNA damage sites

present in a cell. It should be noted that resolution of damage foci was only possible

because the number molecules of sensor protein recruited to a damage site significantly

exceeded the number of molecules randomly diffusing in the same area, so that

recruitment could readily be distinguished from background fluorescence. In addition,

our localization data was corroborated by chromatin immunoprecipitation experiments

for Ddc2 at damage sites and by co-localization of Ddc1 and Ddc2 using fluorescence.

Visualization and identification of checkpoint components that associate with but

are not highly enriched at damage sites is significantly more difficult. This is both

because the localization signal is harder to detect and because the number of foci no

longer correlates with the number of damage sites, weakening the argument that foci

represent recruitment of checkpoint proteins specifically to DNA damage. Instead,

subnuclear foci may represent localization to other distinct nuclear structures. Though it

seems likely that the dimmer foci for Rad24-GFP, Rad9-GFP and RadS3-GFP that I have

observed in response to telomeric DNA damage represent localization to telomeres,

},
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additional higher resolution methods will be required to demonstrate this definitively.

With this statement as an obvious caveat of the localization experiments I have described,

I will discuss possible interpretations of the genetic interactions between different

checkpoint genes and GFP-tagged Rad24, Rad') and RadS3.

Damage-dependent Rad24-GFP foci were extremely dim and were observed in a

small fraction of cells. Because we believe that Rad24 is likely one component of an

RFC-like complex that loads the Ddc1-Rad 17-Mec3 trimeric complex at damage sites, it

seemed reasonable that we would not observe damage-dependent Rad24 localization at

all. A more surprising result of Rad24 localization experiments was the result that

Rad?4-GFP foci became brighter and more abundant in cells lacking MEC1, RAD9, or

MEC3. It is difficult to propose a model consistent with our current understanding of the

DNA damage checkpoint that attributes each of these checkpoint mutant results to a

common cause. My speculative opinions regarding these data are:

(1) In the case of mec 1 mutant cells, Radz4-GFP foci could be enhanced if the

Rad24-RFC and the Ddc2-Mecl complexes competes for binding to the damaged DNA

substrate. We know that the damage-specific localization of Ddc2 and Ddc1 are

independent of each other, and I did often observe an increase in Ddc1-GFP focus

intensity in mecl and dde2 mutant cells.

(2) Rad24 has been shown to promote 5’->3' processing at DNA damage sites,

while Rado opposes this function of Rad24. It therefore seems reasonable that increased

Radz4-GFP focus formation in rad9 mutant cells may indicate increased pro

exonucleolytic activity of Rad24 at damage sites.
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(3) Rad24-GFP foci were mildly increased in cells lacking MEC3. This may

result from the need for the PCNA-like Ddc1-Radl 7-Mec3 clamp to load onto DNA in

order to promote release of the RFC-like Rad24 complex from the damage substrate. s

Localization experiments for Rad9 were especially interesting to me because I

hoped they would allow me to test the Substrate Recruitment Model proposed in Chapter

J2. The prediction of this model is that the Ddc1-Radl 7-Mec3 complex recruits Rad') to

damage sites for phosphorylation by Mecl. Rad9-GFP foci were observed in -60% of

cdc13 cells, and this fraction was reduced by approximately half in cells lacking DDC1
- 4.º

or RAD24. Presuming that Rad9-GFP foci indeed indicate localization to DNA damage,

the simplest explanation is that the Ddcl functional group is only partially required for

Rad') recruitment. In agreement with this, dde2 cells also suffer a dramatic reduction in

Rado-GFP foci. If both of the Mec 1-Ddc2 and Ddc1-Mec3-Radl 7 complexes contribute

to Rad9 recruitment, then one would expect that a double mutant in these two functional

classes would abolish all Rad9-GFP localization. The Substrate Recruitment Model may

need to be re-evaluated in light of these data.

Lastly, RadS3-GFP foci are observed -1/3 of cells in response to telomeric

damage. DDC1, DDC2, and RAD9 are each required for this localization. These data are

consistent with the requirement for each of these functional groups in phosphorylation

and activation of Rads3(REF).

Visualization of Rad24, Rad9 and RadS3 proteins in response to DNA damage

has yielded complicated results that are difficult to interpret. Certainly, these data are

preliminary and higher resolution methods will be needed to assess the plausibility of the
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Substrate Recruitment Model, as well as the order of events at sites of DNA damage as

checkpoint signaling is initiated.

One future direction might be to examine checkpoint protein interactions by

Fluorescent Resonance Energy Transfer (FRET) to detect interactions between sensor

and downstream signaling components. One advantage of using FRET to examine these

interactions is that background fluorescence would be largely eliminated, allowing

checkpoint components in close proximity to be more readily co-localized. For instance,

FRET could be used to determine whether Ddc1, Ddc2, or both recruit Rad') to damage

sites for phosphorylation by Mec 1.

Another approach to understanding checkpoint activation is by constructing an

artificial system for reconstituting the checkpoint. Generation of such a system using

purified components in vitro would be wildly complex, considering the number of

checkpoint proteins involved, and that the reaction would be dependent upon an as-yet

unknown DNA damage-specific chromatin structure. One idea for utilizing this approach

in vivo was derived from a similar project in A. Murray's lab attempting to recapitulate

the spindle checkpoint in S. cerevisiae. This approach co-opts the GFP-LacI / LacC

chromosome visualization technique invented in the Murray lab (REF – A straight) to

inducibly co-localize DNA damage checkpoint components in living cells and test

whether the checkpoint is activated. Specifically, I have initiated experiments to

artificially co-localize Ddc1 and Ddc2 by fusing the open reading frame of each gene

with GFP-LacI under control of the methionine-repressible promoter. If co-localization

of Ddc1 and Ddc2 (and their constitutive binding partners) is sufficient to activate

checkpoint signaling, then co-expression of these constructs in cells also harboring the
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LacO array should be sufficient to activate the checkpoint (Fig 3.5). In addition, if the

only role of the Ddc1-Radl 7-Mec3 group is to recruit the Ddc2-Mec 1 substrate Rad'),

then co-localization of Rad9 and Ddc2 using this technology should allow the

requirement for Ddc1 in checkpoint activation to be bypassed. These experiments are

still in progress, and will likely be completed by another researcher in the lab.

Combining the use of FRET to examine the recruitment of checkpoint proteins to damage

sites in vivo with this artificial system for recapitulating checkpoint activation could

prove extremely valuable in understanding how the sensing of DNA damage leads to

activation of the kinase signaling cascade.

},
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Strain name genotype total # cells # cells with foci Fraction of
cells with foci

JM36 WT 80 8 0.10

JC120 mecl A 164 125 0.76

JC121 mec■ A 105 28 0.27

JC124 rad9A 148 103 0.70

Table 3.1 Quantitation of Rad24-GFP foci in response to cdc13-induced telomeric
damage in wild type and checkpoint mutant cells. Images were collected for all
strains after 3hr at 35°C. Multiple fields of cells were scored visually for the presence of
Rad24-GFP foci. Images were captured for 4-8 focal planes per field of cells, allowing
every nucleus to be accurately scored.

!.
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Strain name genotype total # cells # cells with foci Fraction of
cells with foci

JK1 WT 71 43 0.61

JC127 rad24A 154 38 0.25

JC129 ddc2A 242 87 0.16

JC130 ddc14 278 43 0.31

Table 3.2 Quantitation of Rad9-GFP foci in response to cdc13-induced telomeric
damage in wild type and checkpoint mutant cells. Images were collected for all
strains after 3hr at 35°C. Multiple fields of cells were scored visually for the presence of
Rado-GFP foci. Images were captured for 4-8 focal planes per field of cells, allowing
every nucleus to be accurately scored.

jº
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Strain name genotype total # cells # cells with foci Fraction of
cells with foci

JM39 WT 119 40 0.34

JC135 ddc14 269 11 0.04

JC134 ddc2A 99 4 0.04

JC137 rad9A 152 1 0.01

Table 3.3 Quantitation of RadS3-GFP foci in response to cdc13-induced telomeric
damage in wild type and checkpoint mutant cells. Images were collected for all
strains after 3hr at 35°C. Multiple fields of cells were scored visually for the presence of
Rads 3-GFP foci. Images were captured for 4-8 focal planes per field of cells, allowing
every nucleus to be accurately scored.
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Rad 17-GFP

Fig3.1 Radi 7-GFP localizes in a manner similar to Ddc1-GFP
in response to telomeric damage. RAD17-GFP cací3-1 cells
were visualized after 3 hr at 32 deg C.
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Rad24-GFP

“A

º

WT meC1

mec3 rad9

Fig3.2 Radz4-GFP localization upon cdc13-1 induced
telomeric damage. Cells were visualized 3hr after temperature
shift to 35 degrees C. White arrowheads indicate faint
Rad?4-GFP foci.
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RadS)-GFP

doc2 rad 24

Fig3.3 Rado localization in response to cqc13-1 induced
telomeric damage in wild type and checkpoint mutant
strains. Cells were visualized after growth for 3hr at 35
degrees C. White arrows indicate dim Radg-GFP foci.
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RadS3–GFP

doc2 rad9

Fig3.4 Rad53-GFP localization upon cdc13-1 induced
telomeric damage in wild type and checkpoint mutant cells.
Cells were visualized 3hr after temperature shift to 350eg C.
White arrowheads indicate faint Rad53-GFP foci.
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Chapter 4
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Evidence for Co-localization of Multiple dsDNA Breaks in Living Cells

ABSTRACT

In an effort to collect evidence that Ddc1 localizes to dsDNA breaks (DSBs), we

constructed a series of strains that would allow us to visualize Ddc1 localization to

intrachromosomal DSBs, DSBs on multiple chromosomes, and DSBs on sister

chromosomes as they undergo segregation in mitosis. We posited that a nucleus

containing two DSBs would exhibit two Ddc1-GFP foci. Similarly, we thought that one

Ddc1-GFP focus would divide into two foci as cells carrying a telomeric HO break were

driven into anaphase (with the HO break in the two sister chromatids each exhibited as a

Ddc1 focus). However, the results of these experiments suggested that multiple broken

dsDNA ends may co-localize within the nucleus, regardless of DNA sequence or

homology. We observed that not only do the two sides of a single DSB tend to remain

associated, but DSBs on multiple non-homologous chromosomes may associate as well.

In addition, sister chromatids harboring a single DSB appear to be resistant to segregation

of DNA proximal to the DSB site when those checkpoint-arrested cells are artificially

driven into anaphase. These observations suggest that subnuclear co-localization of

broken chromosome ends may facilitate the mechanisms of dsDNA break repair.

RESULTS

Ddc1-GFP localization to an intrachromosomal HO break

(Largely excerpted from Chapter 2, excluding references)
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Using Ddc1-GFP foci as a readout for damage sites in cells, we wished to utilize

Ddc1-GFP localization to determine the fate of the two chromosomal fragments

generated after introduction of an intrachromosomal DSB. If the broken ends of the

cleaved chromosome remain associated, we expected to observe a single focus of Ddc1

GFP, whereas if the two halves separate we predicted observation of two foci of Ddc1

GFP localization. Our prior experiments demonstrate that a single Ddc1 focus is formed

upon cleavage of a chromosome at its telomere. In that experiment, an acentric fragment

approximately 0.4 kb in size containing telomeric sequences was generated by the HO

break. Due to 5’->3' resection at DSBs, a fragment this size is likely to be rapidly

degraded, and was not expected to be detectable by Ddc1 recruitment. In support of this,

DNA sequences located 0.7 kb from an HO site are degraded by 2-3 hr after HO

induction. To determine whether an intrachromosomal HO break resulted in one or two

Ddc1 foci, we constructed a strain containing a single HO site on chromosome VII (Table

1) that would generate chromosomal fragments 320 kb and 780 kb in size upon cleavage.

Following HO induction, we observed the formation of a single Ddc1-GFP focus in 89%

of cells (215/243) by 6 hr (Fig 4.1). Six percent of cells (18/243) contained two foci,

comparable to that observed when a telomeric break was generated (7%: 6/85). A likely

explanation is that these cells contain both an HO break and spontaneous DNA damage,

as 8% (14/167) of undamaged cells exhibited a Ddc1 focus. An HO break introduced at

the TRP5 locus (JM66) on chromosome VII generating chromosomal fragments 450 and

550 kb in size yielded similar results to those above (Fig4.1). Thus, intrachromosomal

HO cleavage gives rise to a single Ddc1 focus in the majority of cells.

J
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Ddc1-GFP localization to two DSBs

In order to strengthen our data that Ddc1 is recruited to DSB’s, we generated

several strains (Table 1) with two HO sites in the hope that we would observe two Ddc1

GFP foci in cells containing two DSBs. JC93-1 and JC94-1 each contain two HO

cleavage sites located immediately adjacent to telomeric sequences on chromosomes I

and VII and chromosomes V and VII, respectively. We had originally hoped that

induction of two DSBs simultaneously in each of these strains would result in the

formation of two distinct Ddc1-GFP foci per cell, each representing a different break site.

However, after 10hr of HO induction on galactose, we observed two foci in 13% (n=61)

and 5% (n=96) of JC93-1 and JC94-1 cells, respectively (Table 4.2). A representative

picture of JC93-1 cells from this experiment is shown in Fig 4.2. In contrast, the control

strain JM20, which contains only one telomeric break site, exhibited two foci in 18%

(n=57) of cells (Table 4.2). These data suggest that the induction of two DSBs in a cell

results in the formation of only one Ddc1-GFP focus. A reasonable interpretation of

these data is that the two broken chromosome ends are co-localizing to a single site of

Ddc1-GFP fluorescence.

There were several caveats to this experiment. First, data were collected on a

microscope that allowed only one image to be captured per field of cells because

bleaching prevented visualization of multiple focal planes. Therefore, the fraction of

nuclei that contain foci can not be as accurately scored. On the other hand, JC93-1 cells

exhibited a single focus in 73% of cells (Table 4.2). Therefore, the odds of two foci

being visibly detectable in one focal plane in that experiment are approximately

(0.73)(0.73) = 0.53 -- if a second focus exists. Only 13% of JC93-1 cells exhibited two

86



foci, no higher than that observed for JM20 cells with only one telomeric DSB,

suggesting that only one Ddc1-GFP focus exists in most of these cells. The microscopic

limitations were only one part of the problem. Another problem arises from use of a

strain that contains two HO break sites at telomeres, because telomeres cluster together in

S. cerevisiae.

To address this issue, we repeated this experiment in cells lacking the HDF2 gene

product (Table 4.1). Haf2 is also referred to as Ku80, a protein involved in non

homologous end joining that is also partly required for clustering of yeast telomeres.

Cells lacking HDF2 have been reported to exhibit 10-12 telomeric foci instead of the 3-7

foci usually observed. DG 116 cells containing one telomeric break were compared to

JC96-1 cells containing two telomeric breaks. Neither strain showed a noticeable

difference in the number of Ddc1-GFP foci per cell after 10.5 hr in galactose (Table 4.2),

despite the reduction of telomeric clustering. While DG1 16 exhibited two foci in 6% of

cells (n=85), JC96-1 exhibited two foci in 10% of cells (n=135) (Fig4.2). DG116 and

JC96-1 exhibited a single Ddc1-GFP focus in 52% and 50% of cells, respectively.

Hence, the number of foci observed in response to one versus two telomeric DSBs does

not differ significantly. These data also suggest that multiple broken DNA ends may

become co-localized. As this co-localization does not require sequence homology

outside of the short region containing the HO consensus sequence, the apparent co

localization of multiple DSB sites may be homology-independent.

To further eliminate the possibility that these data resulted from telomeric

interactions, we examined cells that contained a telomeric and an intrachromosomal DSB

(Table 4.1). Unfortunately, these HO break sites were constructed on the same
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chromosome due to reagants available in the lab at the time. However, the two HO sites

were separated by approximately 450 kb, a distance that is easily resolvable using Lac

Operator arrays. The control strain JM66 was induced in galactose for 12hr to generate

an intrachromosomal break, and 41% of cells (n=140) exhibited a single Ddc1-GFP

focus, while 1% of cells exhibited two foci (Table 4.2). Similarly, when JM64 was

grown in galactose for 12 hrs to induce both a telomeric and intrachromosomal HO

break, 55% and 6% (n=170) of cells exhibited one and two foci, respectively. Thus,

telomeric location of the HO break sites does not appear to be causing the formation of a

single Ddc1-GFP focus in response to two DSBs.

Ddc1-GFP localization to a DSB on sister chromatids segregating in mitosis

As part of the continuing effort to generate multiple Ddc1-GFP foci in response to

multiple DSB sites in a cell, I generated a strain that would artificially drive cells with a

broken chromosome into anaphase despite an active DNA damage cell cycle checkpoint.

This Strain, called JM73-1, is a derivative of the JM20 strain that also harbors the CLB2

gene lacking its destruction box. Like the HO endonuclease, expression of Clb2 is under

control of the galactose-inducible promoter, and I will refer to this construct as gal

Clb2db/A. Expression of the gal-Clb2dbA construct results in a cell cycle arrest in

anaphase, in which cells have segregated their sister chromatids and two separate nuclear

DNA masses can be observed by DAPI staining. In addition, gal-Clb2 overexpression in

checkpoint-arrested metaphase cells allows the checkpoint to be overridden and cells are

driven into anaphase (J. Cohen and D. Toczyski, unpublished data).

º
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I examined the consequences of gal-Clb2dbA overexpression in JMT3-1 cells

containing a single DSB to see if I could observe “segregation” of a single Ddc1-GFP

focus into two foci as the two damaged sisters were pulled apart when cells entered

anaphase. The results of multiple experiments are summarized in Table 3. I quantified

the fraction of anaphase cells containing “segregated” (two Ddc1-GFP foci) versus

“unsegregated” (one Ddc1-GFP focus) foci. Cells with segregated foci were scored as

those containing a single Ddc1-GFP focus in each of the two separated DNA masses.

Cells with unsegregated foci were scored as those containing only a single Ddc1-GFP

focus, when this focus was located at an intermediate position between the separated

DNA masses. Anaphase cells containing one Ddc1-GFP focus in one DNA mass but not

in the other, or no Ddc1-GFP foci at all were excluded from the analysis. (Please also

note: These experiments have a small sample size and should ultimately be repeated.)

Many cells exhibited the predicted “segregated foci" phenotype in response to an

artificially induced anaphase. However, a notable fraction of cells seemed to delay

segregation of the Ddc1-GFP focus, where the Ddc1-GFP focus localized to a point in

between the two DNA masses. (Nuclear position was inferred from both the general

diffuse localization of Ddc1-GFP and from DAPI staining; data not shown). At earlier

time points of 6 and 8 hr of growth on galactose, 75% of anaphase cells contained a

single Ddc1-GFP focus in between the separated DNA masses. By 12hr, -25% of cells

contained a single Ddc1-GFP focus, while -70% of cells showed the predicted

segregation pattern with two foci (Fig4.3).
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Discussion

What holds the two broken ends of an intrachromosomal DSB together? Why do

multiple DSBs seem to co-localize in the nucleus despite minimal sequence homology?

Why do broken chromosome ends appear to lag behind and delay sister segregation in

anaphase, even when other sister chromatids have all ready segregated? These results

emerged from experiments attempting to demonstrate that multiple DSBs result in the

formation multiple Ddc1-GFP foci in a cell. The results of these experiments are likely

to be related. A probable explanation for these different pieces of data is that the co

localization of broken DNA ends is part of a physiological mechanism of dsDNA break

repair. By identifying broken ends and coalescing them to a common nuclear site, cells

can more easily search for homology and attempt to rejoin broken ends, either by

homologous recombination or non-homologous end joining, the two primary mechanisms

of DSB repair. This hypothesis can be tested by examination of broken chromosome end

behavior in DSB repair mutants. It will be necessary to use Lac Operator Arrays or an

alternative method of chromosomal tagging near the DSB site, because repair mutant

cells undergo increased DNA damage, which elicits the DNA damage checkpoint. In any

case, these data suggest a model in which broken chromosome ends are localized to a

repair center in the nucleus in order to facilitate the repair process.
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Strain name Relevant Genotype
JM20 adh1(telVII)::HO site
DPTQ0–1 Srm 1 (VII)::HO site
JM64 adh1(telVII)::HO site; trp5(cenVII)::HO site”
JM66 trp5(VII)::HO site
JC93–1 adh1(telVII)::HO site; tell::HO site
JC94-1 adhl (telVII)::HO site; telV::HO site
DPT 107 Srm 1 (VII)::HO site
DG 116 adh1(telVII)::HO site; ku80A
JC96-1 adhl (telVII)::HO site; telV::HO site; ku80A

JM73-1 adhl (telVII)::HO site; gal-CLB2dboxA

*The chromosome VII loci trp5 and adhl are separated by 450 kb.

Table 4.1 Strains used in this study. List of relevant genotypes for experiments
discussed in Chapter 4. All strains contain DDC1-GFP under control of its own
promoter and as the only copy of DDC1 present in that strain. All strains carry the HO
endonuclease under control of the galactose promoter.
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Table4.2
Quantitation
of
Ddc1-GFPfociin
response
tooneandtwodsDNAbreaks

Fraction
ofcellswith

StrainNo.ofDSBshrsongalNnofocionefocustwofoci3-Danal?Exper.DateDPT90-1
1
(int)6

1250.040.730.23yesO3.07.01DPT107-1
1
(int)6

2430.040.880.07yesO3.07.01JM66
1
(int)6114O.120.820.06yes03.07.01JM20

1
(tel)6850.050.870.08yes02.22.01DPT107

1
(int)122900.100.73O.17yes03.07.01JM20

1
(tel)121690.030.920.05yes02.22.01JM66

1
(int)121400.590.410.01no

12.08.00JM64
2
(int-tel)121700.390.550.06no

12.08.00JC93-1
2(tel)
1O610.150.720.13nC)
10.31.01JC94-1

2(tel)
1O960.400.550.05no
10.31.01JM20

1
(tel)10570.460.540.18nC)

10.31.01DG1161(tel)10.5850.420.520.06
InO11.14.00JC96-1

2(tel)10.51350.390.500.10nC)11.14.00Note:Inthe“No.ofDSBS”column,“int”indicates
an

intrachromosomalbreak,while“tel”indicates
a

telomericbreak.
The“N”columnindicatesthetotalnumberofcellsscored.The“3-Danal?”columnindicateswhether
ornottheexperimentwasconducted

onF.
Schaufele'smicroscope,whichallowedvisualization
andanalysis
ofcellsin
multiple

focalplaneswithoutsignificantphotobleaching.
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Table4.3
Quantitation
of
Ddc1-GFPfocifollowing
a
singledsDNAbreakin
anaphasecells

JM73-1Fraction
ofcellsin

Fraction
of
Scorableanaphasecells

HrsongalN

metaphaseanaphaseG1/other
2foci
1
focus3-Danal?
|

Exper.Date61540.690.090.200.250.75yes09.21.01
81140.330.350.320.250.75yes09.21.01

12810.230.530.210.730.28yes02.21.01
121350.350.470.180.680.32yes10.15.01

Note:The“G1/other”categoryindicatesthesumfraction
ofthecellularpopulationconsisting
ofG1cells,unbuddedbinucleatecells(aresultof

gal-Clb2dbexpression),
orsicklyunscorablecells.The“N”columnindicatesthetotalnumber

ofcellsscored.The“3-Danal?”columnindicateswhether
ornotthe
experimentwasconducted

onF.
Schaufele'smicroscope,whichallowedvisualization
andanalysis
ofcellsin
multiple

focalplaneswithoutsignificantphotobleaching.
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DPT107-1

srm1(VII)::HOsitetrp5(VII)::HO
site

Fig4.1Ddc1-GFPforms
a
singlefocusafteran

intrachromosomal
HObreak.BothDPT107-1and

JM66werevisualizedaftergrowthfor6hrin

galactose-containingmedia.Thistimepointprecedescheckpointadaptation,
sothattheidentity
ofoneormoreDdc1-GFPfociasthetwosidesofthe

HObreak
isnotconfused
bysistersegregation.
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adh1(telVII)::HO site; trp5(cenVII)::HO site

JC93-1

adhl(telVII)::HO site; telV::HO site;
ku■ 0A

adh1(telVII)::HO site; tell::HO site

Fig4.2 Ddc1-GFP forms a single focus in response to two HO-induced
dsDNA breaks. JM64 cells were induced for 12 hr in galactose
containing media; JC96-1 cells were induced for 10.5hr ; JC93-1 cells
were induced for 10hr. All images represent a single focal plane.
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Ddc1-GFP; gal-clb2dbA

Fig. 4.3 Ddc1-GFP localization to an HO-induced DSB in anaphase cells.
Cells were visualized 12hr after shifting to media containing galactose.
While some anaphase cells have segregated sister chromatids harboring
the HO break, other cells exhibit a single Doct-GFP focus located in
between the anaphase nuclei (arrowheads). ()

\
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Chapter 5

97



Conclusions and Future Directions

One of the primary necessities of ensuring the long-term survival of a species is

the ability to maintain the genome with extremely high fidelity. As a condition of life,

every cell on earth must cope with the result of both chemical and radiative damage to its

heritable material. For instance, the genome of each cell in the human body must reverse

the effects of 5000 deamination events per day resulting from a chemical reaction

between DNA and water.

Eukaryotic cells have evolved a host of cellular responses to effectively deal with

various alterations to the structure of its DNA. Exhaustive genetic screens in S. cerevisiae

and S. pombe have identified many of the genes required for cellular survival in response

to DNA damage. Many of these genes have obvious human homologs, and it is likely

that much of the cellular damage response is conserved from yeasts to humans. While

most of these damage-responsive genes are involved in DNA repair itself, a subset of

these genes is required for the DNA damage checkpoint. As discussed in greater detail

in Chapter 1, the DNA damage checkpoint promotes genomic fidelity by blocking cell

division until repair has occurred.

The aim of this thesis has been to understand the basic mechanism by which cells

sense the presence of damage to the genome. Specifically, I hoped to identify the

components of the cell cycle checkpoint that recognize DNA damage and to investigate

how damage recognition by checkpoint machinery culminates in checkpoint activation.

In addition, I hoped to utilize localization of damage-sensing checkpoint components as a

means for observing the dynamics and behavior of damaged DNA within the nucleus.

Y,
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Two independent sensory branches activate the damage checkpoint

In order to determine which of the known checkpoint factors are acting as sensor

molecules in the checkpoint pathway, I visualized the localization pattern of different

checkpoint proteins in response to DNA damage in living cells. By fusing checkpoint

proteins to GFP, I found that two proteins, Ddc1 and Ddc2 localize to DNA damage sites

in cells. Localization of Ddc1 and Ddc2 occurs independently of each other, but requires

checkpoint proteins known to reside in a complex with each of these proteins. Radl 7 and

Mec3 were required for Ddc1 localization; Mec 1 was required for Ddc2 localization.

Unfortunately, Rad 17, Mec3 and Mec 1 could not be tested directly for their localization

in response to DNA damage, as GFP fusions to these proteins abrogated their checkpoint

functions. Chromatin immunoprecipitation experiments conducted by myself (Melo et al,

2001) and others (Kondo et al., 2001) further confirmed these data.

The data described provided the first evidence that parallel sensory branches were

involved in checkpoint activation. We have proposed a model in which Ddc2 functions

to escort the central checkpoint kinase, Mecl to damage sites, while Ddc1 and its binding

partners recruit Mec 1 substrates. These phosphorylated substrates then transduce the

damage signal to the cell cycle machinery. As a result, both sensory branches are

required to drive checkpoint activation. Having parallel requisite sensory branches may

provide a safeguard against promiscuous activation of the checkpoint. In addition,

coupling checkpoint activation to the presence of DNA damage allows the checkpoint to

be rapidly shut off following repair.

I have been undertaking experiments to test this model. The first set of

experiments has been to attempt to generate an artificial system for activating the DNA

º
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damage checkpoint in vivo. We reasoned that if co-localization of the Mec 1 and Ddc1

complexes is sufficient to activate the checkpoint, then artificial co-localization of the

complexes should activate the damage checkpoint, even in the absence of DNA damage.

To this end, I have been constructing fusions of Ddc2 and Ddc1 to GFP-LacI, a fusion

used by the Murray lab to visualize chomosomes harboring LacO chromosomal arrays.

These fusions are under control of a methionine-repressible promoter. By transforming

these fusion proteins into strains containing Lac Operator arrays, I hope to generate a

checkpoint that can be turned on and off by co-localizing Ddc1 and Ddc2 to the LacO

Array.

If artificial co-localization of Ddc1 and Ddc2 is sufficient to activate the DNA

damage checkpoint, I can subsequently test the Substrate Recruitment Model by

artificially co-localizing Mecl with its primary checkpoint protein substrate, Rad9.

Because we predict that Rad9 is recruited by the Ddc1 complex, artificial recruitment of

Radø should bypass the requirement for the Ddc1 complex in the activation of the

checkpoint. The ability to biochemically reconstitute the checkpoint in vivo would be a

powerful tool for dissecting other aspects of checkpoint signaling.

A second approach to testing the Substrate Recruitment Model is to utilize

Fluorescent Resonance Energy Transfer (FRET) to discover the close range interactions

between Rad9 and the Mec 1 and Ddc1 complexes. Because unbound Rado-GFP

generates significant background and stupifies a meaningful analysis of Rad9 localization

(see below), FRET using CFP and YFP tagged checkpoint components might allow a

higher resolution analysis of the requirements for Rad9 localization to damage sites. If

Rad!) is recruited to DNA damage sites via a direct interaction with the Ddc1 complex,
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then this interaction may be observed using this technique. As Rad9 is a substrate for

Mec 1, one might also expect to see a FRET interaction between Rad9 and Mec 1. The

prediction of the model, however, is that this interaction would require the Ddc1

complex.

While both of the techniques I have proposed for testing the Substrate

Recruitment Model are challenging from a technical standpoint, the information they

could provide would illuminate an a fairly intractable problem in the DNA damage

checkpoint field.

Checkpoint adaptation may result from a downregulation of Ddc2 at damage sites

In addition to examining Ddc1 and Ddc2 localization in response to DNA

damage, I visualized localization of these proteins through out checkpoint adaptation.

Adaptation to checkpoint arrest and resumption of cell cycle progress occurs in budding

yeast cells 8-10 hours after cells have incurred an irreparable dsDNA break. Presumably,

adaptation is an attempt at cell survival despite the fact that prolonged DNA damage has

not been repaired. Therefore, I was interested in whether adaptation may result from a

downregulation of Ddc1 or Ddc2 proteins at damage sites. Alternatively, adaptation may

occur despite maintained signaling by these proteins.

When Ddc1-GFP foci were visualized over a time course of HO break induction,

these foci grew continually brighter and were present in essentially all cells throughout a

16 hour time course. All checkpoint-arrested cells adapted during this experiment, despite

the persistant localization of Ddc1 to the HO break site. Therefore, adaptation does not

result from a downregulation of Ddc1 at the level of its localization.

º

1)

º
101



Ddc2-GFP foci were monitored over the same time course of HO break induction

as for Ddc1-GFP foci. Though Ddc2-GFP foci increased in intensity through the first 6

hours of HO break induction, by 9 hours an increasing fraction of cells showed a

significant reduction in Ddc2 localization. At 16 hours, well after all cells had adapted,

approximately 50% of cells exhibited only dim Ddc2-GFP foci. Because these cells may

be re-arresting in multiple cell cycles, I was not able to determine in that experiment if all

cells had lost Ddc2-GFP foci as they adapted. However, these data are suggestive that

Ddc2 localization may be downregulated at late time points after HO break induction,

allowing adaptation to occur by de-activation of the checkpoint. Alternatively, Ddc2

GFP localization may be altered as a result of a change in cell cycle stage.

Experiments to determine whether Ddc2-GFP localization is a cause or

consequence of adaptation are possible. Cells can be artificially held in mitosis using

various cell cycle mutants, while Ddc2-GFP localization and the level of checkpoint

activity are monitored during an adaptation time course. If Ddc2 localization is

downregulated even while cells are artificially maintained in metaphase, then Ddc2

localization may indeed be driving adaptation.

Checkpoint proteins Rad24, Rad9 and RadS3 may localize transiently to DNA

damage

In addition to visualizing Ddc1 and Ddc2 to sites of damage, I examined the

localization of Rad24, Rad9 and RadS3 in response to DNA damage in order to

determine whether these factors may also be recruited. The pre-existing model in the

checkpoint field predicted that Rad24, because of its homology and association with

!.
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RFC, might catalyze loading of the PCNA-like Ddcl/Radl 7/Mec3 complex. Indeed, I

observed that Rad24 was required for recruitment of Ddc1, but not Ddc2, to damage

sites. In response to telomeric damage, Rad24-GFP formed weak foci in a fraction of

cells. Appearance of these foci did not require any of the other known checkpoint genes,

consistent with the model that Radž4 acts upstream or in parallel with these proteins.

Indeed, Rad24-GFP foci became more prominent in mec■ A and dde 1A mutants,

suggesting that Rad24 recruitment is stabilized in these cells.

I examined the localization of Rad!)-GFP in response to telomeric damage. Rad9

is thought to act as an adaptor protein that facilitates activation of the dowstream kinase

Radj3. Mec 1-dependent phosphorylation of Rad') is required for RadS3 activation.

Based on our Substrate Recruitment Model, we predicted that the Ddc1 complex might

recruit Rad9 to damage sites for phosphorylation by Mec 1. However, the localization of

Rado-GFP in response to DNA damage was more complicated. Though Rad9-GFP foci

appeared in a large fraction of cells, appearance of those foci depended only partially on

the presence of MEC1 or DDC1. Both of these genes are required for Rad9

phosphorylation in response to damage. Perhaps, Mec 1 and Ddc1 complexes both play a

role in Rad') recruitment; alternatively, the damage-dependent phosphorylation of Ddc1

by Mecl may promote Rad') recruitment by Ddc1.

Lastly, I examined RadS3-GFP localization in response to DNA damage. Based

on the known genetic requirements for Rad9-mediated activation of RadS3, we expected

that RadS3-GFP localization would require both the Mecl and Ddc1 complexes, as well

as Rad9. Indeed, RadS3-GFP foci were apparent in a significant fraction of damaged

cells; appearance of these foci required Rad9 and the Mec 1 and Ddc1 complexes.
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Aside from the more complex issue of Rad') damage-dependent localization, the

localization data for Rad24, Rad9, and RadS3 indicate that each of these proteins may

associate weakly or transiently with DNA damage. These observations are consistent

with the idea that these proteins are acting or being acted upon in a catalytic manner at

sites of DNA damage. Rad24 is most likely acting catalytically to load

Ddcl/Rad 17/Mec3 complexes, while Rad9 and Rads 3 proteins are likely recruited

transiently to damage sites to undergo phosphorylation and activation.

Multiple dsDNA breaks may co-localize during DNA repair

In an effort to correlate the number of break sites in a cell to the number of

checkpoint protein foci, I engineered several yeast strains that contain two HO cleavage

sites on different chromosomes, and at different positions on the chromosome arms.

Surprisingly, when the HO endonuclease was induced in these strains, the vast majority

of cells exhibited only a single focus of Ddc1-GFP localization. The fraction of cells

containing two or more foci was not significantly different from that observed in cells

containing only a single double-stranded DNA break.

These data are suggestive that multiple breaks co-localize into a common repair

center (a “repairosome”). Such a repair center may aid in the healing of DNA ends and

prevent “illicit” repair events with undamaged DNA. Certainly, the co-localization of the

two sides of break must be necessary during both non-homologous end-joining and

homologous recombination processes. RadS1, RadS2, Ku70/Ku80 and the

Mre 1 1/Xrs2/Rads0 complex are all candidates for performing this co-localization

function in DNA DSB repair. Alternatively, as yet uncharacterized proteins may be

'.
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involved. The 2X HO; Ddc1-GFP break strain described above may be a useful tool for º

examining the requirement for these proteins, or performing a screen in order to identify

the protein(s) required to bring broken chromosome ends together.

In conclusion, the ability to view localization of checkpoint proteins is useful and

informative in at least three ways:

(i) it has allowed us to identify the Sensor molecules in the checkpoint pathway,

(ii) it provides a live assay for checkpoint activation and the presence of multiple

types of DNA damage in cells, and

(iii) it can be used to identify the physical substrates recognized by the

Ddcl/Radl 7/Mec3 and Ddc2/Mecl checkpoint complexes.
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