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III. ABSTRACT 

Multiple checkpoint controls ensure that later 

cellular events are not initiated until previous 

cellular events have been successfully completed. Our 

laboratory studies the checkpoint at the G2/M boundary 

that ensures the integrity of chromosome transmission 

by blocking mitosis until DNA synthesis and repair is 

completed. The checkpoint-dependent cell division 

arrest is one of several prominent responses to DNA 

damage, which also includes transcriptional induction 

of damage-inducible genes and DNA repair. I undertook 

three projects that explore several aspects of the 

damage response: (1) 

checkpoint gene RAD24, 

I further characterized the 

in that I showed that RAD24 

function has G2 phase-specificity after damage and 

that RAD24 contributes to genomic stability; (2) I 

evaluated the nature of the damage signal from uv
irradiation that elicits a checkpoint-dependent cell 

cycle arrest; and (3) I established a transcriptional 

role for some of the checkpoint genes. In addition, I 

characterized a gene that encodes a novel elongation 

factor-type GTPase. 
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Upon examination of the checkpoint-dependent 

delay following UV-irradiation in a mutant defective 

for incision of pyrimidine dimers, I found that 

processing of DNA damage, i.e. dimer-incision, is 

necessary to generate an appropriate damage signal. 

Processing of damage may be a general property of the 

damage response and may involve the checkpoint 

proteins. 

I found that some checkpoint genes have an 

additional role in a complex transcriptional induction 

response to DNA damage. Primarily, I found: (i) mecl 

and mec2 mutants are defective for DNA damage

induction of the RNR3 gene, whereas the other 

checkpoint mutants appear to play less of a role; (ii) 

all the checkpoint mutants are proficient for 

transcriptional induction UBI4i (iii) rad17 mutants, 

and to a lesser degree mecl and mec2 mutants as well, 

are defective for damage-induction of DDR48; (v) 

transcription of the RAD17, RAD24 , MEG 1 , and MEG2 (but 

not the RAD9) checkpoint genes is damage-inducible and 

MEGI is required for the transcriptional induction of 

the MEGI and MEG2 genes, but not the RAD17 or RAD24 

genes. I suggest that their transcriptional function 

ties the checkpoint proteins to DNA repair, as damage-
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inducible transcriptional induction probably functions 

to augment repair. 
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IV. BACKGROUND 

INTRODUCTION 

In eukaryotic cells, three prominent responses to DNA 

damage are: checkpoint-dependent cell division arrest, 

transcriptional induction of damage-inducible genes, and DNA 

repair. The results described in this dissertation provide 

insight on several fronts into the budding yeast DNA damage

responsive checkpoint, which ensures the dependence of 

mitosis on the successful completion of DNA replication and 

repair. In particular, I have further characterized the 

checkpoint gene RAD24. I have also evaluated the nature of 

the damage signal from UV-irradiation that elicits a 

checkpoint-dependent cell cycle arrest. I have also 

established a heretofore unknown transcriptional role for 

some of the checkpoint genes. Finally, I have characterized 

a gene that encodes a novel elongation factor-type GTPase. 

Since many cell cycle regulatory proteins are conserved 

across species boundaries, insights learned in the budding 

yeast Saccharomyces cerevisiae (S. cerevisiae) are likely to 

pertain to higher eukaryotes. Budding yeast has advantages 

over higher eukaryotes as an experimental system because it 

is amenable to genetic as well as standard molecular 

biological and biochemical techniques. 

This chapter attempts to provide a cell cycle framework 

in which to place the results of my dissertation work. It 

contains a description of pertinent aspects of cell cycle 

checkpoints and the possible targets of checkpoint 

regulation, and why checkpoint regulation might be of general 

importance in eukaryotic systems. Further, I briefly 

describe some aspects of damage-inducible transcription and 

DNA repair. Recent data in our laboratory, some of which is 
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presented here, suggest that the checkpoint genes may have a 

role in repair as well as in checkpoint regulation. 
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CHECKPOINT REGULATION 

CHECKPOINT CONTROL IN BUDDING YEAST 

The eukaryotic cell cycle has been categorized into four 

phases, the gap phase before DNA replication (GI), the DNA 

synthesis phase (S), the gap phase after DNA replication 

(G2), and the division or mitotic phase (M) (FIGURE 4.1). 

8 
61 

62 

~ 
FIGURE 4.1. 

The budding yeast cell cycle: during Gl phase, characterized by an 
unbudded cell morphology, presumably materials necessary for DNA 
synthesis are prepared; during S phase the DNA is replicated and a 
small bud emerges; during G2, the bud grows and the nucleus migrates to 
the neck of the bud, while the cell prepares for chromosome segregation; 
and during M phase the replicated chromosomes are segregated to the 
mother and daughter cells and the cell divides. 
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This cycle may be controlled through a complex interplay 

between relative timing of events and checkpoint control 

(91). Checkpoint controls ensure the successful completion 

of previous steps before the initiation of later steps (47). 

To ensure the integrity of chromosomes prior to segregation, 

one cell cycle checkpoint blocks entry into M when DNA damage 

is present, presumably until DNA replication and repair are 

completed. 

DNA damage can be produced by X- or UV-radiation, or a 

chemical mutagen like MMS (methylmethane sulfonate, an 

alkylating agent). It may also result when DNA replication 

proceeds in the presence of dysfunctional replication enzymes 

brought about by mutations in replication genes (e.g., DNA 

Pol I/cdc17 mutants, DNA Pol III /cdc2 mutants, or DNA 

ligase/cdc9 mutants) or by treatment 

inhibi tory drugs such 

defective checkpoint 

following DNA damage, 

consequently die. 

as hydroxyurea 

regulation fail 

enter M with 

with DNA synthesis 

(HU) . Cells with 

to arrest in G2 

damaged DNA, and 

The first recognized example of a checkpoint gene is 

RAD9 in S. cerevisiae (137). rad9 mutants, originally 

identified by their radiation-sensitivity, fail to delay in 

G2 after damage and enter M with damaged chromosomes (137). 

Even in the absence of induced damage, rad9 mutants show 

increased chromosome instability (137). Temperature 

sensitive cell division cycle (cdc) mutants that are known or 

suspected to create DNA lesions at the restrictive 

temperature, fail to arrest in G2 in the absence of RAD9. 

However, the RAD9-checkpoint does not appear to be sensitive 

to events early in S phase, as rad9 mutants still arrest in 

the presence of HU, which arrests cells in early S (139). 

Therefore, RAD9 contributes to a late S/G2 phase checkpoint 
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and, recently, has been shown to play a role in a damage

responsive G1 phase checkpoint as well (118). 

In addition to RAD9, several other genes in budding 

yeast have been identified whose products are essential for 

cell division arrest at the late S/G2 - M border following 

DNA damage; these are MEC1, MEC2, MEC3, (MEC is for Mitosis 

Entry Checkpoint), and RAD17 and RAD24 (140) (TABLE 4.1 and 

4.2) . MEC 1 and MEC2 appear to operate in an S phase 

checkpoint as well as the late S/G2 phase checkpoint because, 

in the presence of the DNA synthesis inhibitor HU, mecl and 

mec2 mutants fail to arrest, whereas wild-type cells normally 

do arrest (140). Further, mutations in MECl or MEC2 are 

synthetically lethal with mutations in the thymidylate kinase 

gene (S phase-specific CDC8), indicating a genetic 

interaction between MECl or MEC2 and CDC8. 

TABLE 4.1. 

Summary of genetic and sequence analyses of the budding yeast checkpoint 
genes. 

GENE 

RAD9 

RAD17 

RAD24 

MEC3 

MECl 

MEC2 

PREDICTED 
BIOCHEMICAL 

FUNCTION ESSENTIAL? 

no 

exonuclease no 

some RF-C no 
similarity 

no 

lipid yes 
kinase 

protein yes 
kinase 

MUTANT 
SENSITIVE 

TO 
MMS OR UV? 

yes 

yes 

yes 

yes 

yes 

yes 

MUTANT 
SENSITIVE 

TO 
HU? 

no 

no 

no 

no 

yes 

yes 
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Analysis of the yeast checkpoint genes in our laboratory 

has led to the preliminary model shown in FIGURE 4.2. Entry 

into M is blocked in response to incomplete DNA replication 

and/or repair via overlapping S phase and G2 phase pathways 

Additional analyses are advancing our understanding of this 

checkpoint. 

S phase inhibition, 
stalled replication 
forks (HU) 

S phase checkpoint 

HECl and NEC2 

G2 cells with 
DNA damage 

'-.... 
'-----------~ 

G2 damage checkpoint 

RAD9, RADl 7, 
RAD24 and NEC 3 

NEC2 

S/G2 .. M 

FIGURE 4.2. 

Overlapping 5 and G2 phase checkpoints inhibit entry into M until DNA 
replication and repair are successfully completed. 

Additional genetic analyses revealed that MECl is 

essential (140), suggesting it functions in normal cell 

growth (TABLE 4.1). The Mec1p amino acid sequence contains a 

lipid kinase motif (T. Weinert, unpublished) and, in fact, 

the Mec1p functions as a lipid kinase in vitro (K. Wong and 

R. Gardner, unpublished) (TABLE 4 .1). The role of a lipid 

kinase in the checkpoint network or cell growth is unclear. 
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MEC2 is also an essential gene (140) and has been 

independently isolated by others as RAD53 and SPKl (124) 

(TABLE 4.1). Spk1p was biochemically characterized as a 

ser/thr/tyr protein kinase in vitro (150) that phosphorylates 

the replication protein RPA in vitro (151) (TABLE 4.1). 

Furthermore, the MEC2 gene is cell cycle-regulated by the 

MluI cell cycle box (MCB) in its promotor as are many genes 

involved in DNA synthesis (150) and S. Kim, unpublished). 

Perhaps a role for MEC2 in DNA synthesis itself accounts for 

the fact that it is essential. 

The predicted Rad17p shows amino acid sequence 

similarity of about 40% - 50% to the mold Ustilago maydis 

Rec1 exonuclease (D. Lydall, unpublished; TABLE 4.1). I 

discuss in Chapter VI that processing DNA damage may be 

necessary to generate an appropriate damage signal for 

checkpoint-mediated cell cycle arrest. RAD17 may then supply 

an exonuclease activity for damage processing. 

In addition to Rec1, the fission yeast checkpoint gene 

product Rad1 + also appears to be a sequence homolog of 

budding yeast Rad17p (D. Lydall, unpublished). Similarly, 

the budding yeast predicted Rad24p appears to have a sequence 

homolog in fission yeast, Rad17+ (T. Weinert and D. Lydall, 

unpublished). Therefore, at least some of the components of 

the damage responsive checkpoint are conserved over wide 

species boundaries. 

Rad24p is now suggested 

associated with DNA synthesis. 

exacerbates mutations in CDC2 

to interact with prote ins 

Overexpression of RAD24 

(encoding DNA Pol I I I) and 

CDC44 (encoding an RF-C subunit that interacts with PCNA, a 

processivity factor for DNA polymerase delta (78» (D. 

Lydall, unpublished). Therefore, a checkpoint gene product 

might be intimately associated with DNA and involved in DNA 

metabolic processes. 
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Genetic analysis of rad9~, rad17~, rad24~, and mec3~ 

null mutantsL\ has indicated that RAD9 is in a separate 

epistasis group from RAD17, RAD24, or 

sensitivity (D. Lydall, unpublished). 

mutants are equally and completely 

MEC3 for UV- or MMS

Since all the gene 

defective for the 

checkpoint, we currently hypothesize that these two epistatic 

groups define two separate repair pathways. 

Table 4.2. 

Known genetic components of DNA damage-responsive checkpoints. 

CHECK~QINI 

Gl PHASE S PHASE G2 PHASE ORGANISM Reference 

MEC1, MEC2, 
RAD9* MEC1, MEC2 RAD9, RAD17, budding 1 

RAD24, MEC3 yeast 

radl+*, rad3+, radl+, rad3+, 
rad9+, rad17+, rad9+, rad17+, fission 2 
rad26+, husl+ rad26+, husl+, yeast 

rad27+lchkl+ 

p53 mammals 3 

1 = (118, 137, 139, 140) 
2 = (2, 3, 9, 31, 108, 133) 
3 (59, 65) 

L\ The symbol 'd' is used is this document to describe a null allele or 
deletion of a particular gene. 
* In budding yeast, a wild-type gene name is written with all uppercase 
italicized letters, whereas a mutant gene name is written with lowercase 
italicized letters. The protein product is written with the first 
letter of the gene name capitalized with a small letter 'pI as a suffix. 
In fission yeast, both the wild-type and the mutant gene names use 
lowercase italicized letters. A wild-type gene is marked by the 
addition of a plus sign. The protein product in fission yeast is 
written like the wild-type gene except it is not italicized. 
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CHECKPOINT CONTROL IN OTHER SYSTEMS 

Schizosaccharomyces pombe (S. pombe) radiation-sensitive 

(rad) mutants were analyzed for a checkpoint-like G2 delay 

following DNA damage and new mutants of like-phenotype (hus 

mutants) were found and analyzed. A subset of these genes 

(radl+, rad3+, rad9+, rad17+, rad26+, and husl+) define a DNA 

damage-respons i ve G2 checkpoint that is analogous to the 

checkpoint defined in budding yeast by the HU-sensitive MECl 

and MEC2 genes (2, 3, 9, 31, 108) (FIGURE 4.2). Another 

fission yeast checkpoint gene, rad27+/chkl+, may be more like 

the budding yeast RAD9 gene; it is part of the G2-specific 

checkpoint that arrests cell division due to unrepaired DNA 

lesions, not early replication defects (TABLE 4.2). (Chkl 

mutants are sensitive to a cdc17 (DNA ligase) mutation, 

sensitive to UV-irradiation, yet insensitive to transient 

exposure to HU (3, 133». 

In mammalian cells, p53 is part of a G1 phase damage 

checkpoint (TABLE 4.2). p53-mutant cells fail to arrest in 

Gl in response to damage (59) and, upon addition of wild-type 

p53 to p53-mutant cells, they regain their ability to arrest 

in G1 (65). p53 may be having its effect by influencing a 

cyclin/cyclin-dependent kinase (CDK) complex (discussed in 

the next section). 
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CELL CYCLE 

An attractive hypothesis is that checkpoint proteins are 

acting on a few major target proteins to stop the cell cycle 

when there are damaged chromosomes. Over the past several 

years, a framework for eukaryotic cell cycle control has been 

established with a few highly conserved proteins serving as 

the foundation. These are p34Cdc2+ICDC28t kinase and its 

regulators, cyclins, Wee1+, Cdc25+/Mih1p, and cyclin

dependent inhibitors (CKls). Any of these cell cycle 

regulators may be targets of the checkpoint gene products in 

cell division arrest. 

The p34cdc2+ICDC28/cyclin serine/threonine kinase complex 

was originally identified as the Mitosis-Promoting-Factor or 

Maturation-Promoting-Factor (MPF), a factor required for the 

G2 to M transition. The p34Cdc2+ICDC28 phosphoprotein 

associates with one of a class of proteins called cyclins 

(20, 67, 70, 89), which were named for the fact that their 

protein levels oscillate in a cell cycle-dependent manner 

(54). Upon activation of p34cdc2+ICDC28, many substrates are 

phosphorylated in vitro, including the budding yeast 

transcription factor SwiSp (84) and, in other eukaryotes, 

cytoskeletal elements lamin (16) ; Enoch, 1991 #138] and 

vimentin (14) , which are thought to play a role in nuclear 

envelope structure. Entry into M is induced by this kinase, 

initiating a cascade of events such as spindle assembly, 

chromosome condensation, and nuclear envelope breakdown (71, 

89). Thus, as a necessary inducer for entry into mitosis, 

p34 cdc2+lcDC28 is a possible target of the checkpoint 

regulation that delays entry into M after DNA damage. In 

tp34Cdc2+ICDC28 is thus denoted because the 34 kD protein is encoded by 
the cdc2+ gene in fission yeast (8) and by the CDC28 gene in budding 
yeast. It is now considered a member of the cyclin-dependent kinase 
(CDR) family of proteins. 
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addition to its G2 to M role, p34Cdc2+ICDC28 kinase is required 

in yeast for the transition from G1 to S (10, 36, 97, 102) 

and may play a role in checkpoint function at this transition 

as well. 

Although not identified in budding yeast, there are 

numerous p34Cdc2+ICDC28-like kinases called cyclin-dependent 

kinases (CDKs) that operate in specific phases of the cell 

cycle in higher eukaryotes (for review see Pines, 1994 

(103». These other CDKs expand the regulatory possibilities 

in those organisms that have them. 

If not targeting p34cdc2+ICDC28 directly, the checkpoint 

regulation may target p34Cdc2+ICDC28 indirectly through its 

regulators. The p34Cdc2+ICDC28 kinase can be regulated by 

several mechanisms: (i) association with different cyclins; 

(ii) phosphorylation by Wee1+ kinase; (iii) dephosphorylation 

by Cdc25+ phosphatase; (iv) association with cyclin-dependent 

kinase inhibitors; or (v) by an as yet unidentified means. 

Studies have shown that cyclins are a large family of 

proteins whose association with cyclin-dependent kinases 

(CDKs) like p34cdc2+ICDC28 also oscillates with the cell cycle. 

In budding yeast, G1-specific versus G2-specific cyclins 

associate differentially with p34Cdc2+ICDC28 in the specific 

phases. Different cyclin classes, defined on general 

regional sequence similarities and by mutant analysis (54), 

may allow for differential substrate specificity of the CDK. 

Degradation of cyclins inactivates MPF and is necessary for 

exit from M (92), though not the metaphase/anaphase 

transition (126). Since cyclin association is required to 

activate p34Cdc2+ICDC28 , a cyclin itself may act as the target 

for checkpoint regulation. 
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Regulatory network of the cyclin-dependent kinase (CDK) p34cdc2f/CDC28. 
Weel+ and Mikl+ are known inhibitors of this CDK. Though not identified 
for p34Cdc2f/CDC28, other CDKs can be negatively regulated by cyclin
dependent kinase inhibitors (CKIs). Cdc2S+ acts to dephosphorylate 
p34Cdc2f/CDC28 to activate the kinase. A CDK can be further regulated 
by association with different cyclins. 

In addition to regulation by using different cyclins, 

p34Cdc2+/CDC28 is regulated by differential phosphorylation. 

It is possible then that proteins that affect the 

phosphorylation state of this CDK may be acted upon by the 

checkpoint network. p34Cdc2f/CDC28 undergoes an obligatory 

series of ordered phosphorylation and dephosphorylation 

events to be activated in S. pombe (39, 41) (as well as in 

Xenopus (21) and mammals (18, 85». In S. pombe, for 

example, p34Cdc2f/CDC28 is phosphorylated on Tyr15 by the wee1+ 

kinase (100), in cooperation with the Mik1 + kinase, then 
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Thr 161 is phosphorylated. The Cdc2S+ phosphatase then 

dephosphorylates Tyr1S to activate MPF. Thus, Wee1 + and 

Mik1 + act as negative regulators of p34Cdc2+ICDC28 and Cdc2S+ 

acts as a positive regulator (FIGURE 4.3). In addition, 

Wee1+ is under negative regulation by Nim1+ phosphorylation 

(34, 72). (Phosphorylation of Wee1 + by another, as yet 

unidentified kinase has also been seen in Xenopus (127) 

(FIGURE 4.3). 

Both p34Cdc2+ICDC28 and the cyclin class of proteins have 

been found in all eukaryotic organisms examined (87). 

Further, Xenopus and mammalian sequence homologs of 

p34Cdc2+ICDC28, cyclins, and Cdc2S+ proteins have been shown to 

be functionally analogous to those in S. pombe (40). 

Therefore, cell cycle regulatory molecules are conserved 

across wide species boundaries. The relative importance of 

anyone member of the CDK regulatory network however may 

reflect species differences and is important when considering 

a likely checkpoint target. 

An alternative to phosphorylation regulation of the CDK

cyclin kinase, and thus another possible checkpoint target, 

has been identified in mammalian cells and budding yeast -

cyclin-dependent kinase inhibitors (CKls). As their name 

implies, CKIs bind to a variety of specific CDKs and inhibit 

their kinase activities (see reviews in Nasmyth, 1993 (93) 

and Pines, 1994 (103». In budding yeast, Far1p, responding 

to the mating pheromone-signal for cell cycle arrest, acts as 

a direct p34cdc2+ICDC28 inhibitor (101). p34Cdc~+ICDC28 is also 

inhibited in vitro by p40 (83). One CKI in human cells, p21, 

binds several cyclin/CDK complexes (142). Notably, p21 is 

transcriptionally regulated by the mammalian checkpoint 

protein pS3; therefore, this CKI indirectly links a 

checkpoint gene transcriptional function with CDK regulation. 

This idea will be further discussed in the context of 

transcription later in this chapter. 
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The supporting evidence for the Tyr-phosphorylation of 

p34Cdc2+/CDC28 as a possible checkpoint target is two-fold. 

First in S. pombe, the Tyr-dephosphorylation activates 

p3 4 cdc2+/CDC28 and is necessary for the G2 to M transition 

(41) . Similarly, in Drosophila melanogaster (D. 

melanogaster) development, the entry into M following the 

first 13 syncitial divisions is tightly controlled by Cdc25+ 

phosphatase (encoded by string in D. melanogaster). Thus, 

the string-mediated dephosphorylation of p34cdc2+/CDC28 is the 

major regulator of entry into M at this developmental stage 

(25) . Secondly, in fission yeast some mutants of 

p3 4 cdc2+/ CDC28 and it s regulators display checkpoint-like 

defects. For example, cdc2 mutants that bypass Cdc2S+ 

activation will enter M in the presence of incompletely 

replicated DNA (using the DNA synthesis inhibitor HU) (32, 

110, 116). Cdc25+ overexpression likewise causes cells to 

arrest in response to HU-treatment (32). Finally, weel 

mutants have a complex phenotype in that they fail to arrest 

in G2 following exposure to low doses of X-radiation (107), 

but do arrest with high doses (2). These observations 

support the notion that checkpoints may arrest cell division 

by acting on p34cdc2+/CDC28 through its phosphorylation 

regulators in fission yeast. 

The regulation by phosphorylation however is not the 

whole story elsewhere. In the mold Aspergillus nidulans (A. 

nidulans), activation of p34Cdc2+/CDC28 kinase is not 

sufficient, though it is required for entry into M and is 

regulated by at least cyclin and Cdc2S+ homologs (encoded by 

nimE and nimT, respectively) (86). A second kinase activity 

provided by the wild-type nimA product is also required for 

the G2 to M transition (98). The NIMA kinase inhibits BIME, 

which in turn inhibits cell cycle progression into M (86). 

In the budding yeast S. cerevisiae, transition into S or 

M also requires p34cdc2+/CDC28 (8), G1 or G2 cyclins (encoded 
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by CLN or CLB genes, respectively) (54), and can be 

influenced by homologs of Cdc25+ (encoded by MIH1) or Wee1+. 

Strikingly, the significance of the Mihlp-mediated 

dephosphorylation in budding yeast is not known. Unlike S. 

pombe and like A. nidulans, in budding yeast, p34Cdc2+ICDC28 

can be found in the activated, dephosphorylated-form, yet 

entry into M remains blocked (125). Further, a mutation of 

the Tyr15 residue to a non-phosphorylatable residue has no 

dramatic phenotype (123). Therefore, the checkpoint here is 

not mediated through the p34Cdc2+ICDC28-dephosphorylation. 

Although A. nidulans (98), S. pombe (41), S. cerevisiae 

(123), Xenopus (122), D. melanogaster (25), chicken (64), and 

human (19) cells share the differential phosphorylation of 

the Tyr15-analogous residue of p34Cdc2+ICDC28, not all seem to 

regulate entry into M through a dephosphorylation of this 

residue. Thus, in at least some systems, p34Cdc2+ICDC28 is 

probably not the sole target for checkpoint regulation. 
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CELL CYCLE, CHECKPOINTS, AND CANCER 

Until recently, genomic instability, characterized by 

both DNA point mutations and chromosomal mutations (e. g. , 

translocations, chromosome loss, gene amplification, and 

large deletions or insertions) was thought to be the result 

of cancer. However, today, genomic instability has been 

implicated in the origin of cancer (45). In support of this 

notion are the observations that chromosomal aneuploidy is 

associated with most cancers and the severity of some cancers 

is correlated to the degree of aneuploidy (44, 136). Tumor 

progression can be affected by mutations that cause abnormal 

growth directly, like N-ras oncogenic mutations in human 

neuroblastoma (135). An increase in the rate at which these 

kinds of mutations arise might also affect tumor progression; 

therefore, mutations in systems that provide for genetic 

stability may contribute to cancer progression. 

Defective checkpoints are correlated with the presence 

of genomic instability and cancer. For example, wild-type 

p53 is a component of a damage-sensitive G1/S phase 

checkpoint (60) in humans and p53 mutations are the most 

common cancer-associated mutations (51). Cells defective for 

p53 show an increase is genomic instability, with increased 

rates of gene amplification and other chromosomal mutations 

(51, 69, 136). In budding yeast, mutations in RAD9 also lead 

to increased chromosome loss, thus decreased genetic 

stabili ty (137). In these ways, a link bet ween the 

checkpoint regulatory mechanisms that affect cell cycle also 

affect cancer progression. This point emphasizes the 

importance of understanding checkpoint regulation. 
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DNA DAMAGE REPAIR AND DAMAGE-INDOCIBLE TRANSCRIPTION 

DNA damage brings about three prominent responses in S. 

cerevisiae: checkpoint-mediated arrest in late S/G2 phase, 

repair of the DNA damage, and induction of DNA damage

responsive genes. Do the checkpoint genes play a role in 

more than one of these damage responses? As discussed in the 

section on checkpoint regulation in this chapter, our 

laboratory has genetic evidence that the checkpoint genes may 

play a role in DNA repair in addition to their checkpoint 

function (D. Lydall, unpublished). Furthermore, the results 

of the transcriptional analysis presented in this 

dissertation show that some checkpoint genes also function in 

damage-inducible transcriptional induction, which itself is 

probably a cellular mechanism to augment DNA repair. 

In this section, I will briefly describe some aspects of 

DNA repair and attempt to make a case for a mechanistic 

relationship between cell cycle arrest, repair, and 

transcriptional induction. Since there is precedence for 

involvement of one molecule in more than one of these 

responses, I will argue that the biochemical nature of the 

checkpoint gene products might also allow them to function in 

more than the checkpoint arrest response. 

Although DNA repair is a complex topic, a few small 

examples illustrate some important points. The DNA damaging 

agents UV-, or X-radiation, and cdc13 defects t cause three 

different types of DNA damage (FIGURE 4.4). UV-irradiation 

causes cyclobutane pyrimidine dimers in DNA (among other 

damage lesions) (1, 37), and in budding yeast, a subset of 

repair proteins is necessary for repair of these lesions. 

For example, a complex containing Rad1p is required for 

t CDC13 is required for the proper synthesis of chromosomal telomeric 
regions (8. Garvie and L. Hartwell, pers. comm.). cdc13 defects 
accumulate single-stranded DNA at the restrictive temperature. 
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incision of the UV-induced dimer, allowing for the subsequent 

repair processes (130) (FIGURE 4.4). Repair of the double

stranded DNA breaks from X-radiation does not require RADl 

but does require another subset of repair genes, including 

RAD54 (37) (FIGURE 4.4). Similarly, damage incurred when DNA 

replication proceeds in the absence of wild-type CDC13, is 

repaired independently of RADl or RAD54 (FIGURE 4.4) and 

probably also involves a specific subset of repair proteins. 

These examples illustrate two important points. First, 

if checkpoint genes do have repair functions, that function 

may be either a general damage repair function or a lesion

specific repair function. For example, the incision function 

Rad1p performs after UV-irradiation is not necessary for 

repair of X-radiation-induced damage. However, DNA synthesis 

proteins like PCNA*, RF-C' or DNA polymerase delta are 

common to repair of both UV- and X-radiation-induced damage 

(1, 37). The extent to which anyone checkpoint mutation 

affects sensitivity to a specific damaging agent may then 

give us insight into the biochemical function of that 

checkpoint gene product. Secondarily, since different 

damaging agents produce lesions that can be fundamentally 

different, it is reasonable that the damage-inducible 

transcriptional response might also reflect the type of 

lesion. This point may be important later in the discussion 

of my transcription study results. 

* Proliferating cell nuclear antigen or PCNA is a processivity factor 
for DNA Pol delta. 
S Replication factor C or RF-C is a multi-subunit factor necessary for 
replication. 
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Three damaging agents generate different DNA lesions that require both 
unique and common proteins for repair. 
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Transcriptional induction of certain genes following DNA 

damage or cell stress in eukaryotic cells has been well 

described in S. cerevisiae and probably serves to augment 

repair. Damage-inducible genes have been identified on the 

basis of increased transcription following DNA damage (79, 

109) . Although the function of many of these genes is 

unknown, some encode proteins known to be involved in DNA 

metabolism and repair, such as: RAD2 (excision repair) (106), 

RAD54 (recombinational repair) (15), UBI4 (protein 

degradation) (131), CDC9 (DNA ligase) (57), CDC8 (thymidylate 

kinase), RNR2 (small subunit of ribonucleotide reductase) 

(27-29), and RNR3/DINl (large subunit of ribonucleotide 

reductase) (28). 

As mentioned above, damage-inducible genes can be 

differentially induced by different cellular conditions; uv
irradiation, MMS-treatment, cellular heat shock, cellular 

growth in high cell density, or even phase of the cell cycle 

may affect the levels of transcriptional induction of some 

genes. Three genes in S. cerevisiae, RNR3/DIN1, UBI4, and 

DDR48, illustrate this differential induction phenomenon and 

were used in my transcription study. 

RNR3/DIN1, which encodes a redundant large subunit of 

ribonucleotide reductase, is transcriptionally induced to a 

relatively high level by various damaging agents, such as UV

irradiation and MMS-treatment; however, it is not inducible 

by heat shock and has a low basal expression level (80, 109). 

On the other hand, DDR48 (which encodes a protein of unknown 

function) is transcriptionally inducible by various damaging 

agent s (75, 80) and also by thermal stress (63). The 

polyubiquitin gene, UBI4, is also transcriptionally inducible 

by DNA damage and heat shock, as well as high cell density 

(10 8 cells/ml) (131). Thus, the transcriptional induction 
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response to damage is complex for reasons that remain 

unknown. 

The checkpoint genes may function in several responses 

to damage. The protein p53 links transcriptional induction 

and cell cycle regulation because it is a G1 phase checkpoint 

component and it directly induces the gene encoding WAF1/p21, 

an inhibitor of cyclin-dependent kinase activity (a CKI) 

(26) . Induction of p21 transcription might be important 

because there is a correlation between the absence of p21 and 

the loss of growth control. In normal human cell lines, p21 

is found in a quaternary complex of cyclin, PCNA and a CDK 

(143, 149). However, in fibroblasts transformed by various 

DNA tumor viruses or in the p53-deficient cells (from cancer-

prone Li-Fraumeni patients), p21 is no longer associated with 

this complex (144). Further, GADD45, whose transcriptional 

induction after DNA damage is also p53-mediated, acts 

synergistically with GADD153/CHOP, a C/EBP family 

transcription factor, in inducing growth arrest following DNA 

damage (7, 60, 148). Notably, GADD45 also binds to PCNA. 

Despite this connection between the p53 checkpoint protein 

and transcriptional induction in mammals, the connection at 

the G2 checkpoint in budding yeast is unclear. The G2 damage 

checkpoint does not require new protein synthesis (138); 

therefore, transcriptional induction does not seem to play a 

direct role in checkpoint-mediated cell cycle arrest. A 

damage-dependent, transcriptional induction function for the 

yeast checkpoint genes may be important because of a 

transcriptional role in DNA repair. 

There is precedence for proteins to function in both 

transcription and repair in eukaryotes. In humans, the p89 

and p80 subunits of the transcription factor TFIIH (BTF2) are 

encoded by ERCC-3 and ERCC-2, respectively, both genes 

previously associated with DNA repair (113, 132, 134). The 

p44 and p34 subunits of TFIIH share homology with the yeast 
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repair protein Ssllp (53, 147). In yeast, Rad54p and Rad16p, 

two molecules involved in repair, share sequence similarity 

with Snf2p/Swi2p, a transcriptional activator of several 

genes. These proteins contain helicase domains similar to 

those in Rad3p, an excision repair component (115); Rad3p and 

Ss12p (a yeast ERCC-3 homolog) are found as part of a 

transcription factor complex (17, 42). A common biochemical 

activity may thus link two cellular processes. We might find 

that a checkpoint gene product may also function in several 

damage responses. 
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V. RAD24, A G2 CHECKPOINT GENE 

INTRODUCTION 

RAD24 was originally isolated as a radiation sensitive 

mutant (originally named RSl and now called rad24-1) and 

placed in both the RAD3 excision repair and the RAD 5 2 

recombinational repair epistasis groups (24). It is 

sensitive to many damaging agents, including X- and UV

radiation and MMS (24). Since the rad24-1 cdc13-1 double 

mutant fails to arrest in G2 at temperatures where 

temperature sensitive cdc13-1 single mutant arrests, RAD24 is 

also classified as a checkpoint gene (see below and Appendix 

B) • 

In this chapter, I first summarize the published paper, 

which I co-authored, in which RAD24 was initially 

characterized, then I present unpublished data pertaining to 

RAD24. 

SUMMARY OF PUBLISHED PAPER 

The paper entitled, "Mitotic Checkpoint Genes in Budding 

Yeast and the Dependence of Mitosis on DNA Replication and 

Repair" (Appendix B), describes the isolation and 

characterization of four additional checkpoint genes: RAD24, 

MEC1, MEC2, and MEC3 (MEC is for mitosis entry checkpoint) . 

My major contributions to this paper were to perform the 

analysis of the cdc rad24-1 double mutants to test the phase 

specificity of RAD24 and to assist in the preparation of the 

written text. 

The checkpoint genes RAD9 and RAD17 were descr ibed 

previously (137-139). Additional checkpoint mutants were 

identified in a similar screen that relied on the fact that, 
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at the restrictive temperature, cell division cycle cdc13-1 

mutants arrest in G2, yet cdc13-1 checkpoint double mutants 

fail to arrest (138). To understand the cell cycle role of 

the checkpoint genes, the response of the rad or mec mutants 

to different damaging agents was examined and their genetic 

interaction with several cdc mutants was evaluated. cdc 

mutants were initially defined by the fact that they 

terminally arrest at distinct points in the cell cycle above 

characteristic maximum permissive temperatures (46). If 

RAD24, for example, is involved in the arrest due to a 

specific defective cdc gene product, then one might expect 

that the characteristics of the cdc mutant would be affected 

in a rad24-1 background. I saw that the rad24-1 mutation 

affects the cdc mutants that arrest in G2 phase, but not 

those that arrest in S or G1 phases. This supports a G2 

phase-specificity for RAD24 function. My results of the cdc 

rad24-1 double mutant analysis are presented within the whole 

of the published paper in which we concluded that the 

checkpoint facilitates cell division arrest in response to 

incomplete DNA replication and/or DNA repair via overlapping 

S-phase and G2-phase pathways (Appendix B) . 
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ADDITIONAL OBSERVATIONS OF rad24-l 

RAD24 GENE MAPPING 

As described previously (24, 121), RAD24 is linked to 

RAD3 on the distal end of chromosome V. I confirmed this 

linkage, showing that the rad24-1 mutation and the rad3-2 

mutation are tightly linked; 24 of 24 tetrads generated from 

sporulating a rad24-1 rad3-2 double mutant strain were 

parental ditypes. However, rad3-2 and rad24-1 are not 

allelic, since the rad24-1 UV-sensitivity is not complemented 

by RAD3 expressed from a high copy (2~) plasmid. To clone 

RAD24, I then tested complementation of the rad24-1 UV

sensitivity by several integrating plasmids containing yeast 

genomic sequences surrounding RAD3 (gift from the W. Fangman 

laboratory). When I integrated one of these, pR151, into the 

rad24-1 mutant genome, the UV- and MMS-sensitivities were 

complemented. In addition, upon transformation with the 

pR151 plasmid, the cdc13-1 rad24-1 double mutant regains the 

cdc13 G2 arrest at the restrictive temperature. The RAD24 

gene was subsequently cloned from this plasmid by others (T. 

Weinert, unpublished). 

MBC SUPPRESSION OF rad24-1 UV-SENSITIVITY 

Since rad24-1 mutants have low cell viability after DNA 

damage, RAD24 may be important for repair or for appropriate 

cell cycle timing. To distinguish between a role for RAD24 

in the timing of cell cycle progression from an essential 

role in DNA repair, I looked at the UV-sensitivity of rad24-1 

mutants that were artificially held in G2 phase after UV

irradiation. Cells with a mutation in a gene involved 

directly in repair should remain unable to repair damage and 

thus remain UV-sensitive. However, I found the UV

sensitivity of the rad24-1 mutant was suppressed by 

transient treatment with MBC (a microtubule inhibitor that 
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blocks cell cycle progression at the G2/M phase border). The 

cell viability of MBC-arrested rad24-1 mutants subjected to a 

four hour, post-UV hold in G2 was 61±2 %; whereas, those 

without the four hour, post-UV G2 hold had a cell viability 

of 28±2%. (RAD24 control strains had cell viabilities of 

73±1% with the G2-hold and of 78±4% without the G2-hold.) 

Thus, with additional repair time (provided by a transient 

MBC-block), the cell presumably has time to use a less 

efficient or auxiliary mechanism to repair DNA damage and, 

therefore, resumes cycling with relatively high cell 

viability. These results are consistent with a model in 

which RAD24 is not essential for DNA repair. Rather, Rad24p 

may be involved in a redundant repair pathway or directly 

involved in the timing of cell cycle progression. 

MITOTIC CHROMOSOME LOSS IN rad24-1 MUTANTS 

Presumably, increases in chromosome instability lead to 

the low cell viability of checkpoint mutants after damage. 

That is, cells with DNA damage fail to delay to repair that 

damage, enter mitosis with DNA lesions and consequently die. 

Chromosome loss is one kind of chromosome instability and, 

even in the absence of induced damage, rad9 mutants have an 

increase in mitotic chromosome loss (138). Therefore, I 

analyzed the frequency of chromosome loss in rad24-1 mutants 

using the mitotic chromosome loss assay described in the 

Methods and Materials. 

'l'ABLE 5.1. 

rad24-1 mutants have increased rates of both chromosome loss and other 
types of genomic instability. The frequency of chromosome loss in the 
strain to be tested is the number of His+Leu- diploids divided by the 
number of viable cells. Other events (partial loss of chromosome II I 
from the experimental strain, gene conversion of the leu2 allele to 
wildtype, a mutation in MATa that yields a functionally MATa cell, and 
loss of the tester chromosome III with the MATa information) are 
represented in the number of HIS+LEU+ diploids. The strains used in 
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these experiments were congenic with A364a and are noted in Materials 
and Methods. Each experiment represents the results of ten independent 
cultures done in duplicate for each strain. 

Number of Chromosome Loss Number of Other 

Events X lO-S/Cell Events X lO-S/Cell 

Trial RAD24 rad24-1 RAD24 rad24-1 

1 1.4 ±0.2 3.5 ±1.4 0.87 ±0.4 2.7 ±0.7 

2 0.85 ±0.01 4.4 ±0.8 0.43 ±0.01 2.6 ±0.6 

3 0.82 ±0.09 4.5 ±0.9 0.40 ±0.07 2.5 ±0.3 

4 0.78 ±0.06 4.5 ±0.5 0.41 ±0.07 2.7 ±0.2 

rad24-1 mutants have an approximate five-fold increase 

in the rate of chromosome loss and a similar increase in the 

rate of other mutational events (TABLE 5.1). Using a 

different assay, others showed that rad9 checkpoint mutants 

have a 7- to 21-fold increase in mitotic chromosome loss 

without a similar increase in other mutational events (138). 

Therefore, RAD24 and RAD9 appear to contribute to genomic 

stability in normal cell cycle progression, though perhaps by 

different mechanisms. Since genomic instability is thought 

to contribute to the progression of cancer, these 

observations suggest that checkpoints also contribute to the 

progression of cancer. Recall that mutations in the 

mammalian p53 checkpoint gene, which occur in the majority of 

human tumors (136), are also associated with increases in 

genomic instability, particularly increases in gene 

amplification (69) and chrc::;:nosome loss (146). 
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BRIEF SUMMARY 

From these studies on RAD24, we now know that RAD24 is 

tightly linked to RAD3 on chromosome V and is required for G2 

phase-specific checkpoint-mediated cell division arrest after 

DNA damage. I also presented evidence that RAD24 function is 

not essential for the DNA repair process, rather it may be 

involved in setting cell cycle timing or in increasing repair 

efficiency in a way we do not yet understand. 

RAD24 is not essential, but I did find that it 

contributes to genomic stability during normal cell growth. 

Thus, a timing model has to assume that most but not all DNA 

damage is repaired within a 'default' cell cycle time. In 

this model, rad24 mutants without induced damage would enter 

M with some chromosomal mutations; however, sufficient DNA is 

repaired so that general cell viability is not affected. 

Additional damage may require the induction of additional 

repair time and that induction might be RAD24-dependent. 

Other unpublished data (see Background Chapter) suggests 

that the Rad24p interacts with DNA replication proteins. The 

relationship between a replication function and an intrinsic 

cell cycle timing function remains unclear and awaits further 

biochemical and genetic analysis. 
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METHODS AND MATERIALS 

YEAST AND BACTERIAL STRAINS 

All strains are congenic with A364a, except GKY909-4-3 

(MATa rad24-1 his7 trpl ura3), a three-times backcross into 

A364a from KKS255 (rad24-1 strain described in (140», and 
GKY910 (MATa/MATa rad3-2/+ +/rad24-1 his3/+ +/his7 trpl/trpl 

ura3/ura3), which is GKY909-4-3 crossed to a rad3-2 strain of 

unknown genetic background (41-1a from Berkeley Stock 

Center) . Yeast media and genetic methods were standard 

(117). Plasmids were introduced in yeast cells by lithium 

acetate transformation (114). All plasmids were propagated 
in the bacterial strain DH5a using standard methods (5). 

DETERMINATION OF CELL VIABILITY 

Cells exposed to various mutagens were streaked for 

single cells onto rich media agar plates and the percentage 

of cells (out of at least 100) that formed microcolonies of 

about 50 cell bodies or more after about 24 hours at 23°C was 

determined. 

MBC SUPPRESSION 

Mid-log cells (rad24-1, GKY909-4-3; RAD24, TWY397 (MATa 

his7 leu2 trpl ura3» were arrested in G2 phase by a three 

hour incubation in 100ug/ml of the microtubule inhibitor 

methyl benzimadazol-2yl-carbamate, MBC (Sigma; diluted in 

rich YEPD media from a 10mg/ml stock in DMSO). The 

synchronized cells were plated on rich media agar plates, uv
irradiated at 60J/m2 and washed into liquid culture with rich 

media, with or without MBC. Cultures were maintained (± MBC) 

for an additional four hours at 23°C, at which time the cell 

viability was assessed as described above. 
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MITOTIC CHROMOSOME LOSS ASSAY 

The mitotic chromosome loss was measured as described by 
others (88). Haploid MAT<X LEU2 HIS3 his7 strains (RAD, 

GKY912-7-1i rad24-1, GKY912-2-1), whose chromosome loss rate 

was to be determined, were mated to a haploid tester strain 
TWY7859-2-2, MAT<X leu2 his3 HIS7. Cells from these strains 

can only mate if one of the two strains loses its copy of 
MAT<x, thus becomes a-mating. Quantitative mating was 

performed as previously described (22). Diploids were 

selected on medium without histidine, then replica-plated to 

medium without histidine and leucine. The frequency of 

chromosome loss in the experimental strains is the number of 

His+Leu- diploids divided by the number of viable cells. 

Other events, which include partial loss of chromosome III 

from the experimental strain, gene conversion of the leu2 

allele to wildtype, a mutation in MAT<X that yields a 

functionally MATa cell, and loss of the tester chromosome III 
with the MAT<X information, are represented in the number of 

His+Leu+ diploids. 
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VI. THE NATURE OF DNA DAMAGE SIGNAL 

INTRODUCTION 

Following DNA damage in eukaryotes, cell cycle arrest in 

late S/G2 phase requires the G2 checkpoint, which requires at 

least the RAD9, RAD17, RAD24, MEC3, MECl and MEC2 genes (137, 

139, 140). The checkpoint is responsive to damage produced 

by X- and UV-irradiation and DNA damage produced by defects 

in DNA metabolic enzymes like Cdc9p (DNA ligase) and Cdc2p 

(DNA polymerase III) (137-140). These observations suggest 

that checkpoint-mediated arrest is induced by DNA breaks, 

albeit of unknown quantity and quality. A better definition 

of the damage signal to which the checkpoint responds may 

provide insight into the molecular mechanism of the 

checkpoint itself. Here, I examine the checkpoint response 

to a specific type of DNA damage, that produced by incision 

of DNA after UV-irradiation. 
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RESULTS 

UV-irradiation was shown previously to induce a RAD9-

dependent delay in G2 phase (139). This delay might be in 

response to the pyrimidine dimers themselves, to the incision 

of the dimers, or to some other aspect of UV-induced damage. 

To define the role of DNA incision of pyrimidine dimers in 

signalling the checkpoint, I examined the UV-induced delay in 

incision defective radlLi mutants (105, 141). As seen 

previously (139), wildtype cells delay in G2 about one hour 

following UV-irradiation at 40J/m2 (about 75% viability) and 

rad9L1 cells do not delay following UV-irradiation at 40J/m2 

(about 46% viability) (FIGURE 6.1). To test if incision is 

required for the delay, I UV-irradiated radlL1 cells (about 5% 

viability), and found that they failed to delay in the dark 

(FIGURE 6.1). Pyrimidine dimers themselves apparently do not 

make an appropriate damage signal, rather processing of that 

damage (i. e . , incision or a subsequent process ing event) 

creates the appropriate signal for cell cycle arrest. 
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UV-induced G2 delay is RAD1-dependent in the dark. RAD (TWY397), rad9~ 
(TWY127), and radl~ (TWY458) cells were MBC-arrested in G2 and UV
irradiated at 40J/m2 in the dark. An unirradiated wild-type strain is 
shown as a control (unirradiated rad9~ and radl~ cells had similar delay 
kinetics; data not shown). The progression of cells out of G2 was 
assessed and the percentage of cells in G2 is shown. The results of a 
single experiment are shown and were qualitatively similar to three 
other experiments. 

Interestingly, radl~ mutants did delay slightly when UV

irradiated in the light (FIGURE 6.2). This light-dependent 

delay in radl~ mutants might be due to photolyase repair, an 

auxiliary mechanism to repair UV-dimers where photolyase 

(encoded by PHRl in yeast) is activated by light of about 

400nm wavelength (37, 111, 112). To test the source of the 

light-dependent delay, I analyzed a strain deleted for both 
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the photo lyase and RADl genes. The delay seen in radl.1 

mutants in the light was abolished with the deletion of PHRl 

(FIGURE 6.2); therefore, there was a photolyase-dependent 

delay after UV in the light. 
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UV-induced G2 delay in the light has a PHR1-dependent component. RAD 
(TWY397), rad9L\ (TWYl27), radlL\ (GKY985-4-l), radlL\phrlL\ (GKYlOOO), 
rad16L\ (GKY94l), and rad9L\ rad16L\ (GKY942) cells were MBC-arrested in 
G2, plated and UV-irradiated at 40J/m2 in the light. The progression of 
cells out of G2 was assessed and the percentage of cells in G2 is shown. 
The results of a single experiment are shown and were similar to at 
least two other experiments. Unirradiated controls for each strain 
exhibited no delay, with kinetics similar to the UV-irradiated rad9L\ 
strain (data not shown). rad16L\ and rad9L\ rad16L\ results are presented 
in the inset. 

These results indicate that either DNA pyrimidine dimers 

must be incised to generate an arrest signal or that RADl is 



itself a checkpoint gene. 

out by two observations: 

(GKY985-7-1 and -14-2) 

temperature for cdc13-1 
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The latter possibility is ruled

(i) radlL1 cdc13-1 double mutant s 

arrest in G2 at the restrictive 

(87% and 83% arrested in G2 after 

four hours at 36°C, respectively), where checkpoint cdc13-1 

double mutants typically fail to arrest (140); and (ii) radlL1 

mutants are fairly X-ray resistant (1), unlike the six 

checkpoint genes thus far identified (140). 

If DNA incision of UV-dimers is required for cell cycle 

arrest, then one would expect that a DNA repair mutant able 

to incise UV-dimers but unable to complete normal excision 

repair might delay longer, as the incised DNA would persist. 

I looked at UV-delay in rad16L1 mutants, which are capable of 

incising UV-dimers but defective especially in dimer repair 

off transcriptionally silent DNA (128). rad16L1 cells 

exhibited a prolonged G2-delay following UV-irradiation, 

which was RAD9-dependent (FIGURE 6.2 inset), in support of 

the notion that incision of UV-dimers is required for 

checkpoint function. 
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DISCUSSION 

I show here that the checkpoint-dependent delay 

following UV-irradiation in yeast requires DNA incision of 

pyrimidine dimers, as radlL1 mutants fail to delay in G2 

following UV-irradiation. radl mutants are not checkpoint 

mutants, rather their UV-delay defect is presumably due to a 

failure in DNA damage processing. Similarly, using excision 

repair-defective human xeroderma pigmentosum cells, the p53-

dependent G1 checkpoint arrest in mammalian cells has been 

shown to also require DNA incision following UV-induced 

damage (95). These observations support the notion that DNA 

damage processing may be necessary to generate a suitable 

checkpoint signal, and the extent to which the checkpoint 

gene products process DNA damage will be of interest. 

Unexpectedly, I found a photolyase-dependent activation 

of the RAD9 checkpoint; UV-irradiated radlL1 phrlL1 double 

mutants fail to delay, whereas radlL1 single mutants do delay 

in the light. Photolyase repair of UV-induced pyrimidine 

dimers in bacteria does not involve incision of the DNA 

backbone (37). The yeast photolyase is thought to function 

similarly, thus I would not expect photolyase-dependent 

incision in yeast (37, 111). The molecular nature of the 

photolyase-dependent delay signal, therefore, is unknown. 
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MATERIALS AND METHODS 

YEAST AND BACTERIAL STRAINS 

Strains used in this study are shown in TABLE 6.1. 

Yeast media and genetic methods were standard (11?). 

Plasmids were introduced in yeast cells by lithium acetate 

transformation (114). All plasmids were propagated in the 
bacterial strain DH5a using standard methods (5). 

TABLE 6.1. 

Strains used in this chapter. 

Strain t Genotype 

TWY39?O MATa his? leu2 trp1 ura3 

GKY985-?-1 MATa cdc13-1 rad1& ural 

GKY985-14-2 MATa cdc13-1 radl& leu2 ura3 

GKY998-?-1 MATa cdc13-1 rad16&: : URA3 his? leu2 trpl ura3 

TWY458'i MATa radl& ural 

GKY985-4-1 MATa rad1& his? leu2 trp1 

GKYIOOO MATa rad1& phr1&: : TRP1 his? leu2 trpl 

TWY12? MATa rad9&: :URA3 ade2 can1 sap3 trpl ura3 

GKY942 MATa rad9&: : LEU2 rad16&: : URA3 his? leu2 trp1 ura3 

GKY941 MATa rad16&: : URA3 his? leu2 trpl ura3 

t All strains were generated in this study and are congenic with A364a, 
unless otherwise noted. 
o (140) 
¥ gift from Barbara Garvie and Lee Hartwell 
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DELETION STRAIN CONSTRUCTION 

The deletion of PHR1, which encodes photolyase, was made 

as follows. Based on the published sequence of PHRl and its 

flanking regions (112), the following DNA primers were made: 

1) corresponding to a region about 300nt 5' of the ATG with a 

BamHI endonuclease site added at the 5' end, 

5'GCGGGATCCCCAGAATCATCATCGG; 2) corresponding to the region 

at the ATG with an EagI endonuclease site added at the 5' 

end, 5'GCGCGGCCGCATTATCAGTGCTGG; 3) corresponding to a region 

approximately 250nt 3' of the TAA with a BamHI endonuclease 

site added to the 5' end, 5'GCGGGATCCGCCAACAGTTTTCC; and 4) 

corresponding to the region at the TAA with an KpnI 

endonuclease site added at the 5' end, 

5' GCGGGTACCTAACGTCTCCTGATTAAG. The flanking regions were 

amplified from genomic DNA using the polymerase chain 

reaction (PCR), purified and subcloned into a yeast 

integrating vector, marked with TRP1. The phrl.1 construct 

thus made (pGLK31) was digested with BamHI to target the PHRl 

gene in yeast and transplaced into a radl.1 strain (GKY985-4-

1) by homologous recombination, generating GKY1000, whose 

structure was confirmed by Southern analysis using standard 

methods (5). 

The RAD16 gene was deleted and replaced with the URA3 

gene by transplacement of pBLY22 into various strains, as 

described previously (115). Genomic incorporation of the 

deletion construct through homologous recombination was 

verified by Southern analysis of genomic DNA, using standard 

procedures (5). rad9.1 strains, marked with either the LEU2 

or HIS3 gene, were made as described previously (137, 138). 

ANALYSIS OF G2 DELAY AFTER DNA DAMAGE 

To determine cell cycle delay following UV irradiation, 

mid-log (1 X 10 6 to 8 X 10 6 cells/ml) haploid cells were 

synchronized by a three hour incubation at 23°C with 100ug/ml 
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of the microtubule inhibitor methyl benzimadazol-2yl

carbamate, MBC (Sigma; diluted in rich YEPD media from a 

10mg/ml stock in DMSO). The MBC-arrested cells were then 

plated on agar plates, UV-irradiated at 40J/m2 , washed twice 

with YEPD media to remove the MBC, and resuspended in liquid 

media. Aliquots were removed, fixed and DAPI-stained (see 

below); recovery from UV-induced G2 delay was thus determined 

by scoring the percentage of cells in each cell cycle phase 

by their cell/nuclear morphologies. When necessary, 

experiments were performed in the dark, where a filter 

blocking greater than 6% of the 300nm to 500nm light was 

used. 

DETERMINATION OF CELL VIABILITY 

Cells exposed to various mutagens were streaked for 

single cells on YEPD agar plates and the percentage of cells 

(out of at least 100) forming microcolonies of about 50 cell 

bodies or more after about 24 hours at 23°C was determined. 

DETERMINATION OF NUCLEAR AND CELLULAR MORPHOLOGIES 

We determined nuclear and cell morphologies by 

fluorescence and light microscopy of cells fixed in 70% 

ethanol for at least one hour at 4°C, washed three times with 

water, sonicated, and stained with 4,6-diamino-2-phenylimide 

(DAP I) (104). At least 100 cells were analyzed per sample 

and cell cycle phase-associated morphologies were classified 

as described previously (138). 
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VII. A TRANSCRIPTIONAL ROLE FOR G2 CHECKPOINT GENE 

PRODUCTS FOLLOWING DNA DAMAGE IN BUDDING YEAST 

INTRODUCTION 

Following DNA damage in eukaryotes, a cell cycle control 

termed a checkpoint causes arrest in late S/G2 phase. Six 

genes whose products contribute to the G2 checkpoint in 

budding yeast Saccharomyces cerevisiae are currently defined: 

RAD9, RAD17, RAD24, MEC3, MECl and MEC2 (137, 139, 140). In 

addition to arrest of cell division, the cellular response to 

DNA damage includes changes in gene expression and repair of 

DNA damage. 

In bacteria, both responses are coordinated in the 50S 

response by the RecA protein. DNA damage leads to RecA

dependent derepression of genes involved in DNA repair (61, 

81) and cell cycle arrest (52). RecA also plays a direct 

role in DNA repair. We might expect to find molecules in 

eukaryotes, like bacterial RecA, that are involved in 

multiple damage responses. The knowledge that a checkpoint 

gene product, for example, is involved in several cellular 

processes may provide insight into the biochemical function 

of that product. 

There is precedence in eukaryotes for molecules that 

function in several damage responses. The p53 protein, for 

example, is a G1 phase checkpoint component identified in 

mammalian cells that also acts as a transcriptional activator 

(7, 26, 60, 148). In fact, p53 regulates the transcription 

of a cyclin-dependent kinase inhibitor; thus, p53 may be 

executing its checkpoint function by activating transcription 

of a cell cycle regulator directly. However, it is unlikely 

that the G2 checkpoint gene products in budding yeast exert 

their checkpoint function through transcription regulation. 
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The RAD9-dependent checkpoint is functional in the absence of 

new protein synthesis (138). 

Therefore, the transcription defects I describe here for 

some checkpoint gene mutants may reflect a role in DNA damage 

repair. A mechanistic relationship between transcriptional 

induction and repair has emerged recently from studies on 

TFIIH in humans. The p89 and p80 subunits of the 

transcription factor TFIIH (BTF2) are encoded by ERCC-3 and 

ERCC-2, respectively, both genes previously associated with 

DNA repair (113, 132, 134). The p44 and p34 subunits of 

TFIIH share homology with the yeast repair protein Ssllp (53, 

147). In yeast, Rad54p and Rad16p, two molecules involved in 

repair, share sequence similarity with Snf2p/Swi2p, a 

transcriptional activator of several genes. These proteins 

contain helicase domains similar to those in Rad3p, an 

excision repair component (115); Rad3p and Ss12p (a yeast 

ERCC-3 homolog) are found as part of a transcription factor 

complex (17, 42). Perhaps, unwinding DNA allows access of 

appropriate molecules to the DNA template in both 

transcription and DNA repair. The biochemical function of a 

checkpoint gene product, like the helicase activity described 

above, might likewise allow function in both transcription 

and repair. 

Transcriptional induction of certain genes following DNA 

damage or cell stress in eukaryotic cells has been well 

described in S. cerevisiae and probably serves to augment 

repair. Most damage-inducible genes in budding yeast have 

been identified on the basis of increased transcription 

following damage (79, 109). Although the function of many is 

unknown, some encode proteins involved in DNA metabolism and 

repair, such as: RAD2 (excision repair) (106), RAD54 

(recombinational repair) (15), UBI4 (protein degradation) 

(131), CDC9 (DNA ligase) (56), RNR2 (small subunit of 

ribonucleotide reductase) (28-30), and RNR3/DINl (large 
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subunit of ribonucleotide reductase) (28, 145). It follows 

then that the purpose for up-regulating some genes after 

damage is to augment the cellular repair mechanisms. 

In this study, I describe the role of checkpoint gene 

products in DNA damage-inducible transcriptional induction. 

I suggest that the complex transcriptional role of checkpoint 

proteins serves to augment DNA repair, a function distinct 

from cell cycle arrest. 
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RESULTS 

SOME CHECKPOINT GENE MUTANTS ARE DEFECTIVE FOR DAMAGE

INDUCIBLE TRANSCRIPTION 

One of the prominent responses to DNA damage is 

transcriptional induction of specific genes. I chose to use 

RNR3 induction levels as an assay for the transcriptional 

role of the checkpoint gene products for several reasons: 1) 

RNR3 has low basal transcription levels with relatively high 

inducible levels (30, 109); 2) RNR3 is not induced by 

general cell stress like heat shock or high cell density, 

which does induce other transcripts (109, 145); 3) Increased 

levels of RNR3 following damage are probably due to elements 

in the promotor and not decreased RNA degradation (29, 145); 

and 4) RNR3 encodes a subunit of ribonucleotide reductase, 

an enzyme known to be involved in DNA metabolism (30, 145). 

Conclusions from my initial studies of UV-induced 

transcription were hampered by the low level of RNR 3 

transcripts. To resolve this issue, I reasoned that a DNA 

repair mutation that allows the UV-induced, DNA damage signal 

to persist might enhance the damage signal and thereby the 

transcriptional response. A panel of incision/excision 

repair mutants (radl, rad2, rad4, radlO, rad7, rad12, rad14, 

and rad16) was screened to determine if any enhance the RNR3 

induction by UV-irradiation. Strains with mutations in RAD1, 

RAD2, and RAD4 showed little to no RNR3 transcriptional 

induction. A strain with a mutation in RAD16 (incision 

proficient and excision deficient), however, showed an 

approximate five-fold increase in induced signal, compared to 

wildtype, and was thus chosen as a background for our 

analysis of RNR3 transcriptional induction in various 

checkpoint mutants (data not shown and FIGURE 7.1). 
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FIGURE 7.1. 

Optimal RNR3 transcript levels are attained by two hours after UV
irradiation. Graph of RNR3 transcript levels following UV-irradiation 
in several strains, determined from counted P decays in Northern blot 
bands as described in legend for FIGURE 7.2. Results shown are from a 
single experiment and are consistent with other results. Following UV
irradiation at 80J/m2, samples were taken at several time points. 
Strains are: RAD (TWY397), rad16~ (GKY941), and rad9~ rad16~ (GKY942). 
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I analyzed the induction of RNR3 at several time points 

after UV-irradiation in rad16L1 mutants and determined that 

two hours post-irradiation was the earliest time point 

yielding the strongest induction signal in several strains 

(FIGURE 7.1). Note that in this experiment rad16L1 and rad16L1 

rad9L1 mutants have similar absolute levels of RNR3 induction; 

however, because the basal level of RNR3 mRNA in rad16L1 rad9L1 

mutants was higher, the relative level of that induction is 

actually two-fold lower than in rad16L1 mutants. Similar RNR3 

induction kinetics were seen in a RAD16 strain (FIGURE 7.1). 

The RNR3 transcript levels were then measured in several 

checkpoint mutants following UV-irradiation in cycling cells 

and, for reasons discussed below, also in non-cycling cells. 

Checkpoint mutants mecl-l and mec2-1 were completely 

defective for the induction of RNR3 transcription; whereas, 

rad9L1, rad17-1, rad24-1 and mec3-1 mutants appeared to have 

only slightly reduced levels of induction, about two-fold 

reduced, consistently (FIGURES 7.2A, 7.2B, and 7.2C). 

Checkpoint proficient cells (though mutant for rad16) 

induced RNR3 about ten-fold above basal levels following UV

irradiation (FIGURES 7.2A, 7.2B, and 7.2C and TABLE 7.1). A 

qualitatively similar RNR3 transcriptional induction response 

was observed in checkpoint mutant strains wildtype for RAD16 

(TABLE 7.1) and in cycling rad17L1, rad24L1, and mec3L1 null 

mutants in the rad16L1 background (data not shown). Other 

data from our laboratory suggest that RAD9 lies in a separate 

epistasis group from RADl 7, RAD24, and MEC3. I thought 

transcription might play a role in that observed epistasis 

difference and tested the transcriptional induction in the 

rad9L1 rad17L1, rad9L1 rad24L1, and rad9L1 mec3L1 double mutants. 

However, I was unable to discern a difference between the 

single and double mutants (data not shown). 
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FIGURE 7.2. 

mecl and mec2 mutants are defective for UV-induced RNR3 transcriptional 
induction. (A) Northern of RNA isolated from MEC (GKY941), rad9.1 
(GKY942), mecl-l (GKY952), and mec2-1 (GKY953) cycling cells UV
irradiated and hybridized with RNR3 and PRTl DNA probes. Results shown 
are from a single experiment and confirmed by at least five other 
experiments. (8) Northern of RNA isolated from MEC (GKY941), rad9.1 
(GKY942), rad17-1 (GKY954), rad24-1 (GKY998-1-1), and mec3-1 (GKY997-21-
3) cycling cells UV-irradiated and hybridized as in (A). Results shown 
are from a single experiment and confirmed by at least five other 
experiments. (C) Graph of RNR3 transcript levels in several checkpoint 
mutants (strains noted above), determined from counted P decays in 
Northern blot bands, like those shown in (A) and (8) of this figure. 
The RNR3 transcript level was normalized by dividing the counts per 
minute (cpm) in the RNR3 mRNA band by the cpm in the PRTl mRNA band, 
after background cpms were subtracted from each. This graph represe~ts 
the data from two separate experiments that were combined by justifying 
data points common to each experiment (MEC and rad9.1, untreated and 
irradiated). All strains were in rad16.1 background to enhance the UV
induced signal. Induced samples were collected two hours post-UV 
(80J/m2), unless otherwise indicated. 

In this study, I evaluated transcriptional induction in 

both cycling and non-cycling cells for several reasons. 

First, checkpoint mutants do not cycle like normal cells 

since they fail to delay in G2 phase after damage, which is 

the normal response. Comparing the transcriptional induction 

response in mutant cycling cells versus wild-type cycling 

cells, then, may not be an appropriate comparison. 

Additionally, the fundamental nature of a DNA lesion may be 

altered as cells progress through the cell cycle. For 

example, unrepaired, single-stranded DNA breaks may become 

double-stranded DNA breaks after replication and the 

transcriptional response to these different breaks may be 

different. To address these concerns, I tested the 

transcriptional induction response in non-cycling cells, in 

Gl phase or in G2 phase. The transcriptional effects were 

qualitatively similar regardless of cell cycle phase, as 
determined by measuring transcript levels in Gl phase (a-

factor-arrested) or G2 phase (MBC-arrested) (TABLE 7.1 and 

data not shown). The overall levels of transcript were 
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reduced in G1-arrested cells, as has been described before 

(30) . Because the transcription defect of mecl and mec2 

mutants are seen in G1 phase and G2 phase, MECl and MEC2 can 

function normally in the G1 as well as G2 phases. 

EVIDENCE FOR MULTIPLE PATHWAYS FOR TRANSCRIPTIONAL INDUCTION 

Multiple pathways for transcription induction, defined 

by using different damage-inducible genes that require 

different sets of genes for induction, have been described 

before (153). For example, RNR3 induction by MMS-treatment 

requires the protein kinase Dun1p but UBI4 induction does not 

(153). Damage-inducibility can also differ with the source of 

the damage, presumably because of differences in the types of 

damage produced. Heat shock, for example, up-regulates UBI4 

and DDR48, but not RNR3 transcript levels (28, 131). 

TABLB 7.1. 

Transcription induction ratios (induced level divided by basal level) 
following UV-, HU- or MMS-induced damage. Levels of RNA were determined 
by counting P decays in the bands on a Northern, subtracting the 
background counts, and dividing by the counts in a constitutive 
transcript band, from which background had also been subtracted. 
Samples were taken from cycling cells unless otherwise stated, and cells 
were maintained in Gl by a-factor-treatment. Typical experimental 
results are shown from one experiment out of at least five experiments 
for UV-induced RNR3 and UBI4 transcription, out of three experiments for 
MECl and MEC2 transcription, and out of two experiments, where the two 
experiments were qualitatively similar, for all other results. Strains 
used here include: TWY397 (MEC), GKY941 (rad16.!i) , TWY177 (mecl-l) , 
GKY952 (rad16.!imecl-l), TWY312 (mec2-1), GKY953 (rad16.!imec2-1), TWY398 
(rad9.!i), GKY942 (rad16.!irad9.!i), TWY323 (rad17-1), GKY954 (rad16.!irad17-1) , 
TWY300 (rad24-1), GKY998-1-1 (rad16drad24-1) , TWY180 (mec3-1), GKY997-
21-3 (rad16dmec3-1). Null alleles showed similar results, with RNR3 
induction ratios of 5.2, 4.9, and 3.0 for rad17d, rad24d and mec3d, 
respectively. ND = not determined; * Experiments using UV-induced 
damage were performed in a rad16d background to enhance the damage, 
except those with MEC strains. 
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Transcript Induction Ratio 

RNR3 U814 DDR48 MECl MEC2 

WI lli1. W:1S WI lli1. W:1S WI lli1. W:1S WI Wl 

Genotype cycling G1 G2 cycling G1 

MEC + 4.1 3.0 NO 5.0 5.3 NO NO 2.5 3.1 1.5 3.2 2.5 6.4 NO 

rdd16.::1" 14.6 7.9 10.2 NO NO 10.1 6.9 NO NO NO NO NO 10.2 5.2 

mecl-l" 0.8 0.5 1.1 0.7 1.2 10.1 7.9 2.5 3.5 0 0.9 0.5 0.9 1.0 

mec2-1" 0 0 0.5 NO 0 9.7 8.1 NO 4 .4 0 NO 0.5 4.6 3.0 

rdd9.::1" 7.2 3.0 5.9 5.1 2.7 6.6 4.1 2.5 2.8 0.9 2.4 1.9 6.5 3.1 

rdd17-1 * 5.5 4.1 4.7 4.8 NO 3.0 NO 1.9 2.3 0 0 0.1 5.9 2.7 

rdd24-1" 4.8 3.0 3.9 4.5 3.1 6.4 NO 2.5 1.8 1.3 2.1 NO 5.8 NO 

mec3-1* 3.5 2.1 3.9 NO 3.0 3.5 NO NO 3.7 1.2 NO 2.5 NO 3.1 

In analyzing the checkpoint mutants, I found a complex 

pattern of transcriptional induction. Four distinct patterns 

of transcriptional induction emerged in response to UV

irradiation, defined by RNR3, UBI4, DDR48, and MECl and 

MEC2. First, as mentioned earlier, RNR3 transcriptional 

induction requires MEC 1 and MEC2, but not the other 

checkpoint genes (FIGURES 7. 2A, 7. 2B, and 7. 2C and TABLE 

7.1). Secondly, damage-inducible transcription of DDR48t , a 

damage-inducible transcript whose gene product is of unknown 

function, was dependent on RAD17 and also dependent on MECl 

t The DDR48 gene is up-regulated by several mutagens (though not well by 
UV-irradiation) and thermal stress (63, 75, 80). 
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and MEC2 (TABLE 7.1). Notably, transcription of UBI4* 

which encodes polyubiquitin, was induced by UV-irradiation in 

all checkpoint mutants examined here (FIGURE 7.3 and TABLE 

7.1). A fourth pattern was defined by UV-induced MECI and 

MEC2 transcriptional induction; neither transcript is induced 

in a mecl-l mutant (TABLE 7.1). 
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FIGURE 7.3. 

UBI4 transcriptional induction following UV-irradiation is unaffected by 
checkpoint mutant background. Graph of UBI4 transcript levels following 
UV-irradiation in several checkpoint mutants, determined from counted ~ 
decays in Northern blot bands as described in legend for FIGURE 7.2. 
Results shown are from a single experiment and were confirmed by two 

* The UBI4 gene is induced by DNA damage, thermal stress, and cell 
density (131). 
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All strains, MEC (GKY941), rad9~ (GKY942), mecl-l 
(GKY953), were in rad16~ background to enhance the 
Induced samples were collected two hours post-UV 

My results from UV-induced damage are supported by 

transcription studies using induction by two other damaging 

agents - hydroxyurea (HU), which inhibits ribonucleotide 

reductase, thereby inhibiting DNA synthesis (43) and methyl 

methanesulfonate (MMS) , an alkylating agent. Again, mecl-l 

and mec2-l mutants were defective for RNR3 transcriptional 

induction following HU- or MMS-treatment, though mecl-l 

mutants did show some RNR3 induction in response to MMS 

(TABLE 7.1). The G2-specific checkpoint gene mutants rad9, 

rad24, and mec3 were able to induce RNR3 and DDR48 

transcription after damage, again at a slightly reduced level 

(TABLE 7.1). Lastly, rad17-1 mutants and, to a lesser extent 

mecl-l and mec2-l mutants, were again defective for induction 

of DDR48, following HU- or MMS-induced damage (TABLE 7.1). 

SOME CHECKPOINT GENES ARE DAMAGE-INDUCIBLE 

To determine whether damage-inducibility has a role in 

the regulation of checkpoint genes themselves, I measured the 

damage-inducibility of the checkpoint genes. I found that 

transcription of MEC1, MEC2, RAD17, and RAD24 , but not RAD9, 

was inducible by UV-irradiation (FIGURES 7.4A AND 7.4B). A 

previous study reported that RAD9 transcription is not 

induced by X-irradiation (138). 
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FIGURE 7.4. 

Several checkpoint genes are damage-inducible. (A) Northerns of RNA 
isolated from UV-irradiated MEC (GKY941) cells and hybridized with MEC1, 
MEC2, RAD9, or RAD17, and PRTl DNA probes (described in Materials and 
Methods) . (B) Graph of induced checkpoint gene transcript levels, 
determined from counted P decays in Northern blot bands as described in 
legend for FIGURE 7.2. Results shown are from a single experiment and 
were confirmed by two other experiments. All strains were in rad16~ 
background to enhance the UV-induced signal. Induced samples were 
collected two hours post-UV (80J/m2). 

CDC28 IS NOT NECESSARY FOR DAMAGE-INDUCIBLE RNR3 

TRANSCRIPTION 

A possible target for checkpoint control is the cell 

cycle regulator p34Cdc2+/CDC28, the protein kinase component of 

MPF (68, 90, 96). The p34Cdc2+/CDC28 protein has a known role 

in transcriptional regulation of the HO gene via 

phosphorylation of the Swi5p transcriptional activator (84), 

and might also have a role in RNR3 transcription. By this 
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model, Meclp and Mec2p might act upon p34Cdc2+ICDC28 in their 

RNR3 transcriptional role. I tested RNR3 transcriptional 

induction by UV-irradiation in cdc28-1 mutants, which are 

defective at a restrictive temperature of 36°C. RNR3 

induction after damage was equivalent at the restrictive and 

permissive temperatures (FIGURE 7.5). Therefore, Meclp and 

Mec2p act through a protein other than p34Cdc2+ICDC28 in their 

RNR3 transcriptional induction function. Perhaps, they also 

act through a protein other than p34cdc2+ICDC28 in their 

checkpoint function. 

0.9 

0.8 
~ 
0-

..... -
~ e 0.7 
00-
CII 0 
C 

~e:: 0.6 

~g: 

~~ O.S 

II-Ifr 
0 0.4 

<"l 

i~ 0.3 41 ..... 
..:I 

0.2 

0.1 

0 

uv + + + + 

STRAIN* CDC+ cdc28-1 CDC+ cdc2B-l 

TEMPERATURE 

FIGURE 7.5. 

RNR3 transcriptional induction following UV-irradiation is not dependent 
on CDC28. Graph of RNR3 transcript levels in cdc28-1 mutants, 
determined from counted ~ decays in Northern blot bands as described in 
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legend for FIGURE 7.2. CDC28 was inactivated prior to UV-irradiation by 
a two hour pre-incubation at 36°C, the restrictive temperature for the 
cdc28-1 allele (78% of rad16~ cdc28-1 cells were arrested in Gl after 
the two hour pre-incubation) and cultures were maintained at 36°C for 
the duration of the experiment . Results shown are from a single 
experiment and were confirmed by two other experiments. Induced samples 
were collected two hours post-UV (80J/m2). * All strains were in rad16~ 
background to enhance the UV-induced signal. 

GENETIC INTERACTIONS BETWEEN RAD16 AND CHECKPOINT GENES 

During analysis of rad16 mutants, I found several 

genetic interactions with the checkpoint genes: (i) rad16L1 

mec2-1 double mutants showed reduced cell viability and 

increased UV-sensitivity compared with either single mutant 

alone (TABLE 7.2); and (ii) rad16L1 rad17L1 or rad16L1 rad9L1 

double mutants showed normal cell viability but increased UV

sensitivity, compared to rad16L1, rad9L1, or rad17L1 mutants 

alone, and the rad16L1 rad9L1 rad17L1 triple mutant was even 

more UV-sensitive (TABLE 7.2). Other checkpoint mutant 

interactions with rad16L1 mutants were unremarkable. One 

interpretation of synthetic genetic phenotypes is that they 

uncover similar, but separate functions of the two genes. 

RAD16 is not a checkpoint gene (data not shown) and is known 

to be involved in repair (37), perhaps as a helicase (115). 

These genetic interactions then suggest roles for MEC2, RAD9, 

and RAD17 in different types of repair, all contributing to 

the viability of cells. 

TABLE 7.2. 

Synthetic phenotypes are seen in some rad16~ checkpoint double mutants. 
Cell viabilities on rich media were determined as described in Materials 
and Methods for two separate strains of each genotype, except for 
rad16~, radl 7~, and rad16~rad9~, in at least two experiments. The 
average percent of viable cells and standard deviation from that average 
is shown. Strains analyzed include: GKY941 (rad16~), TWY312 and TWY178 
(mec2-1), GKY944 and GKY953 (rad16~ec2-1), TWY127 and DLY195 (rad9~), 
DLY196 (rad17~), GKY942 (rad16~rad9~), GKY977-5-2 and GKY977-1-3 
(rad16~rad17~), and GKY978-27-3 and GKY978-30-4 (rad16~rad9~rad17~). 
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Cel.l. 3Z.i.Ab.i.J..i.t¥ 
(% cells forminq microcolonies at 23°C) 

Genotype IU2 uy of. tJV 

10 J/m2 20 J/m2 

rad16L1 94.2 ±3.6 61.5 ±2.S 24.3 ±2.0 

mec2-1 87.7 ±2.3 61.7 ±6.2 26.4 ±7.6 

rad16L1mec2-1 69.3 ±2.7 0.0 ±O.O 0.0 ±O.O 

rad9L1 95.5 ±O.S 72.3 ±3.8 62.7 ±2.1 

rad17L1 91. 0 ±LO 73.5 ±2.S 51.3 ±O.9 

rad16L1rad9L1 93.5 ±2.S 45.7 ±4.S 3.5 ±2.S 

rad16L1rad17L1 95.5 ±l.S 46.7 ±s.O 3.0 ±3.0 

rad16L1rad9L1rad17L1 93.3 ±O.S 11.5 ±L S 0.0 ±O.O 
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DISCUSSION 

Three major cellular responses follow DNA damage: cell 

division is delayed, damage-inducible gene transcription is 

induced, and the damage is repaired. Presumably, the 

transcriptional induction and cycle delay responses serve to 

increase cell viability by increasing the efficiency of DNA 

repair and preventing transmission of genetic errors. Here I 

describe a complex regulatory network of damage-inducible 

transcription in which checkpoint gene products play a role 

(diagrammed in FIGURE 7.6). 

First, I show that MEGl and MEG2 are required for RNR3 

and, to a lesser extent, DDR48 transcriptional induction 

after DNA damage. It is unlikely that the transcriptional 

function of MEGl and MEG2 is directly related to their 

checkpoint function, since previous results showed that the 

G2 checkpoint is functional without any new protein synthesis 

(138). Rather, the transcriptional defect in the mutants may 

be uncovering a function in a secondary pathway, like 

augmenting DNA repair. 

Other damage-inducible transcriptional patterns are 

observed for the G2-specific checkpoint genes RAD9, RAD17, 

RAD24, and MEG3. These, unlike MEGl and MEG2, seem to play 

less of a role in RNR3 transcriptional induction. rad17 

mutants uncover a role for RAD17 in DDR48, but not RNR3 or 

UBI4, damage-inducible transcriptional induction. Although 

the relevance of this observation is unknown, it does 

constitute a functional difference between RAD17 and RAD24 or 

MEG3 heretofore not known. 

Finally, MEGl and MEG2, as well as RAD17 and RAD24 are 

themselves DNA damage-inducible, and MEGl and MEG2 

transcriptional induction is dependent upon MEG1. The 

regulation presented in the damage-inducibility of these 

checkpoint genes is again probably not directly involved in 
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the checkpoint function since the checkpoint is functional 

without new protein synthesis 

inducibility argues for a checkpoint 

the efficacy of repair. 

(138) . Thus, their 
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? 

The damage-inducible gene transcriptional induction response to damage 
is complex. With the results presented here for the checkpoint genes 
and elsewhere for DUNi (153), we can now define at least four pathways 
following DNA damage leading to damage-inducible gene transcriptional 
induction. 
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The complex nature of damage-inducible transcriptional 

induction is further underscored by several subtle 

observations. mecl-l and mec2-1 differ in the extent of 

their defective transcriptional induction depending on the 

source of damage. That is, mecl-l mutants, which fail to 

induce RNR3 in response to UV-irradiation, can induce RNR3 in 

response to MMS-treatment, though clearly to a lesser degree 

than wildtype. The mec2-1 mutants, however, are completely 

defective for both MMS- and UV-induced RNR3 transcriptional 

induction (TABLE 7.1). This may reflect the extent to which 

each of these mutants are hypomorphic mutants or this may 

reflect a functional difference that is affected by the type 

of DNA damage encountered. 

It is formally possible that the checkpoint genes are 

acting to stabilize RNR3 mRNA rather than inducing its gene 

expression after damage. I consider this unlikely because a 

transcriptional fusion between the promotor of RNR3 and the 

coding sequence for URA3 is able to confer damage

inducibility on URA3 (152). RNR3 has damage response 

elements (OREs) in its promotor similar to those found in the 

RNRl and RNR2 promoters (145) that are capable of conveying 

damage-inducibility upon heterologous DNA (29, 152). MEC2 

also has ORE sequence elements in its promotor (150) similar 

to those in the RAD2 gene, whose ORE deletion affects cell 

viability (119). ORE elements are not recognizable in the 

other damage-inducible checkpoint genes. 

The relationship between the checkpoint and 

transcriptional induction is not straightforward since the 

checkpoint functions in the absence of new protein synthesis. 

I suggest that the transcriptional role may reflect an 

additional function of the checkpoint genes in repair. Two 

models might account for the dual function of checkpoint 

genes: (i) the checkpoint gene product functions directly in 

more than one response to damage; or (ii) the checkpoint gene 
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product is indirectly involved in sensing the damage signal 

and signalling the damage response pathways. 

In the first model, the checkpoint and transcriptional 

functions are separate (and the transcriptional role acts to 

augment repair). Two cellular processes may make use of a 

common enzymatic activity, like a helicase or a protein 

kinase. For example, the mammalian ERCC-3 helicase appears 

to have a dual role in transcription and repair (12). In 

both processes, a DNA-unwinding function might be necessary. 

Instead of a common enzymatic activity, an alternate version 

of this model might include a protein that acts as a 

necessary structural component in two different processes. 

By directly interacting with the 70kD subunit of replication 

factor A (RFA or RPA), a trimeric complex that binds single

stranded DNA and is thought to be involved in leading-strand 

DNA replication (4, 35), the G1 checkpoint component p53 can 

apparently inhibit DNA synthesis in vitro (23). The 

transcriptional activators VP16 and GAL4 can also directly 

bind to the largest subunit of RPA. VP16 mutants that 

abrogate this binding also decrease the ability of GAL4-VP16 

to activate polyomavirus DNA replication (48). Thus, it has 

been suggested that transcription factors may interact with 

RPA to stabilize single-stranded DNA at the replication 

origin or to recruit DNA polymerase to the replication 

initiation complex. Mec2p is a ser/thr/tyr protein kinase 

also known as Rad53p and Spk1p (124, 140, 151) and the two 

largest subunits of RPA are in vitro substrates for 

Mec2p/Spklp phosphorylation (151). Mec2p may use 

phosphorylation as a molecular mechanism to alter proteins 

associated with DNA, thereby affecting both transcription 

after DNA damage and replication constitutively. Similarly, 

the Mec2p kinase may activate a phosphoprotein in the cell 

cycle arrest pathway following DNA damage. This model says 

that Mec2p has differential substrate specificity and 
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predicts that we might be able to identify mec2 mutants that 

allow phosphorylation of one substrate and not another, 

thereby affecting one DNA damage response and not another. 

Alternatively, a checkpoint gene product may act as an 

integral part of the DNA synthesis machinery and, as such, is 

in a position to recognize DNA damage. In this model, when 

MECl is defective, for example, damage is not recognized and 

neither the MEC1-dependent cell division arrest response nor 

the MEC1-dependent transcriptional induction response is 

initiated. A transcriptional induction function for a 

protein known to be involved in DNA synthesis has recently 

been shown. A mutant allele of DNA polymerase I I, dun2, 

fails to induce RNR3 transcription after damage (94); 

however, its checkpoint status has not been described. DNA 

polymerase II is required for DNA synthesis and, perhaps, 

also acts as part of a damage-signalling complex, in which 

the checkpoint gene products may also playa role. A full 

understanding of the checkpoint gene role in damage-inducible 

transcriptional induction awaits further genetic and 

biochemical analysis. 

MATERIALS AND METHODS 

YEAST AND BACTERIAL STRAINS 

Strains used in this study are shown in Table I. Yeast 

media and genetic methods were standard (117). Plasmids were 

introduced in yeast cells by lithium acetate transformation 

(114). All plasmids were propagated in the bacterial strain 
DH5a using standard methods (5). 



TABLE 7.3. 
Strains used in this chapter. 

Strain t 

GKY997-S-4 

TWYl77 

GKY952 

TWY312 

TWY178 

GKY944 

GKY9S3 

TWYl80 

GKY997-21-3 

GKY974-1-2 

GKY976-12-2 

TWYl27 

TWY398 

DLY195* 

GKY942 

GKY978-27-3 

GKY978-30-4 

GKY975-10-2 

GKY941 

GKY954 

GKY977-S-2 

GKY977-1-3 

GKY998-1-l 

GKY973-1-4 

TWY323 

DLYl96* 

TWY300 

Genotype 

MATa his7 leu2 trpl ura3 

MATa cdc28-l rad16~::URA3 his7 ura3 

MAT a mecl-l his3 leu2 trpl ura3 

MATa mecl-l radl6~::URA3 his3 leu2 trpl ura3 

MATa mec2-1 his7 trpl ura3 

MATa mec2-1 trpl ura3 

MATa mec2-1 rad16~: : URA3 trpl ura3 

MATa mec2-1 rad16~: :URA3 his7 trpl ura3 

MATa mec3-1 his7 trpl ura3 

MATa mec3-l radl6~::URA3 his7 trpl ura3 

MATa mec3~G::URA3* radl6~::URA3 leu2 his3 trpl ura3 

MATa mec3~G::URA3* rad9~::LEU2 rad16~::URA3 leu2 his3 trpl ura3 

MATa rad9~::URA3 ade2 canl sap3 trpl ura3 

MATa rad9~::LEU2 his7 leu2 trpl ura3 

MATa rad9~: :HIS3 his3 leu2 trpl ura3 

MATa rad9~::LEU2 radl6~::URA3 his7 leu2 trpl ura3 

MATa rad9~::LEU2 radl6~::URA3 radl7~::LEU2 leu2 his3 trpl ura3 

MAT a rad9~::LEU2 radl6~::URAJ radl7~::LEU2 leu2 his7 trpl ura3 

MATa rad9~::LEU2 radl6~::URAJ rad24~::TRPl leu2 hisJ trpl uraJ 

MATa radl6~::URAJ his7 leu2 trpl ura3 

MATa rad16~::URAJ radl7-l his7 leu2 trpl ura3 

MAT a radl6~::URA3 radl7~::LEU2 leu2 his3 trpl ura3 

MATa rad16~::URA3 radl7~::LEU2 leu2 his3 trpl ura3 

MATa radl6~::URA3 rad24-l leu2 trpl ura3 

MATa radl6~::URA3 rad24~::TRPl leu2 his3 trpl ura3 

MATa radl7-l his7 leu2 trpl ura3 

MATa rad17~::LEU2 his3 leu2 trpl ura3 

MATa rad24-1 his7 leu2 trpl ura3 

75 

t All strains were generated in this study and are congenic with A364a, 
unless otherwise noted; 0 (140); * (73) 
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DELETION STRAIN CONSTRUCTION 

To enhance the damage signal, the RAD16 gene was deleted 

and replaced with the URA3 gene by transplacement of pBLY22 

into various strains, as described previously (115). Genomic 

incorporation of the deletion construct through homologous 

recombination was verified by Southern analysis of genomic 

DNA, using standard procedures (5). 

The generation of strains containing null alleles of 

RAD17, RAD24 and MEC3 will be described elsewhere (73). 

rad9~ strains, marked with either LEU2 or HIS3, were made as 

described previously (137, 138). 

TRANSCRIPTIONAL INDUCTION EXPERIMENT 

For reasons discussed in the Results, the effect of 

transcription induction was determined on cells under three 

conditions: in G2 phase, pretreated for three hours at 23°C 

then maintained in 100ug/ml of the microtubule inhibitor 

methyl benzimadazol-2yl-carbamate, MBC (Sigma; diluted in 

rich YEPD media from a 10mg/ml stock in DMSO); in G1 phase, 

pretreated for two hours then maintained at 23°C in 5 X 10-4 M 

<x-factor mating pheromone; or in cycling cells at 23°C. 

After any pretreatment, cells were collected and resuspended 

in a smaller volume of YEPD (rich) media, with cell cycle 

inhibitors as noted. Half of each culture, about 107 cells, 

was plated on a YEPD agar plate and UV-irradiated once at 

80J/m2 using a Stratagene Stratalinker 1800, or treated in 

liquid with 0.01% methyl methanesulfonate (MMS; Sigma), or 

treated with 0.2M hydroxyurea (HU; Sigma), or left untreated. 

After UV-irradiation, cells were washed off the plate into 

liquid YEPD media, again with cell cycle inhibitors as noted. 

All cultures were then incubated at 23°C for usually two 

hours. Aliquots of each culture were collected for 

cell/nuclear morphology assay and cell viability 
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determination, and the remainder was used for RNA 

purification. 

The density of cells plated for UV-irradiation was 

important. There was a small but significant difference 

between the UV-induced transcript levels measured from 1 X 

10 7 cells per plate versus 5 X 107 cells per plate, although 

the difference in cell viability was minimal. For example, a 

wild-type strain with 1 X 107 cells UV-irradiated per plate 

and a viability of 40% showed a relative induction level of 

1.2-fold above basal level; whereas,the same strain with 6.6 

X 10 7 cells UV-irradiated per plate and a viability of 45% 

had a relative induction level 0.45-fold above basal level. 

Therefore, within any given experiment, the numbers of cells 

plated for each strain were similar (usually within two

fold). The results from a typical single experiment are 

presented since the absolute induction levels can vary from 

experiment to experiment. The typical transcript level was 

verified by multiple experiments, as noted in figure legends. 

INDUCTION IN cdc28-1 MUTANTS 

Asynchronous mid-log cultures of rad16.d (GKY941) and 

rad16.d cdc28-1 (GKY997-5-4) mutants were divided in half. 

While one half was kept at 23°C, the other was shifted to 

36°C (the restrictive temperature for the cdc28-1 allele) for 

a two hour pre-incubation, then maintained at the restrictive 

temperature following subsequent UV-irradiation. Each of 

these cultures was then divided in half again: one half 

remained untreated and the other was UV-irradiated as 

described above. Samples of each culture were taken for RNA 

preparation and cell viability determination. 

DETERMINATION OF CELL VIABILITY 

Cells exposed to various mutagens were streaked for 

single cells on YEPD agar plates and the percentage of cells 
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(out of at least 100) forming microcolonies of about 50 cell 

bodies or more after about 24 hours at 23°C was determined. 

DETERMINATION OF NUCLEAR AND CELLULAR MORPHOLOGIES 

We determined nuclear and cell morphologies by 

fluorescence and light microscopy of cells fixed in 70% 

ethanol for at least one hour at 4°C, washed three times with 

water, sonicated, and stained with 4,6-diamino-2-phenylimide 

(DAPI) (104). At least 100 cells were analyzed per sample 

and cell cycle phase-associated morphologies were classified 

as described previously (138). 

RNA PREPARATION, RNA GELS, NORTHERNS, AND HYBRIDIZATION 

I prepared RNA by the glass bead method and separated 

total RNA on denaturing formaldehyde gels as described (13). 

Northern blot analysis using Zetaprobe GT membranes (BioRad) 

was performed (129), followed by hybridization with several 

DNA probes that were 32P-Iabelled by the random hexamer 

priming method (33). mRNA levels were quantitated by 
counting ~ decays emitted from each band with a Betascope 

(50). The amount of RNA in each lane was normalized to the 

levels of the constitutively expressed PRTl gene, which 

encodes protein 1 (49, 138) and/or to the levels of the 

constitutively expressed URA3 gene (152). 

The control transcript probe PRTl (and a cell cycle

regulated transcript probe H2A) were isolated on a single 

SacI fragment from YpTRT1 (82). The 2. Okb UBI4 and 2.1kb 

DDR48 transcript probes were obtained by HindIII digest of 

pKHUbi4 and pBR48, respectively (80, 131). RNR3/DINl was 

probed using a 1.7kb BamHI fragment of pBR1600 (145). The 

checkpoint gene transcripts were identified by probes as 

follows: RAD9, a 4.0kb PvuII fragment of pTW039 (137); RAD17, 

a 1.9kb BamHI/XbaI fragment of pDL179 (73); RAD24, a 1.5kb 

HindIII/BgIII fragment of pRSRAD24 (73); MEC1, a 7.5kb 
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SacI/SaII fragment of pRSMECl (38); and MEC2, a 2.9kb EcoRI 

fragment of pSK35 (62). All fragments were purified from an 

agarose gel plug using GeneClean by the manufacturer's 

specifications (BiolOl). 



VIII. A NOVEL EVOLUTIONARILY CONSERVED GTPASE IN 

BUDDING YEAST IS PREDICTED BY GUFl 

INTRODUCTION 
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GTPases or G proteins act as molecular switches that are 

turned on by binding GTP and turned off by hydrolyzing GTP to 

GOP. GTPases have low intrinsic GTPase activity and are 

activated by interaction with other molecules (11, 55). For 

all G proteins studied, the GTP-bound form is active and the 

GOP-bound form is inactive. For example, the EF-Tu-GTP form 

binds an aminoacyl-tRNA (11). 
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Structurally, G proteins have been classed based on 

sequence similarity in each of several domains (G1-G5), 

yielding the p21 ras class, the elongation factor (EF) class, 

and the heterotrimeric G protein class. In addition to 

sequence analysis, these domains have been analyzed by 

crystal structure analysis, biochemical and genetic studies 

(reviewed in Bourne, 1991 (11)). Important residues for 

functions such as guanine nucleotide binding and GTP 

hydrolysis have been defined in these ways. 

Here, I report the isolation of a gene that predicts an 

EF-type GTPase, GUFI (GTPase of Unknown Function). I 

describe its predicted protein sequence similarity to 
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proteins from evolutionarily divergent species and its mutant 

phenotype. 

RESULTS AND DISCUSSION 

While I was sequencing a region of chromosome IV 

adjacent to the checkpoint gene MEC3, I identified an open 

reading frame predicting a 586 amino acid protein that falls 

into the elongation factor (EF)-type GTPases. I have named 

the gene GTPase of Unknown Fun ct i on or GUF 1 and the 

nucleotide sequence of the genomic DNA is shown in FIGURE 

8.2. 



-400 GAATGGTACA CCAAAGCT~A CCAGTATCCC CTCGTAATAT 
-360 TGTACCGTTG TTACTGCTGT TGAGTGATGA TTTT~GAGTG GATATTATTG TCAATCTTTC 
-30~ ACTATTAAAT CTTAAGATAG CCGTCTTTCG TAGCGAACGA ACTGTATTGA TAGTAGTTCT 
-240 TAGCAATTTA TAATCATCAG GTGCTTCACA ACCATTTACT ATCAATTTTA ATTTCATTTA 
-18~ AC7~AAT~AA GACACACC7T TTG~CTTC7~ TT77C~CT:A :CATC~CCGT ATGTT~A!CT 
-120 r~:~AT7:~G AT~7AAA7AA AAAAG7TGAA :A~7AGACGA GGGCAAG7AT AACTCGCC7A 
- 6; TATTGTAGCC GCAACCATTG AAAAAAAGCC ATGAATATGA GAAAATAGTT GCACATAAAA 

~CTGAAAT TTAGAATTAG GCCAGTGAGA CATATACGGT GTTATAAACG ACACGCATAT 

61 TTCTTACGAT ATAACCATAC GACTACCCCT ~CACAGAAGT TACAAGCACA GATCGAGCAA 

121 ATACCTCTCG AAAATTACAG r7TTTCT A7AG7~GC:C ATGT!~AC=A TGGGAAGTCA 

181 IACCTT~GTG ACAGACTGCT GGAAATAACG CATGTCATCG ATCCCAATGC GAGAAATAAA 

241 CAAGT~TGG ATAAATTGGA AGTCGAAAGA GAAAGAG~TA TTACTATAAA GGCGC~CA 

301 TGTTCGATGT TTTATAAAGA TAAGAGGACC GGAAAAAACT ATCT~TACA TTTAATTGACJ 

361 IACGCCAGG~GTGGA9rT CAGAGGTGAA GTTTCACGGT CATATGCGTC TTGTGGGGGA 

421 GCAATTCTTT TGGTTGATGC ATCACAAGGC ATACAAGCAC AGACGGTTGC TAATTTTTAT 

481 TTAGCCTTCA GTTTAGGATT GAA4TTGATT :CAGTAATAA ACAAAATTGA TCTCAATTTTJ 

541 ACAGATGTTA AACAGGTAAA GGATCAGATA GTGAATAACT TTGAGCTCCC CGAGGAAGAT 

601 ATAATCGGAG TAAGTGCTAA AACAGGATTA AATGTAGAGG AACTGTTACT ACCGGCTATA 

661 ATTGATCGTA TACCACCACC AACTGGGAGG CCTGATAAAC CCTTCAGAGC ATTATTAGTG 

721 GATTCTTGGT ACGACGCATA CTTAGGAGCG GTTCTTCTAG TGAATATTGT TGATGGTTTT 

781 GTACGTAAAA ATGACAAAGT TATTTGTGCT CAGACAAAAG AAAAATACGA AGTCAAAGAT 

841 ATTGGAATCA TGTATCCTGA CAGAACTTCT ACAGGTACGC TAAAGACAGG ACAAGTTGGC 

901 TATCTAGTGC TGGGAATG~ GGATTCTAAA GAAGCAAAAA TTGGAGATAC TATAATGCAT 

961 TTAAGTAAAG TAAATGAAAC GGAAGTACTT CCCCGATTTG AAGAACAAAA ACCCATGGTA 

1021 TTTGTGGGTG CTTTCCCGGC TGATGGGATT GAATTCAAAC CCATGGATGA TGATATGAGT 

1081 AGACTTGTTC TCAACGATAG GTCAGTTACT TTGGAACGTC AGACCTCCAA TGCTTTGGGT 

1141 CAAGGTTGGA GATTGGGCTT TTTAGGATCT TTACATGCAT CTGTTTTTCG TGAACGACTA 

1201 GAAAAAGAGT ATGGTTCGAA ATTGATCATT ACTCAACCCA CAGTTCCTTA TTTGGTGGAG 

1261 TTTACCGATG GTAAGAAAAA ACTTATAACA AATCCGGATG AGTTTCCAGA CGGAGCAACA 

1321 AAGAGGGTGA ACGTTGCTGC TTTCCATGAA CCGTTTATAG AGGCAGTTAT GACATTGCCC 

1381 CAGGAATATT TAGGTAGTGT CATACGCTTA TGCGATAGTA ATAGAGGAGA ACAAATTGAT 

1441 ATAACATACC TAAACACCAA TGGACAAGTG ATGTTAAAAT ATTACCTTCC GCTATCGCAT 

1501 CTAGTCGATG ACTTTTTTGG TAAATTAAAA TCGGTGTCCA GAGGATTTGC CTCTTTAGAT 

1561 TATGAGGATG CTGGCTATAG AATTTCTGAT GTTGTAAAAC TGCAACTCTT GGTTAATGGA 

1621 AATGCGATTG ATGCCTTGTC AAGAGTACTT CATAAATCGG AAGTAGAGAG AGTGCGTAGA 

1681 GAATGGGTAA AGAAGTTTAA AGAGTATGTT AAATCACAAT TATATGAGGT CTTATACAGG 

1741 CCCGAGCTAA TAACAAGAIA-ATCGCTAGAG AAACAATTAA GGCAAGAAGA AAAGATGTTC 

1801 TCCAAAAGCT GCATGCTTCT GATGTCTCAC GAAGGAAAAA ACTTTTGGCG AAACAGAAAG 
1861 AGGGTAAAAA GCATATGAAA ACTGTAGGTA ATATTCAAAT CAACCAAGAG GCATATCAGG 
1921 CTTTTTTGCG CCGTTAGCAT TGCATATTAT TGTTATTACC ATTTTAAAAT TATACCAAGC 
1981 TGTATATAGT TAAGTACTTT TCATTTGTAA ATAAAAGAGA AAAATAGATT AATAAATATT 
2041 ATAATGACAT AACATTATGC TTTAAGTATT TCTCAAGTGT AACTAC 

FIGURE 8.2. 
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Nucleotide sequence of the GUFl gene. The start and stop codons are 
underlined and the regions coding for the GTPase domains Gl to G4 are 
boxed. The His codon in domain G3 that was mutagenized to generate a 
constitutively active allele is underlined within the G3 box. 
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The predicted Guflp clearly falls into the class of EF

type of G proteins (TABLE 8.1), with the GI-G4 domains 

associated with GTPase function located in the amino-terminal 

half of the protein. EF-Tu homologs conform to a 

OOM (A/R/P) (G/T) SAL amino acid consensus sequence, where 0 

represents a hydrophobic residue (55, 58). Although Guflp 

has the GI-G4 domains usually associated with EF-type 

GTPases, I do not see the G5 domain in Guflp, suggesting it 

may not function as an elongation factor in yeast. 

TABLE 8.1. 

Amino acid sequence comparison of the consensus sequence for EF-type 
GTPase domains and those of Guflp and other similar proteins. Single 
letter representation of amino acid residues are standard, except X is 
any amino acid, 0 is a hydrophobic amino acid, and Z is a hydrophilic 
amino acid. Sc = Saccharomyces cerevisiae, Ec = Escherichia coli, Ce = 
Caenorhabditis elegans. 

Gl DOMAIN G2 DOMAIN G3 DOMAIN G4 POMAIN 

Consensus± 
NOXOOAHXDXGKSTXX 

G T DXXXXEXXRGITIXXX OZOODXPGZX OXOONKXD 

Sc Guflp NFSIVAHVDHGKSRLS DKLEVERERGITIKAQ LHLIDTPGHV IPVINKID 

Ec LepA NFSIIAHIDHGKSTLS DSMDLERERGITlKAQ LNFIDTPGHV VPVLNKID 

Ce LepA not found DKLQVERERGITlKAQ LNLIDTPGHV IPVINKID 

Sc EflAp NVVVIGHVDSGKTTTT DKLKAERERGITIDIA VTVIDAPGHR IVAVNKMD 

± (11) 

A comparison of Guflp protein sequence to other 

sequences in known databases (using FASTA and BLASTP 
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softwaret ) revealed an interesting match. The budding yeast 

Guflp shares 65% similarity (43% identity) over the entire 

protein with an Escherichia coli EF-type G protein, LepA 

(using GAP softwaret ). The function of LepA is unknown; the 

gene was identified on the basis of cotranscription with Lep 

and cell membrane colocalization with Lep, signal peptidase I 

(77). Subsequently, we identified a nematode Caenorhabditis 

elegans sequence homolog, ZK1236.1, which is 64% similar and 

42% identical to Guflp. A three-way comparison of the 

sequences of these proteins is shown in FIGURE 8.3. 

A high degree of similarity between proteins of such 

divergent species can be suggestive of a conserved essential 

function, like that for the cytoskeletal protein actin or the 

cell cycle protein kinase p34cdc2+ICDC28. Therefore, I 

analyzed the guflLl mutant and found that GUF 1 is not 

essential, since guflLl cells (GKY987) are viable at 

temperatures ranging from 14°C to 36°C on rich YEPD media 

plates. 

tComputer analysis performed using software from Genetics Computer 
Group, (1991), Program Manual for the GCG Package, Version 7, April 
1991, 575 Science Drive, Madison, Wisconsin, USA 53711 
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Comparison of the amino acid sequences of three elongation factor (EF)
type G proteins from divergent species: Guf1p from Saccharomyces 
cerevisiae, LepA from Escherichia coli, and the ZK1236.1 protein from 
Caenorhabditis elegans. The proteins were compared using the Pileup and 
PrettyPlot software from GCG, as noted earlier, and the parameters were: 
Plurality = 2.00; Threshold = 1.00; Average Weight = 1.00; Average Match 
= 0.54; and Average Mismatch = -0.40. 
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LepA is cell membrane-associated and NodQ, a bacterial 

GTPase similar in sequence to LepA, is involved in membrane

signalling in the Rhizobium meliloti invasion of leguminous 

plant roots (76). These observations led me to consider that 

GUFl might be involved in a membrane-associated response to 

environmental conditions and thus, to analyze the growth of 

the null mutant and a putative constitutively active mutant, 

GUF1HG, under several conditions. As mentioned above, GUFl 

is not essential but, unexpectedly, null mutants grew better 

at 14°C than wild-type cells. After 6 days on rich media 

agar plates at 14°C, 84±6.9% of gufl.1 cells formed 

microcolonies of 20 cell bodies or more; whereas, only 

48±11.3% of our wild-type cells formed colonies of equivalent 

size. The significance of these observations remains 

:nknown. Null mutants grew no differently than the wildtype 

on rich media plates with ethanol, glucose, galactose, or 

acetate as carbon sources, on complete minimal media plates 

or when cells were UV-irradiated on rich media plates at a 

80J/m2 dose. Furthermore, no obvious phenotypic difference 

was observed between wild-type cells with or without 

overexpression of the E. coli LepA from a galactose-promotor

driven plasmid (data not shown). 

I thought the function of GUFl might be revealed by the 

phenotype of a dominant activating mutation. I reasoned that 

a mutation of the predicted His124 residue in GUFl was likely 

to create such a dominant activating allele, since decreased 

GTPase activity is associated with mutations of analogous 

residues in p21 ras (6), EF-Tu (11, 55, 99) and the hormone
activated G protein subunits as or ai2 (11, 74). However, 

the GUF1HG mutant (GKY1002) was not strikingly different from 

wildtype when grown on different carbon sources or at 

different temperatures (data not shown). Furthermore, this 

allele had no obvious phenotype when expressed on a high copy 
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(2~) vector in an otherwise wild-type background (data not 

sr.:Jwn) . 

Thus, I have found a yeast G protein, which is non

essential and has no obvious mutant phenotypes, yet is highly 

evolutionarily-conserved. Perhaps, this switch molecule is 

functionally redundant with an alternative GTPase, as 

conservation of sequence similarity can occur when there is 

redundancy of function. 



89 

MATERIALS AND METHODS 

YEAST, BACTERIA, AND PLASMIDS 

Yeast methods were standard (117) using yeasc strains 

congenic with A364a. TWY397 (MATa his7 leu2 trpl ura3) (140) 

was the wild-type strain into which mutations were placed and 

which was used as a control. All plasmids were propagated in 
the bacterial strain DH5a using standard methods (5), except 

a dut- ung- strain was used in the mutagenesis scheme 

described below. Cloning with pRS series vectors (120) used 

standard molecular biological techniques (5). pGLK6 denotes 

a pRS406 plasmid with a six kilobase BamHI fragment from 

chromosome IV (containing both GUFl and a portion of the 

checkpoint gene MEC3) cloned into the BamHI site of the 

polylinker (G. Kiser, unpublished). Dideoxysequencing was 

performed as described previously (5). 

GUFl DELETION 

The deletion of GUFl was made as follows. Based on the 

sequence of GUFl and its flanking regions, the following DNA 

primers were made: 1) corresponding to a region about 280nt 

5' of the ATG with a BamHI endonuclease site added at the 5' 

end, 5'GCGGGATCCGCCGTCTTTCG; 2) corresponding to the region 

at the ATG with an EagI endonuclease site added at the 5' 

end, 5'GCGCGGCCGCAGCATTTTTATGTGC; 3) corresponding to a 

region about 180nt 3' of the TAA with a BamHI endonuclease 

site added to the 5' end, 5' GCGGATCCACAGCTTGGT; and 4) 

corresponding to the region at the TAA with a XhoI 

endonuclease site added at the S' end, 

5'GGCTCGAGGATAATCGCTAG. The GUFl gene flanking regions were 

then amplified from genomic DNA using the polymerase chain 

react ion (PCR), as described before (5). The PCR product s 

were purified and subcloned into the polylinker of pRS404, an 

integrating vector marked with TRPI (pGLK9). Targeted to 
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GUF1 by BamHI digest, this vector was transplaced into wild

type cells by homologous recombination. The gufl~ (GKY987) 

was verified by Southern analysis of genomic DNA, using 

standard procedures (5). 

SITE-DIRECTED MUTANT CONSTRUCTION 

Site-specific, oligonucleotide-directed mutagenesis by a 

modified version of the standard method (5, 66) was carried 

out on pGLK6 using the oligonucleotide 5'

GAAGTCCAC~TCCTGGCGTG-3', which alters the 5'-CAT-3' 

(encoding a histidine residue at position 124) to 5'-GGT-3' 

(encoding a glycine residue). In making this alteration, an 

AflIII restriction endonuclease site is destroyed, thus 

mutant constructs were screened for the loss of this site and 

verified by sequencing using standard methods (5), generating 

pGUF1HG. The mutant gene was integrated into the genome 

(GKY1002) or expressed on episomal plasmids in wild-type 

haploid cells TWY397 (MATa his7 leu2 trpl ura3) (140). 
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IX. CONCLUSIONS 

In this chapter, I will first summarize the major 

findings from my projects and present some general 

mechanistic models for checkpoint gene product function. 

Secondly, I will present preliminary results from an 

experiment that was prompted by results of my transcriptional 

induction study of checkpoint gene mutants. 

SUMMARY 

I have undertaken three projects that explore several 

aspects of the Saccharomyces cerevisiae DNA damage response, 

which includes checkpoint-mediated cell division arrest, 

damage-inducible gene transcriptional induction, and DNA 

repair. In this section, I would like to briefly summarize 

my results and use them to speculate on future experimental 

directions and models. 

First, I further characterized the checkpoint gene 

RAD24. Others showed that rad24 mutants are sensitive to DNA 

damage induced by MMS, UV- or X-radiation, or a cdc13 defect, 

and slightly sensitive to hydroxyurea-induced damage. I 

further showed that RAD24 is required for DNA damage-induced 

cell cycle arrest in the G2 phase, but it is not as important 

for arrest in the S or Gl phases. I showed that ra d2 4 

mutants have increased genomic instability in the absence of 

induced damage, even though rad24 mutants have relatively 

high cell viability. Perhaps, the putative RAD24 role in DNA 

synthesis, which is suggested by its genetic interaction with 

CDC44 and CDC2, is most important when there is more damage. 

Notably, RAD24 is damage-inducible. I found that rad24 UV

sensitivity is suppressed by artificially holding cells in G2 

phase; therefore, RAD24 is not essential to DNA repair. 

Nevertheless, RAD24 may serve in some way to increase the 
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efficiency of DNA synthesis in repair by facilitating the 

maintenance of the repair complex on a DNA lesion or by 

ensuring the appropriate amount of time is given to DNA 

repair. As a peripheral molecule in the DNA repair complex, 

Rad24p might be in a position, physically, to assess the 

repair status and signal the checkpoint for cell cycle 

arrest. After DNA damage, then, rad24 mutants do not sense 

ongoing repair, initiate entry into M with damaged DNA, and 

consequently die. 

I also evaluated the nature of the damage signal from 

UV-irradiation that elicits a checkpoint-dependent cell cycle 

arrest. I found that DNA incision is required after UV

irradiation to trigger the checkpoint-mediated cell cycle 

delay in G2 phase. Processing of DNA damage is necessary in 

this case to generate an appropriate damage signal, and may 

be a general property of the damage response. Checkpoint 

proteins themselves may be involved in DNA damage processing. 

Since the predicted protein sequence of Rad17p shows sequence 

similarity to a known exonuclease of Ustilago maydis (D. 

Lydall, unpublished), it is a possible candidate for a role 

in DNA damage processing. If so, rad17 mutants are 

checkpoint defective because they do not produce an 

appropriate damage signal, i.e., one that triggers cell cycle 

arrest. Furthermore, a DNA damage processing mutant might be 

expected to show defects in other damage responses as well. 

I found that rad17 mutants have defective DDR48 

transcriptional induction after DNA damage; however, the 

rad17 transcriptional defect is not general. Perhaps, even 

without RAD17-dependent processing, many genes of the 

transcriptional induction network are still induced by other 

damage-dependent events like incision of UV-induced dimers 

(FIGURE 9.1). Others in the laboratory are evaluating a 

checkpoint gene role in DNA damage processing. 
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Finally, I found that the checkpoint genes are involved 

in a complex pattern of damage-inducible transcriptional 

induction following damage. This heretofore unknown 

transcriptional role was defined by the following 

observations: (i) mecl and mec2 mutants are defective for 

induction of RNR3 transcripts after DNA damage; (ii) the 

other checkpoint mutants appear to play less of a role 

because RNR3 is induced in rad9, rad17, rad24 and mec3 

mutants; (iii) all the checkpoint mutants are proficient for 

transcriptional induction of UBI4; and (i v) as ment ioned 

above, rad17 mutants, and to a lesser degree mecl and mec2 

mutants as well, are defective for DDR48 induction. I 

further showed that transcription of the RAD17, RAD24, MEG1, 

and MEG2 (but not the RAD9) genes are damage-inducible. I 

also showed that MEGl is required for the transcriptional 

induction of the MEGl and MEG2 genes, but not the RAD17 or 

RAD24 genes. 

It is unlikely that the transcriptional induction 

function of the checkpoint genes is involved in the 

checkpoint itself since the G2 checkpoint does not require 

new protein synthesis after damage. Rather, I suggest that 

their transcriptional function ties the checkpoint proteins 

to DNA repair, as damage-inducible transcriptional induction 

probably functions to augment repair (FIGURE 9.1). 
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FIGURE 9.1. 

Some checkpoint genes are involved in more than one response to DNA 
damage. 
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The transcriptional induction function of the checkpoint 

genes is useful for our understanding of the checkpoint genes 

for several reasons. First, this is a new phenotype that can 

be used to evaluate epistasis relationships between the 

different checkpoint genes and possible checkpoint targets. 

Second, the complexity of the transcriptional induction 

response to damage that I saw may underscore a fundamental 
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complexity of all damage responses, including checkpoint

mediated cell cycle arrest. The type of DNA damage and the 

amount of DNA damage, for example, may determine specific 

response pathways. If DNA damage processing is a general 

requirement for damage response, perhaps different stages of 

the damage processing, from the lesion itself to an actively 

repairing lesion complex, signal specific damage responses. 

Finally, we now know that a molecular understanding of 

MECl and MEC2 function, especially, must account for a role 

in more than one response to damage. It is unclear how these 

checkpoint genes function in both cell cycle arrest and 

damage-inducible transcriptional induction. Perhaps, a given 

checkpoint gene product is involved in sensing the damage 

signal and signalling several damage response pathways 

(FIGURE 9.2). Epistasis experiments with other checkpoint 

gene mutants and DNA damage processing mutants might indicate 

whether MECl or MEC2 is involved in damage recognition. Does 

RAD1-dependent incision of UV-dimers, for example, depend on 

MECl or MEC2? 
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A checkpoint gene may be required to produce an appropriate damage 
signal. 

Alternatively, a checkpoint gene product may function 

enzymatically in more than one response to damage (FIGURE 

9.3). For example, the Meclp probably acts as a lipid kinase 

(and it may have protein kinase activity as well) and the 

Mec2p probably acts as a protein kinase. Either could 

phosphorylate numerous substrates involved in cell cycle 

arrest, apoptosis, transcriptional induction or an essential 

function like replication. 
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A checkpoint gene may be required independently in each of several 
responses to damage. 

Further, substrate specificity could also be affected by 

different types or amounts of damage signal. Additional 
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biochemical studies of MECl and MEC2 may shed light on the 

multi-functionality of these proteins. The identity of in 

vivo kinase substrates, for example, might help us better 

understand the mechanism of these checkpoint gene products. 

Another of the intriguing differences between MECl and 

MEC2 and the other checkpoint genes is that MECl and MEC2 are 

essential. Since rad9, rad17, rad24, and mec3 mutants are 

not essential, yet also checkpoint defective, it is unlikely 

that the damage checkpoint is essential for normal cell 

growth. Why then are MECl and MEC2 essential? Is one of 

their other functions, like transcriptional induction, 

required for normal cell growth? This prediction is now 

testable for MEC2 and, more recently, for MECl (see next 

section) . 

Further genetic studies and comprehensive biochemical 

studies of the checkpoint gene products is required to fully 

understand the mechanism of checkpoint-mediated cell cycle 

arrest. For example, is MEC2 involved in DNA synthesis? If 

so, then does it function as a common enzyme in transcription 

and replication like human ERCC-3? Perhaps, the Mec2p kinase 

will have DNA damage-dependent substrate specificity. Are 

the putative repair roles of RAD9, RAD17, RAD24 and MEC3 due 

to different roles in DNA damage processing? These and other 

questions remain to be answered. 
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MEC2 (also known as RAD53 and SPK1) is an essential gene 

(140, 150), which encodes a serine/threonine/tyrosine protein 

kinase (124). Since other checkpoint genes are not 

essential, the essential role of MEC2 in normal cell growth 

is unknown. I have identified a transcriptional induction 

function for MEC2 that may account for the its requirement in 

normal cell growth. 

The mec2KD allele (the kinase domain of MEC2 alone with 

minimal flanking DNA) apparently separates the 

essential/growth function from the checkpoint function; when 

it is overexpressed using the galactose promotor in otherwise 

wild-type cells, the checkpoint remains intact but the cells 

grow slowly «150) and S. Kim, unpublished). To address the 

question of whether the transcription function of MEC2 is 

specific for the growth/essential function or the checkpoint 

function, I analyzed the RNR3 transcriptional induction in 

wild-type cells containing the galactose promoter-driven 

mec2KD allele. 

RESULTS AND DISCUSSION 

In two preliminary experiments, overexpression of the 

kinase domain in a wild-type background (rad16A to enhance 

the UV-damage) caused slow cell growth and apparent defective 

transcriptional induction of RNR3 (TABLE 9.1 and FIGURE 9.4). 

The overexpression of a mutant kinase domain in a wild-type 

strain had no effect on RNR3 transcription, nor the growth of 

cells (TABLE 9.1 and FIGURE 9.4). Unfortunately, these 

results are not conclusive since galactose itself in both 
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experiments appeared to induce RNR3 in the absence of UV

irradiation in the rad16~ cell transformed with the mec2KD 

allele (FIGURE 9.4 and data not shown). 
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FIGURE 9.4. 

The mec2KD allele has defective RNR3 transcriptional induction after UV
irradiation. Graph of RNR3 transcript levels in rad16L1 strains 
transformed with pfus (control plasmid), pfus-mec2KD (the MEC2 kinase 
domain), or pfus-mec21ys (the MEC2 kinase domain mutant), where the 
mutant allele expression was induced for 12 hours in galactose prior to 
UV-irradiation. Levels were determined from counted ~ decays in 
Northern blot bands. The RNR3 transcript level was normalized by 
dividing the counts per minute (cpm) in the RNR3 mRNA band by the cpm in 
the PRTl mRNA band, after background cpms were subtracted from each. 
This graph represents the data from a single experiment. Induced 
samples were collected four hours post-UV (80J/m2). 
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TABLE 9.1. 

Phenotype of rad16d strains transformed with plasmids containing various 
mec2 alleles. 

RNR3 

MEC2 ALLELE CONSTRUCT GROWTH INDUCTION CHECKPOINT 

pfus wildtype1 ,2 wildtype2 wildtype1 

(control, plasmid alone) 

pfus-mec2KD (pSK53) slow1 ,2,3 defective2 wildtype1 

(mec2 kinase domain) 

pfus-mec21ys (pSK54) wildtype1 wildtype2 wildtype1 

(inactive mec2 kinase domain) 

1. S. Kim, unpublished 
2. this study 
3. (150) 

Nevertheless, these preliminary results suggest that the 

essential/growth function of MEC2 is a result of its 

transcriptional induction role. It cannot be ruled out, 

however, that the transcription defect seen with 

overexpression of the mec2KD allele is a non-specific 

transcription defect, which may be due to loss of specificity 

of the Mec2p kinase. 

MATERIALS AND METHODS 

TRANSCRIPTIONAL INDUCTION EXPERIMENT 

Minimal media without leucine with glucose was 

inoculated with GKY941 strains (rad16L1; Chapter VII) 

transformed with: a control plasmid (pfus; a 2Jl plasmid 

marked with leucine with the GALlO promotor and an expression 

polylinker fused to lacz), the kinase domain of MEC2 (mec2KD 



102 

allele) cloned into pfus, or a kinase domain mutant of MEC2 

(mec21ys allele; a mutation of a highly conserved lysine 

residue required for protein kinase activity in other 

kinases) cloned into pfus (5. Kim, unpublished). Cultures 

were grown to early mid-log stage (1 X 10 6 cells/ml). They 

were washed twice with water, resuspended in minimal media 

without leucine with raffinose, and grown 8 to 12 hours at 

23°C. Expression of the mutant mec2 alleles was induced for 

either 6 or 12 hours by addition of galactose to the media. 

Cells were then plated on rich agar plates with galactose and 

UV-irradiated at 80J/m2. After washing cells off the plates, 

they were resuspended in minimal media without leucine with 

raffinose and galactose. All cultures were then grown at 

23°C for either two or four hours, at which time samples were 

taken for cell viability determination and RNA purification 

(as described in Chapter VII) . 
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APPENDIX A. FREQUENTLY USED ABBREVIATIONS 

Abbreviation Brief Descri tion 

Gl first gap phase of cell cycle 

S DNA synthesis phase of cell cycle 

G2 second gap phase of cell cycle 

M mitosis phase of cell cycle 

UV ultraviolet 

MMS methylmethane sulfonate; an alkylating agent 

HU hydroxyurea; inhibits ribonucleotide 

reductase 

YEPD 

A364a 

D~I 

~C 

af 

DRE 

MCB 

CDC 

R~ 

~C 

HUS 

CDK 

CKI 

rich yeast growth medium 

one of the common budding yeast genetic 

backgrounds 

4,6-diamino-2-phenylimide; DNA-specific stain 

methyl benzimadazol-2yl-carbomate; 

microtubule inhibitor that arrests budding 

yeast in G2 phase 

alpha factor mating pheromone that arrests 

budding yeast in Gl phase 

damage response element; promotor element 

MluI cell cycle box; promotor element 

cell division cycle; gene name 

radiation-sensitive; gene name 

mitosis entry checkpoint; gene name 

HU-sensitive; gene name 

cyclin-dependent kinase 

kinase CDK) inhibitor 
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APPENDIX B. MITOTIC CHECKPOINT GENES IN BUDDING YEAST AND 

THE DEPENDENCE OF MITOSIS ON DNA REPLICATION AND REPAIR 
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Mitotic checkpoint genes in budding 
yeast and the dependence of mitosis on 
DNA replication and repair 
Ted. A. Weinert,I,2,3 Gretchen L. Kiser, I and L.H. Hartwe1l2 

IOepanment of Molecular and Cc:iiuJar Biology. Uruversity of Arizona. Tucson. ArIzona 85721 USA, lOepartment 
of Genetics. Uruverslty of Washington. Seattle. Washington 98195 USA 

In eukaryotes a cell-cycle control termed a cbeckpoint causes arrest in the S or G1 pbases wben chromosomes 
are incompletely replicated or damaged. Previously, we sbowed in budding yeut that RAD9 and RADl7 are 
cbeckpoint genes required for arrest in the G1 pbase after DNA damage. Here, we describe a genetic suategy 
that identified four additional cbeckpoint genes that act in two pathways. Both classes of genes are required 
for arrest in the G1 pbue after DNA damage, and one clus of genes il allO required for arrest in S pbase wben 
DNA replication is incomplete. The G1-specific genes inc:1ude MEC3 (for !!!itOlil !Iltry £beckpoint), RAD9, 
RADl7, and RAD24. The genes common to both S pbue and G1 phale pathways are MECl and MEC2. The 
MEC2 gene proves to be identical to the RAD53 gene. Cbeckpoint mutants were identified by their 
interactions witb a temperature-sensitive allele of tbe ceU division cycle gene CDCll, cdc13 mutants arrested 
in G1 and survived at tbe restrictive temperature, wbereu all cdc13 checkpoint double mutants failed to 
arrest in G1 and died rapidly at the restrictive temperature. The cell-c:ycle roles of the RAD and MEC genes 
were e:umioed by combination of rad and mec mutant aUeles with 10 cdc mutant alleles that arrest in 
diHerent Stages of tbe cell cycle at the restrictive temperature and by the response of rad and mec mutant 
alleles to DNA damapog agents and to bydroxyurea, a drug that inhibit. DNA replication. We conc:1ude tbat 
the cbeckpoint in budding yeut consists of overlapping S-pbue and G2-pbaae pathways tbat respond to 
incomplete DNA replication and/or DNA damage and cause arrest of cells before mitosis. 

IKey WOlds: Checkpoints; DNA replication md repair; budding yeast; cell-cycle control I 
Received November IS. 1993, revised version accepted January 20. 1994. 
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The eukaryotic mitotic cell cycle proceeds by a series of 
events essentially invarimt in their order; DNA replica
tion is completed before mitosis. chromosome conden
sation before chromosome segregation, md mitosis be
fore cell abscission Ifor review, see Hartwell md Weinert 
1989; Murray 1993). The order is mamtained by mecha
nisms that ensure the dependence of events, where late 
events requue the completion of early events. A check
pomt is one type of mechanism that ensures the depen
dence of events, md studies from a variety of organisms 
demonstrate that a checkpoint ensures the dependence 
of mitosis on DNA replication Ifor review, see Hartwell 
and Weinert 1989; Murray 19931. CheckpOints appear to 
govern the dependence of other cell-cycle events as well 
le.g., initiation of DNA replication IKastan et al. 1991; 
Kuerbitz et al. 19921; chromosome segregation IHoyt et 
al. 1991; Li and Murray 199111, though some dependen
cies may be governed bv controls other than check
pomts. 

damage before mitosis. This function has tWO related 
consequences for the cell. First, the checkpomt ensures 
that cells maintain genome integrity le.g., remain eu
ploidl despite the low but continuous levels of DNA 
damage that occur in normal cell division. Second. the 
checkpoint allows cells to withstmd episodic DNA 
damage or delays in DNA repilcation These tWO conse
quences of checkpoint function are mferred from genetic 
studies of yeast mutants, the checkpOint null mutant 
rad9tJ. is viable but mutant cells do lose chromosomes 
spontaneously when unperturbed Iwithout radiation I at 
a higher rate than do wild-type cells, and rad9tJ. cells are 
sensitive to radiation (Weinert and Hartwell 19901. 

The mitotic checkpOint addressed here provides a cell 
the time to complete DNA replication and repair DNA 

'ComlpoDcIJ.a. luthor. 

Other cell-cycle checkpomts apparently play similar 
but more complex roles than that of the RAD9 gene. 
Yeast cells defective for the checkpoint gene MAD2 Me 
unresponsive to a defect in microtubule structure or 
function: mad2 mutant cells with disrupted mlcrotu
buIes continue the cell cycle and die, whereas Wild-type 
cells arrest and remain viable ILi and Murray 19911. 
MAD2 plays a role in genomic stability because mad2 
mutants lin unperturbed cellsl lose chromosomes at a 
higher rate than wild-type cells. MAD2 IS an essential 
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gene; therefore. the checkpoint is either essential for 
normal cell divisIOn or It is nonessential and .\1AD2 has 
a second essential cellular function. IRecent studies 
show that Mad2p can act as a prenyltransferase that ef
fects protein trafficking (Jiang et al. 1993; Li et al. 199311 
The p53 gene in mammalian cells also acts In a cell-cycle 
checkpOint early In cell division (Kastan et al. 1991; 
KuerbltZ et al. 19921. Like RAD9. the p53 gene IS not 
essential for cell viability (Donehower et al. 19921 but 
does provide for gcnomic stability because p53 mutants 
suffer gene amplification and chromosome loss (living
ston et al. 1992; Yin et al. 1992). p53 mutant cells. how
ever. are not radiation sensitive (Lee and Bernstein 1993; 
5lichenmeyer et al. 19931. perhaps because they do have 
an Intact G2 checkpOint and can still complctc DNA 
rcpalr beforc mitosis. 

Studies of the p53 gcnc also revcal a relationship 
among ccll-cyclc checkpoints. genomic stability. and 
cancer (sce Hartwell 1992; Weinert and Lydall 19931. 
The p53 gene IS found mutated in most types of human 
cancers. Cancer may anse more rapidly in p53 mutant 
cells than In Wild-type cells because the checkpOint de
fect In mutant cells results in genomic Instability and 
accumulation of mutations that contribute to abnormal 
growth. 

We began dissecting the mitotic checkpOint that or
ders DNA rephcation and mitOSIS in the budding yeast 
Saccharomyces cerevisiae. By examining available radi
ation-sensitive mutants, we showed that the RAD9 and 
RADI7 genes are essential for cell-cycle arrest in the G1 
phase aftcr DNA d.lmage (Weinert and Hartwell 1988, 
1990,1993; Hartwdl and Weinert 19891. The roles of the 
RAD9 and RADI7 genes were evaluated by comparing 
the cell-cycle responses of mutant and wild-type cells to 
radiatIOn and to a drug that inhibits DNA replication 
(hydroxyurca); rad9 and radI7 mutants failed to arrest 
after irradiation (X- or UV-I, but did arrest when treated 
With hydroxyurca. In addition the RAD9 and RADI7 
gcnes also showed a striking genetic Interaction with a 
class of CDC genes that encode structural genes for 
DNA replication enzymes, including DNA ligase 
(CDC9; Johnston and Nasmyth 197811 DNA polymerase 
Q (CDC2; Sitney et al. 19891, DNA polymerase 'Y 
(CDCI7. Johnson et al. 1985; Carson 1987), and CDCI3 
Iwhose function In DNA replication is mferred from ge
netic analysis (Hartwell and Smith 198511. For example, 
DNA hgase mutants (cdc91 arrested in the G1 phase (de
termined by flow cytometryl and remained Viable after 
shift to the restrictive temperature, whereas cdc9 rad9 
and cdc9 radI7 double mutants failed to cell-cycle arrest 
and lost cell Viability more rapidly. The inactivation of 
the cdc mutant gene product apparently leads to DNA 
leSIOns that mgger arrest at the checkpoint. Cell death is 
probably attrlbutablc in part to cell division With unre
paired DNA breaks. although additional causes of dcath 
may Includc defects In DNA repair and/or defects in 
duect gene product interactions (e.g .• defective interac
tion between the mutant DNA ligase and the mutant 
checkpOint gene protem I. Failure to arrest In the G1 
phase aitcr radiation and after mactlvation of DNA rep-
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licadon enzymcs argues that the checkpOint genes are 
essential for arrest in the G1 phase after DNA damage. 
IWe cannot distinguish whether the four mutants cdc2. 
cdc9. cdcI3, and cdcI7 arrest In the late S phase or in the 
G2 phase after shift to the restrictive temperature. Flow 
cytometry used to measure DNA content is not sensitive 
enough to distinguish the two possibilities. For slmphc
ity. we will refer to arrest in the G1 phase in these cdc 
mutants but acknowledge the ambiguity (for further diS
cussion. see Weinert and Hartwell 199311. 

The striking interaction of RAD9 and RADI7 with 
CDC genes suggested the genetic strategy used here to 
identify additional checkpOint genes. We have uscd the 
observation that after shift to the resmctlve tempera
ture. cdcI3 mutant cells arrest and remain viable, 
whereas cdcIJ..-checkpoint double mutants fall to ar
rest and die more rapidly. We identify alleles in four 
checkpoint genes, MECI. MEC2 (RAD531, MEC3. and 
RAD9, and also describe studies on a sixth checkpOint 
gene, RAD24. found by screening RAD mutants. Our 
studies show that all four genes are essential for arrest m 
the G1 phase after DNA damage and that two of these 
genes have an additional role in arrest in early S phase 
when DNA replication is blocked. The mitotic check
point has discrete S-phase and G1-phase pathways. 

Results 

Identification of four additional checkpoint genes 

We deVised a genetic screen for checkpOint mutants 
based on the observation that cdcI3-checkpolnt doublc 
mutants failed to arrest in the G1 phase and died rapidly 
after shift to the restrictive temperature (Fig. 11 (Weinert 
and Hartwell 19931. cdcI3 mutants are defective for the 
metabolism of telomere-associated DNA; they accumu
late single-stranded DNA In regions near the ends of 
chromosomes at the restrictive temperature (B. Garvlk 
and L.H. Hartwell. pers. comm.l. We inferred that these 
DNA leSions cause arrest at the checkpOint and that the 
low cell viability of cdcI3-checkpolnt double mutant 
cells may be attributable to cell dIVISIOn with unrepaued 
DNA leSions (though other explanations are possiblc
discussed below\. cdcI3 mutants were chosen for the 
genetic screen, instead of other cdc mutants le.g., cdc9; 
DNA ligase I. because cdcI3-checkpoint double mutants 
have the most dramatic arrest-defect phenotype (Fig. 
lA.BI (see Hartwell and Weinert 1989; Weinert and Hart
well 19931. 

We mutagenized cdcI3 cells (strain nvY146. see Ta
ble 11 and first screened for strains that died rapidly Ithe 
rapid death phenotype I and then Identified mutants that 
failed to cell-cycle arrest aftcr shift to the resmctlve 
temperature (the cdcI3 arrest-defect phenotype; see Ma
tcrials and methods!. Of -12.000 ethylmethane sul
fonate (EMSI-mutagemzed cells screen cd. -500 strains 
died more rapidly than a cdcI3 strain and 21 of these 
strains also failed to cell-cyclc arrest after shift to the 
restrictive tcmperature. 
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Figure I. cdc 13 cells arrest In the hrst cell cycle and retain cell 
VIabIlity, whereas cdc13 rad9 cells fail to arrest and lose vlabil· 
Ity more rapIdly. cdc13 tAl and cdc13 rad9 tBI cells grown at the 
permISSIve temperature were placed on agar plates and shifted 
to the restrictive temperature of 36'C for 10 hr. Each mlcrocol· 
ony arose irom a single cell. Cells were photographed at the 
same magmflcatlon. tel cdc13 and cdc13 rad9 cells grown at the 
pemllSSlve temperature were shifted to the restrictive temper· 
ature of 36'C In hquld culture, at vanous times cells were plated 
at the permIssIve temperature Ila'CI, and cell VIability was de· 
termlned by colony formation after incubation for 2-3 days. The 
average of duphcate cultures IS shown. 

Genetic characterization and mapping of checkpoint 
mutants 

In each mutant analyzed the cdc13 arrest-<iefect and 
rapid death phenotypes cosegregated and were attributed 
to smgle mutations (see Materials and methodsl. All 21 
mutants were recessive to wild type and formed four 
complementation groups, With multiple alleles of mec 1, 
mec2, and rad9 and a single allele of mec3 (Table 21. In a 
separate screen of radiation-sensitive mutants, we found 
that rad24-1 is also a checkpoint mutant and included It 
m further analyses. In our genetic screen we did not iden
tify any alleles of the checkpoint mutant radl 7 or that of 
rad24. We have now screened rad6, 8, 9. ZO, II. 12. 17. 
18. 24. 52. 53 (identical to mec21, and rad54 (thiS study, 
Weinert and Hartwell 1988; unpubl.l. 

mec1 identifies a preViously undescribed gene and 
maps to the long arm of CHRII between lys2 and cdc28 
ITable 31. The genetic mapping was confmned by results 
of DNA sequence analYSIS; MECl IS immediately adja
cent to but distinct from CKSI. which was mapped to 
the same chromosomal region IHadwlger et al. 1989; un
publ.l. mec2 maps to CHRXV and proved to be allelic 
With rad53·1; both mec2·1 and rad53·1 alleles confer 
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sensitivity to hydroxyurea IHU sensitivity I and fall to 
complement each other for HU sensitivity, and meiotic 
analySIS shows that the mutations are tightly linked tTa· 
ble 31. MEC3 maps phYSically to CHRIV and IS neIther 
RAD55 nor RAD9, but we have not yet identified Its 
chromosomal location Isee Matenals and methods!. 

Checkpoint mutants are sensitH'e to DNA-damagmg 
agents and fail to cell· cycle arrest after X-madJatlon 

We tested the newly isolated checkpomt mutant alleles 
for their responses to DNA-damaging agents and found 
that at least some alleles of each checkpomt gene were 
methylmethane sulfonate {MMSI-. UV-, and X-ray sen
sitive {Table 2; data not shownl. Some alleles of mec 1 
and mec2 showed a complex spectrum of phenotypes 
{see Discusslonl. 

On the basis of their radiation and drug sensltlvitles, 
the strongest alleles from each complementation group. 
mecl-l, mec2-1, and mec3-l. were selected for further 
studies. We also tested the strongest alleles for each gene 
for cell-cycle arrest after X-irradiation and found that 
each failed to arrest m the G2 phase after DNA damage 
{Table 41. 

The strongest allele for each checkpomt gene appears 
to be a noncondJtional mutant for checkpomt function. 
Although the cdcl3-arrest defect phenotype was neces
sarily determined at 36·C. we found that the same mu· 
tants tested at 23°C were arrest·defectlve after X'lrradl' 
atlon and were DNA damage sensitive IX-ray, U\', and 
MMSI. Whether alleles other than mecI-I, mec2·1. and 
mec3·1 are temperature sensitive for functIOn has not 
been examined. mecl-I, mec3-I, and rad24-I all grow 
well at 23°C and at 36'C {in CDC· stramsl, and mec2·1 
grows well at lower temperatures but not at 36·C Isee 
Table 51. 

Interaction of checkpOint and CDC genes 

The roles of the checkpomt genes were exammed by m
teractlons With CDC genes that act at speCIfic stages of 
cell diviSion. We mtroduced each checkpomt mutation 
IntO cdc mutants that arrest after shift to the restrictive 
temperature In either the G I phase Icdc2BI; m G,-S 
Icdc7\; in S phase Icdc8 and cdcl7 at 38'CI; m G1 phase 
{cdc2, cdc9, cdcI7 at 34°C, and cdcl31; m G~-M phase 
{cdcl61; or in postanaphase Icdcl51. We claSSify the ar· 
rest of cdcl6 mutants as In G2-M although we have no 
formal proof that the arrest point IS distinct from the 
class of cdc mutants that arrests m the G2 phase. The 
cdcl6 mutant IS distinctive m that it does not generate 
DNA damage at the resmctlve temperature as does thc 
other class of cdc mutants that arrest m G1 lfor diSCUS' 
Slon, see Weinert and Hartwell 19931. cdc6 mutants were 
also analyzed and arrest apparently early In nuclear dl' 
vISIon (see DlscusslOnl. The stages of arrest are based on 
prevIous observations, mcludmg genetic, morpholo~lcal. 
and flow cytometric analvses Isee Pringle and Hanwell 
1981; Carson 1986; Wemert and Hartwell 19931. The m· 
teractlons of CDC and checkpomt genes were assessed 
by comparing the cdc smgle mutants with the corrc· 



Table 1. StraIns used In IhlS studl' 

Strain 

lWY39" 
TV:Y39S' 
lWY30S 
TIVY312 
lWY316 
lWY399 
lWY123' 
lWY162 
lWY409 
lWY410 
lWY411 
lWY412 
lWY413 
lWY414 
lWY415 
lWY416 
lWY417 
lWY418 
lWY419 
lWY420 
lWY421 
lWY422 
lWY423 
lWY424 
lWY425 
lWY426 
lWY54b 

lWY285 
TV:Y283 
T'h'Y429 
T'h'Y430 
lWY431 
lWY432 
lWY433 
lWY434 
lWY435 
lWY436 
lWY437 
lWY438 
lWY439 
lWY440 
lWY441 
lWY442 
lWY443 
lWY444 
lWY445 
lWY446 
lWY447 
lWY448 
lWY449 
lWY450 
lWY451 
lWY452 
lWY453 
lWY454 
lWY455 
lWY146 
lWY148 
lWY158 
lWY159 
KSS255' 
g15J.12c' 

Genotype 

MATa ura3 hIS7 leu2 Irpl 
MATa rad9~::LEU2 hls7 ura3leu2 Irpl 
MATamecl·1 ura31rpl 
MATa mec2·1 ura3ms7 Irpl 
MATa mec3·1 ura3 hlS3 Irpl 
.\fATa rad24·1 ura3 hlS7 leu2 Irpl 
MATa/A-IATa ura3/ura31:J53 - hlS7 - leu2'Ieu2 Irp/lrpl 
MA Ta/MATa mecl·llmecl·l ura3!ura3 h1S3,· his7· - leu2:· cdel3 .• 
MA Ta cdc2·2 his' 
MA Ta cdc2·2 mecl·l ura3 ural 
MATa cdc2·2 mec2·l ura3 hls3 hlS7 
MATa cdc2·2 mec3·l his7 
MATa cdc2·2rad24·l ura3 ural hlS7 leu2 
MATa cdc6·1 ura3 ural 
MATa cde6·1 mecl·l ural Irp] 
MATa edc6·l mec2·1 
MATa cdc6·: mec3·1 ura3 ural hlS7 Irpl 
MA To cde6·lrad24·1 ura3 ural hIS7 
MATa edc7.4 ural 
MATa cdc7.4 mecl·l ural his7 
MATa cdc7.4 mec2·1 ura3 hlS7 
MATa cdc7.4 mec3·] ural hIS7 
MATa cdc7.4 rad24·1 ura3 hIS 7leu2 
MATa cdeB·l 
MATa cdcB·l mec3·1 ural his7leu21rpl 
MATa cdcB·lrad24·1 ural hIS7 leu2 
MATa cde9·B ura3 adeJ ade2 Irplleul conI cyh2 sap3 Irpl SCE::URA3 
MATa cde9·B meel·l ade2 adeJ ura3 Irplleu-
MATa ede9·B mee2·1 ura3 hlS3 Irpt leu-
MATa cde9·B mec3·1 hlS7 Irpl 
MA Ta cde9·B rad24·1 his7 leu2 Irpl adeJ 
MATa cdel3·1 ura3 hlS3 
MATa cdel3·1 meet·l ura3 hlS3 hlS7 leu2 
MATa cdeI3·] mee2·l ura3 
MAT. cdcl3·1 mec3·t ura3 hlS7 leu2 Irp] 
MATa cde13·1rad24·1 mec3·1 uTa3 hIS3 Irpl 
MATa cdclS·l uTal uTa3 hls3 hIS 7 
MATa edclS·l meeH uTa3 hlS7 
MATa cdelS·l mee2·1 hlS7 Irpl 
"-lATa cdclS·l mec3·1 uTal hlS7 
MATa cdelS·l Tad24·1 uTa3 hls7 Irpl 
MA Ta cdc 16·1 UTa 1 uTa3 hIS 7 
MATa cdcl6·1 mecl·l 
MATa cdel6·1 mec2·1 uTa31rpl 
MATa cdc16·1 mec3·1 hlS7 Irpl 
MATa cde16·1rad24·1 uTal ura3 hls7 
MATa cdc17·1ms7 
MATa cdcl7·1 mecl·llrpl 
MATa edel7·1 mee2·1 hlS~ 
MATa edel7·1 mec3·1 ural ura3 hls7 Irpl 
MATa edeI7·lrad24·1 hls7leu2 trpl 
MATa ede2B·l ural ura3 hlS3 hls7 
MATa ede2B·l meel·l hls7 
MATa ede2B·l mee2·1 ura3 hlS7 
MATa ede2B·l mec3·1 uTal his7 
MATa ede2B·lrad24·1 uTal ura3 hlS7 
MATa cdcl3·1 uTa3 hls7 
MATa cdel3·1 mec2·1 ura3 hlS7 
MATa cdcl3·t mecH uTa3 hlS7 
MATa cdcl3·1 mec3·1 ura3 hlS7 
MATa rad24·1 uTa3 Irpl hlS3leu2lys2 
MATa radS3·1 ade2·1 adel arg4·17}ysl.l h1SS·2 

StrllDS were generated In thiS study. except for the iollowlng; 
'Weinert and Hartwell 119901. 
bHartwell and Weinert i19891. 
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Table 2. Phenotypes of checkpoint mutants 

Phenolypes 

cdcl3 
Strain' Allele arrestb MMS' HUe X·ray' 

MEC' 
mecl -/ 

-3. -4. -6. -11 
-7 ~ 

-8. -10 ~ 

-2. -5. -9. -12 ... 
mec2 -I. -2. -3 

-4 
mec3 -I ~ 

rad24 -I ~ 

rad9 -10. -II. -12 
-13 ~ 

'Strains were derived from TWY146 MAT. cdc13 ura3 Ius7. 
except for the rad24 mutant IlWY43SIIsee Table II. Genes and 
alleles were assigned by complementation and allelism tests 
Isee Matenals and methodsl. 
trrhe cdcl3·arrest phenotype measures arrest m G2 after DNA 
damage. Cells were grown to mldlog m liqUid culture at the 
perIIllssive temperature. plated on agar plates. and shlfted to the 
restnctive temperature of 36°C. After 10-16 hr. plales were ex· 
ammed II1Icroscoplcally. Strains that had an mtact checkpoint 
produced mlcrocolomes that pnmanly contained either two or 
four buds. and produced strains With a defective checkpOint. 
mostly mlcrocolonies that con tamed five buds or more. 
'SensitivitY to MMS. HU. and X·rays was determined by com
paring patches of cells replicated onto selective medium 10.01 % 
MMS. 0.1 M HUI. or complete medium IWithout drugl. or after 
x·irradlatlon. Alternatively. we determmed the ability of single 
cells to form Visible colomes when streaked on plates contain' 
mg selective medium. mec3 and rad24 were consistently more 
HU sensitive than rad9 mutants but less sensitive than mecl 
and mec2 mutants. mecl·l. mec2·1. and mec3-1 are each UV
sensitive Idata not shown I. as 15 rad24 IEckardt·Schupp et al. 
19871. 

Table 3. Genetic mapping of mecl and mec2 

Mutant Cross' PD NPD T 

mecl cdc28 mecl 38 0 4 

+ ... 
cdc28 + 25 0 23 

+ /ys2 

mecl 22 0 18 
... /ys2 

mec2 mec2-1 16 0 0 

radS3-1 

ConclUSion: I. cdc28 - mecl - /ys2 --
4.8 cM 22.5 cM 

2. mec2-1 and radS3·1 are allelic 
'To map mec 1. diplOids were analyzed that were either cdc28 
mecl +1 • • /ys2 or cdc28 mecl .'. +::URA3/ys2Icontalns 
a pama! duplication of the MECI gene with the URA3 gene 
integrated at the MECI locus; T. Weinert. unpubl.l To map 
mec2-1. a diplOid formed from mec2-1 and rad53·1 haplOid par
ents was analyzed. 
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Table 4. CheckpOint mutants iazl to arrest the ce// cYcle 
airer x·jrracUalJon . 

Percent Percent Arrest 
Strain' lethality arrest lethality 

MEC 49 42 082 
mecl-l 79 19 0.2-1 
mec2-1 68 22 0.32 
mec3·1 68 2-1 0.35 
rad24·1 69 II 0.16 
rad9J 84 16 0.19 

'The fraction of arrested cells/cell lethality at a low dose 01 

x-rays 12 kradsl provides a convenient metnc of cell cycle arrest 
\dlscussed m Matenals and methods I. Results arc from a single 
expenment. Strains are MEC·. lWY397 i mecl-l. lWYI58 i 

mec2-1. lWY148; mec3·1. lWYI59, rad24-1. lWY435; rad9. 
lWY398. 

sponding cdc-<:heckpoint double mutants for four phe
notypes, mcluding arrest morphology. fllst cycle arrest, 
cell Viability, and maximum permissive temperature for 
colony formatlon Isee Materials and methods!. ThiS 
strategy was used previously to characterize rad9 and 
rad17 mutants. 

All SIX checkpoint genes are required for arrest 
of cdc m:::Jnts in the G2 phase WIth DNA damage 

One class of cdc mutants arrests in the G1 phase after 
shift to the restnctive temperature and encodes gene 
products that are involved in DNA metabolism Icdc9. 
DNA ligase; cdc2, DNA polymerse 'I; cdcl7 at 34'C, 
DNA polymerase Q; and cdcl3, function unknown; see 
introductory sectlonl. Each of the correspondmg cdc
checkpoint double mutants showed some defect III cell· 
cycle arrest lalthough for some mutants the arrest defect 
is relatively small I, and all double mutants died more 
rapidly at the restrictive temperature compared With the 
cdc smgle mutants ITable 51. Each cdc-checkpoint dou
ble mutant also showed an altered maximum permissive 
temperature compared With the cdc stram. For cdc2. 
cdcl7, and cdc9 the max.lmum permissive temperature 
was lower 10 the cdc-checkpoint double mutant; mu
tant cells grown at intermediate temperatures are hm
ited for the function of these DNA replication enzymes 
and likely require a delay at the checkpomt to complete 
replication before mitosis and to remam Viable. The 
maximum permissive temperature is higher 10 the 
cdcl3-<:heckpoint double mutants, though most cells 
formed at the higher temperature were mVlable Ifor diS
CUSSion, see Wemert and Hartwell 19931. The pheno
types for this DNA replication-defective class of cdc
checkpOint double mutants are Similar to those of the 
corresponding cdc rad9 and cdc radl7 double mutants. 
The results mdlcate that all six checkpolllt genes are 
required for arrest in the G1 phase after DNA damage 
resulting from defects in DNA rephcatlon enzymes. 

Though we consistently observed a quahtatlve corre
lation between the increased cell death and a defect In 

cell· cycle arrest, we do not always see a quantitative 



correlation between the extent of cell death and of the 
defect In cell-cycle arrest !see Table 5; e.g., d. cdcI3 
mecI and cdcI3 mec2; or cdc9 mecI and cdc9 rad241. 
This suggests that the cause of cell death may not be 
attnbutable solely to a defect in cell cycle arrest. Some 
cell death may be due instead to defects in DNA repair or 
to defects in gene product interactions between the 
checkpoint and DNA replIcation proteins. 

MEC 1 and MEC2 are also essential for arrest in S 
phase 

Three results indicate that mec 1 and mec2 mutants have 
a defect in S-phase arrest when DNA replIcation is 
blocked. First, cdcB mec! and cdeB mee2 double mu
tants were synthetically lethal; after sporulation of ap
propriate diploids we were unable to recover any viable 
double mutants (from edeBI + mee! / + or edeBI + 
mec2i + diplOIds, analyzing 22 and 25 tetrads with 66% 
and 70% spore viability, respectively). We infer that the 
double mutants were formed dunng meiosis but were 
inviable because we did recover the three other expected 
genotypes (cdcB, mee!. and CDC· MEC·) at frequen
cies expected for unlinked genes !edeB, mee!, and mec2 
are on CHRX, CHRD, and CHR XV, respectively). Be
cause the double mutants were apparently inviable un
der condmons where both single mutants are Viable, 
cdcB meeI and edeB mec2 mutants are synthetically le
thal. edcB mutants at 23°C are partially defective for 
DNA replication (see Weinert and Hartwell 1993 and 
references therein), so cdeB spores germlDated at 23°C 
might be expected to experience an S-phase delay and 
therefore require MECI and MEC2 for that delay and for 
cell Viability. 

Second, cdcI7 mec! mutants died more rapidly than 
did cdc17 MEC· mutants at the high temperature !38°CI 
that causes cdc17 single mutants to arrest in S phase 
(Table 51. The cdcl7 mec! mutant cells at 38°C also 
displayed a higher frequency of abnormal microtubule 
morphologtes than did cdel7 strains, suggesting that 
cdc17 mecl cells fail to artest under conditions where 
cdc!7 MEC· cells do artest (data not shownl. However, 
the interpretation of the cdc!7 meel phenotypes IS com
plIcated because of the ambiguous phenotypes of other 
cdc !7-checkpoint double mutants. For example, both 
cdcl7 mec2 and cdel7 mee3 strains showed a mild cell
cycle arrest defect at 38°C, yet the cell viability of both 
strains was comparable with that of the edcI7 MEC· 
strain. By other critena (e.g., interaction with cdcB, re
sponse to HU) mec2 mutants are S-phase arrest defec
tive. whereas mee3 mutants are nOt. The analysis of 
mee2 may also be complicated by its temperature sensI
tiVity for growth lin a CDC· background; see Table 5). 
The basis for thiS vanability of phenotypes In some of 
the cdc l7-checkpoint mutants at 38°C is unknown. 

The third and most dramatic result that mdicates an 
S-phase arrest defect In mecl and mee2 mutants was 
their response to incubation with HU. HU-treated mec! 
and mee2 mutant cells failed to cell-cycle arrest and died 
rapidly, whereas wild-type cells arrested and remained 
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Viable (Table 6; Fig. 2). From their DNA and tubulIn 
morphologtes IFig. 2; data not shownl. meeI and mec2 
mutants appeared to attempt and even complete mitosis 
in the presence of HU. The low viabilIty of HU-treated 
mecl and mec2 cells may be attributable to entry IntO 
mitosis of mutant cells under conditions where MEC· 
cells remam arrested. Agam, other contnbutlons' to cell 
mVlability (e.g., defects in DNA repair. defective gene 
product Interactlonsl cannot be ruled OUt at present. 

Interactions of checkpoint mutants WIth other cdc 
mutants 

Checkpoint mutations did not affect the phenotypes of 
cdc mutants that arrest in G 1 !cde2B), G1-S (edc7l. Gz-M 
!edcl6), or postanaphase (cdcl5l after shift to the restric
tive temperature (Table 51. By the critena of Interactlo~ 
with CDC genes, the role of the checkpomt genes ap
pears restricted to the S andlor Gz phase of the cell cycle 
and to respond to mcomplete DNA replication or DNA 
damage. 

The analysis of cdc6-checkpoint mutants gave results 
that were less dramatic and more difficult to mterpret. 
For example, from their nuclear morphology ede6 mecl 
mutants appeared arrest-defective compared to the edc6 
strains !most double mutant cells did not arrest as large
budded cells with an undivided nucleus), however cell 
Viabilities were similar 10 the two strams. Although the 
strongest mteractions appeared between ede6 and mec3. 
there may be some interaction with the other check
point mutants as well (including rad9 and radl7. 
Weinc:rt and Hartwell 1993), because all double mutant 
combmatlons have a lower maximum permissive tem
perature than the cde6 strain. The mteractlon of CDC6 
and checkpomt genes requires additional studies. 

Discussion 

Six checkpOInt genes are required for arrest 
in the G2 phase after DNA damage 

We have now Identified and charactenzed mutants 10 six 
checkpomt genes. RAD9. RADI7, RAD24. MECl. MEC2 
(RAD531. and MEC3. All are essential for the DNA dam
aged-mduced cell-cycle arrest 10 the G z phase. ThiS con
clusion IS based on several observations. First. all check
pomt mutants were defectl ve for cell-cycle arrest follow
mg X-irradiation !Table 41; those tested also failed to 
cell-cycle arrest after UV-Irradiation Irad9 and radl7; 
Weinert and Hartwell 1993), and all of the mutants are 
also sensitive to DNA-damagtng agents (X-ray. UV. and 
MMS). The senslt1vity to DNA-damagmg agents may be 
attnbutable solely to a failure to cell- cycle arrest. 
though we have not ruled OUt an addmonal direct role in 
DNA repair. 

Second, all of the checkpomt genes show a striking 
mteractlon With a class of CDC genes that function 10 

DNA replIcation. Each of the CDC genes 10 thiS class 
(CDC2. CDC9. CDCl3, and CDCI71 encode protems m
volved 10 DNA metabolIsm Isee Introductory section I, 
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Table 5. Role of checKpoint genes In arrest of cdc mutants 

Anesl 

nuclear Maxtmum 
morphology< Viability' perrnlSSlve 

Cell cycle fIrSt tempera lure' 
Stram' phaseb 23 RT cycled 23 RT :ac~ 

cdcl3 G1 15 97 90 89 = 2.2 83 = 5.7 ,-
-~ 

cdcl3 mecl 9 15 3 87 = 4.2 14 = 6.3 28 
cdel3 mec2 16 42 43 92 = 0.9 19 = 1.3 28 
cdel3 mec3 4 24 15 87 = 2.3 39 = 3.4 2~ 
cdel3 rad24 17 34 10 86 = 4.2 45 = 1.0 30 

cdc2 G1 15 94 90 99 = 0.9 19 = 2.9 30 
cdc2 meel 13 45 36 52 = 8.4 0.24 = .07 25 
cdc2 mec2 28 56 45 88 = 3.1 0.61 = 0.2 28 
cdc2 mec3 12 68 38 86 = 4.4 0.82 = 0.4 25 
cde2 rad24 26 64 39 72 = 2.3 0.22 = .06 28 

cdc9 Gz 21 96 79 93 = 3.0 11 = 1.4 32 
cdc9 mecl 8 51 49 87 = 4.2 1.1 = 0.1 25 
cde9 mec2 15 71 69 89 = 3.5 1.5 = 1.0 ,-

-~ 
ede9 mec3 17 67 73 68 = 1.6 0.5 =.09 25 
cdc9 rad24 18 71 74 82 = 0.0 0.17 = .02 25 

cdc 17 134°CI Gz 19 93 71 97 = 1.4 64=11.1 32 
cdc17 mec/ 134°CI 16 59 62 80 = 9.0 0.27 = .12 28 
cdcl? mec2 134°CI 25 66 51 82 = 0.5 0.16 = .07 28 
edc17 mec3 134°C I 15 47 24 86 = 1.7 9 = 2.5 30 
ede17 rad24134°Cl 9 32 19 85 = 3.8 3 = 2.1 28 

cdc2B G I 44 97 96 97 = 1.7 59 = 1.3 32 
cdc2B mecl 37 78 90 89 = 2.9 57 = 13.6 32 
ede2B mec2 24 89 84 96 = 1.9 67 = 3. 7 32 
cdc2B mec3 24 92 88 88:: 5.5 57 = 10.2 3~ 

cdc2B rad24 20 89 87 93:: 1.6 79 = 4.3 32 

cdc6 see text 20 67 86 92:: 3.7 26 = 1.9 32 
cdc6 mecl 13 34 53 86:: 2.5 22 = 7.6 30 
cdc6 mec2 25 67 64 90:: 4.4 51 = 6.8 28 
cdcl> mec3 12 44 67 88 = 3.1 7.2 = 2.5 30 
cdc6 rad24 22 74 73 85 = 0.8 5.6 = 2.7 211 

cdc7 G1-S 21 71 83 87 = 5.1 29:: 4.1 28 
cdc7 mecl 35 61 87 81 :: 1.3 17=1.7 25 
cdc7 mec2 20 77 75 96 = 4.0 22 = 2.9 28 
cdc7 mec3 26 71 88 82 = 7.4 22 = 1.3 25 
cdc7 rad24 18 75 85 78 = 5.2 22 = 3.8 26 

cdcB S 20 96 94 95 = 0.5 24 = 0.5 28 
cdcB mecl inviable 
cdcB mec2 inViable 
cdcB mec3 15 82 86 82 = 1.3 14 = 2.2 28 
cdcB rad24 16 97 93 64:: 3.1 6.0:: 2.0 28 

cdc 17 138°C 1 S 19 77 80 97:: 1.4 14:: 4.9 32 
cdc17 mec1138°CI 16 43 82 80:: 9.0 1.6 :: 1.2 28 
cdcl7 mec2 138°C I 25 49 58 82:: 0.5 11 = 5.3 28 
cdcl7 mec3 138'CI 15 50 64 86:: 1.7 28 = 76 30 
cdc 17 rad24 138°C I 9 74 72 85:: 3.0 11 = 5.2 28 

cdcl6 Gz/M 3 81 59 99:: 1.0 66:: 9. 7 30 
cdcl6 mecl 14 85 51 91 = 3.0 40 = 73 30 
cdcl6 mec2 18 86 53 90:: 2.1 62 = 4.8 30 
cdcl6 mec3 22 89 58 88 = 2.3 52 = 6.6 30 
cdcl6 rad24 13 72 83 7\ = 1.0 39 = 2.1 30 

cdcl5 postanaphasc 38 95 86 94 = 8 7 45 = 3.8 32 
cdcl5 mecl 32 92 75 94 = 0.8 42 = 1.1 32 

ITable 5 continued on faCing page) 
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Table 5. IContlnuedl 

Stram' 

cdclS mec2 
cdclS mecJ 
cdclS rad24 

MEC 
mec/ 
mec2 
mec3 
rad24 

Cell cycle 
phaseb 

asynchronous 
asynchronous 
asynchronous 
asynchronous 
asynchronous 

Arrest 

nuclear 
morphology' 

23 RT 

38 87 
22 92 
II 70 

22 28 
16 19 
38 33 
10 12 
20 22 
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MaXImum 
Viability· permissive 

fIrSt temperature' 
cycled 23 RT iCC~ 

87 91: 6.6 67: 11.5 32 
85 88: 6.1 53: 6.3 32 
98 85: 2.9 40: 4.9 32 

IS 97: 1.8 93: 2.7 36 
40 93: 2.1 92: 4.2 .36 
18 79: 5.7 68: 5.9 .32 
25 83: 4.9 83: 4.9 36 
16 90: 5.3 86: l..3 .36 

'Strams are shown m Table 1. Resmctlve temperature IRTI for cdc muutlons was 36'C. except as noted. 
bConcluslons irom these and previously published observations. 
<Percentage 01 cells with a large bud and undIVIded nucleus. except cdc281unbuddedl and cdc1S i1arge budded With diVided nucleus!. 
dPercentage 01 mlcrocolomes that contam either tWO or lour buds lnucrocolony assay I. except lor cdc28 lone or two buds!. 
'Mean value Irom three to SIX cultures; standard deViation shown . 
. \1aXJmum penrusslve temperature of colony lormatlon. 

and DNA replication in the corresponding temperature· 
sensitive mutants at the restnctlve temperature is either 
lJlcomplete or complete With errors (causing arrest 1Jl 

late S or C1 phase. respectively I. Each of these four cdc 
DNA replication-defective mutants arrested in the C 2 
phase at the restrictive temperature. whereas each of the 
corresponding cdc-checkpolJlt double mutants failed to 
arrest and died rapidly. Unrepaired DNA lesions in these 
cdc mutants at the restrictive temperature probably ac
tivate the checkpolJlt. and cell death 1Jl the checkpoint 
mutants occurs either because of cell diviSion with dam-

Table 6_ Inhlbiuon of DNA repbcauon by hydroxyurea 
con/l1rns the S·phase orresl defecl In mec I and 
mec:!. mUlonts 

Nuclear Spmdle< 
morphologyb Viability 1% normal 

Stram' I-HU:.,.HUI (-HU/+HUI mHUI 

MEC- 27/91 96 : 1.2191 : 2.3 97 
mec1 20/27 95 : 3.5/0.2 : 0.07 3 
mec2 30/69 93 : 3.6/0.5 = 0.07 38 
mecJ 16/89 85 = 2.3/63 = 2.9 97 
rad24 18174 83 = 3.8179 = 1.0 95 

'Strams: MEC·. TWY397, mec1·1. TWY308,mec2-1. TWY312; 
mec3·1. TWY316;rod24-1. TWY399. 
bCells were mcubated with 0.2 M hydroxyurea m liqUid media at 
30'C lor 4 hr and analyzed for cell Viability and morphology. 
Arresled cells are large budded and have an undiVided nucleus. 
<The spmdle morphology observed speCIfically m large-budded 
cells IS presented. Normal short spmdles seen m HU-arrested 
wild· type cells were at the neck of the bud. Abnormal spmdles 
were clearly neither short nor elongated. though details 01 thell 
abnormality were not always eaSily Identified labnormalltles 
are more easily seen m larger diplOid cells, see Fig. 21. The 
Illlcrotubule phenotypes 01 unbudded cells were normal. Few 
large-budded cells with an elongated spmdle and bipolar nu· 
c1eus were observed. 

aged chromosomes. defects in DNA repair. defects 1Jl 

gene product interactions. or a combination of these. We 
cannot determine the exact cause(sl of cell death 1Jl the 
cdc-checkpoint double mutants from these studies. 

Our results suggest that any type of DNA lesion (gen
erated by MMS-. UV-. or X-irradiation or by defects 1Jl 

DNA replication 1 causes an arrest that requires all SIX 

checkpOint genes. We have no eVidence that some 
checkpolJlt genes are required for arrest due to speCIfic 
types of DNA lesions. although if such mutants do eXIst. 
we may not have detected them because our mutant ISO
lation strategies used only raciJation- or cdc13- induced 
DNA lesions. Some alleles of mecl are more resistant to 
DNA-damaging agents than are other alleles (Table 21. a 
result that could suggest leSion-specific detection by dif
ferent alleles of MEC1. However. these different pheno
types may Simply reflect different quantitative levels of 
function and not qualitatively different functions. This 
question needs to be examlJled further. In sum. we iavor 
the idea that all of these genes playa role in Signal trans
duction once some form of DNA damage has been gen
erated. 

MECI and MEC2 define distinct S- and G2-phase 
pathways of the rmtotic checkpOint 

Mutants in the MEC1 and MEC2 genes were Identified 
by their defects in the C2 pathway but. when analyzed. 
proved to be defective for an S-phase pathway as well. 
This conclusion IS based on the following observations: 
mec1 and mec2 mutants treated With HU failed to arrest 
and were inviable; mecl and mec2 were synthetically 
lethal with cdcB; and cdcl7 mec1 failed to arrest and 
died more rapidly than cdcl7 mutants at the high tem
perature (3S"CI at which cdc17 cells arrest 1Jl S phase. 
From the nuclear morphology of HU-treated cells. mec1 
and mec2 mutant cells With incompletely replicated 
DNA appeared to enter (and even completei mitOSIS. MI-
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Figure 2. inhibition of DNA replication by incuballon of cells 
with HU causes cell·cycle arrest of MEC' cells but not mecI 
cells Diploid cells tTWYl2J. MEC"MEC; TWY162 mecl! 
mee 11 were treated for 4 hr with HU at 30'C. fixed. and stained 
for nuclear and microtubule morphologies. tTop} Cell morphol· 
ogy. uSing Nomarskl opUCS. and nuclear morphology simulta
neously; Imlddlel nuclear morphology alone, \bollom} mlcrotu· 
bule morphology. 

toSlS with unreplicated DNA has been observed In mam· 
mallan cells treated with both HU Ito block DNA repll· 
catlonl and with caffeine Ito override the checkp0lntl 
\descrlbed as the MUG phenotype-mttosiS with !:!"rep' 
lIcated genome; Brinkley et al. 1988.1. In addition, sev· 
eral fission yeast genes function In an S·phase pathway 
analogous to that mediated by MECl and MEC2 IEnoch 
and Nurse 1990; Al·Khodauy and Carr 1992; Enoch et al. 
1992; /lmenez et al. 1992; Rowley et al. I992b; for reo 
view. sec Murray 19931. The RCCl gene In mammalian 
cells INishlmoto et al. 19781 and in fission yeast IMat· 
sumoto and Beach 19911, and the bimE gene In filamen· 
tous fungi IOsmanl et al. 1988; 1991; for review. see 
Dasso 1993.1 are also essential for an S·phase pathway in 
those orgamsms. The eXistence of an S-phase pathway 
appears to be umversal among eukaryotlc cells. 

The dependence of mltOslS on DNA repllcation 
IS eniorced by an S· and a Cz·phase pathway 

The model In Figure 3 summarizes one view of the rela· 
tlonshlp between the SIX checkpoint genes and the cell 
cycle In budding yeast. IThe EMS· Induced checkpoint 
mutations are uncharactenzed as to their molecular Ie· 
slons. so except for the rad9 mutation. which IS a null. 
these mutants may retain partial function. We believe 
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-M 
Figure 3. Summary of the roles of the checkpOInt genes In the 
S- and G1·phase pathways In checkpOint control. ITop! Partlall~' 
replicated chromosomes with two rephcauon bubbles and cen· 
tromere. and two fully duphcated SIster chromauds. one oi 
which has a break. 

that the general conclusions on phase speCificity arc cor· 
rect because null mutants of rad17. rad24. and mecJ 
have phenotypes similar to those of the mutants studied 
here ID. Lydall and T. Weinert. unpubl.ll. We Imagine 
that the checkpOint genes have some rolelslln the Signal 
transduction process. It is unlikely that any of these 
genes represer.: the target of checkpOint control for the 
following rca, ~ We anticipate that the target Will be a 
genelsl essential for mitOSIs. and a checkp0lnt·defectlve 
mutant allele In that gene might be dominant. ThiS ex· 
pectation derives from mutations In hsslon yeast In the 
CDC2 gene Icdc2·3wl. which arc dommant and have a 
checkpomt defect IEnoch and Nurse 19901. All of the 
checkpOint mutant alleles that we have characterized m 
buddmg yeast are recessive ITable 2; Wemert and Hart· 
well 1988, 19931. 

Possible mechamstlc relauonshlps between S 
and Cz pathways 

Why does the cell employ twO DNA·sensltlve mecha· 
nisms to ensure chromosome integntv before mitOSIs: 
Conceptually, the two may play fundamentally dlifcrcnt 
roles IEnoch and Nurse 1991; LI and Deschales 1993; ~ee 
Murray 19931. We imagine the G1 pathway has a concep· 
tually Simpler function where DNA leSions mgger arrest 
In GI , and the pathway constitutes an extrinSIC control 
to mitOSIS normally not essential for Viability. The G~ 
pathway ensures that damage generated either spontane
ously during replication or by speCIfic environmental m· 
sults IS repaired before mitosis. This contrailS analogous 
to that of the DNA damage·sensltlve recA·dependent re
sponse In bacteria. 

The S·phase pathway may be more complex and may 
be mmnslc to DNA replication ItSelf. perhaps by ensur· 
ing that the time for DNA replication IS sufflclcnt. How 
does the cell sense Incomplete DNA replication; Thc 
cell may detect some feature of a repitcatlon fork. Spe· 
clfic proteins may serve both m DNA repitcatlon and m 
cell·cycle control. In thiS regard, the role oi CDC6 m cell 



division may be of interest. Recently, a CDC6 homolog 
In fission yeast, cdc 18·, was reported to have a check
point function, acting as a positive regulator of DNA 
rephcatlon and as a negative regulator of mitOSIS (Kelly 
et al. 1993). In budding yeast genetic eVidence also sug
gests CDC6 may function both in the imtiation of DNA 
replication (Hartwell 1976; Hogan and Koshland 19921 as 
well as an inhibitor of mitosis (Bueno and Russell 1992), 
The mitotic arrest caused by overexpresslon of CDC6 
docs not require the RAD9 gene (Bueno and Russell 
19921. We have seen weak interactions between CDC6 
and the checkpoint genes (Table 51, and the meaning of 
these possible interactions remains to be established. 

A model of the mitotic checkpoint must account for 
why MECI and MEC2 are required in both the S and G1 
pathways, whereas the other four checkpoint genes func
tion solely In the G 2 pathway. We consider twO possibil
Ities. First, the signal In the S and G2 phases may be 
processed by distinct pathways that subsequently con
verge on the MECl! MEC2 function and then on the tar
get. This model predicts the eXistence of genes that act 
in an as-yet-unidentified and distinct S-phase pathway 
(see Murray 19931. In a second model, MEClIMEC2 
function during S phase, and their function In S phase is 
required for the subsequent function of the G1 pathway. 
This model posits that MECI and MEC2 act before the 
G: pathway genes. If this model IS correct, MECl! MEC2 
must have a constitutive role in the cell cycle because 
previous results showed that when cells In the G2 phase 
were Irradiated, the G2 pathway was activated and cells 
arrested In G2 (Weinert and Hartwell 1988, 1993), At 
present, we have no observations that distinguish be
tween the twO possibilities. 

Comparison of the mitotic checkpoints in fission 
and budding yeasts 

The general organization of the checkpoint that orders 
DNA replication and mitosis appears similar in fission 
and budding yeast (for review, Li and Deschales 1993; 
Murray 19931. Both yeasts have genes that function spe
Cifically in the G2 pathway in response to DNA damage: 
Four genes in budding yeast (see Fig. 31 and at least two 
genes In ftssion yeast, chkl· (Walworth et al. 19931 and 
weel· (Rowley et al. 1992a, but see Barbet and Carr 
1993.1. Both yeasts have genes that function In both the 
S- and G2-phase pathways: MECI and MEC2 in budding 
yeast and at least II genes in fission yeast (see Murray 
19931. The genetic analyses in both yeasts appear incom
plete so yet more checkpoint genes will likely be iden
tified: Whether these genes from the two yeasts share 
sequence similarities andlor molecular functions awaits 
their molecular analYSIS. 

Target of the mitotic checkpoint 

A possible target of checkpoint regulation IS 
p34CDC2 CDC2~ (Nurse 19901. Support for thiS hypotheSIS 
comes from expenments in fission yeast shOWing that 
mutants In cdc2· and ItS regulators Icdc25· and wee 1 "I 
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have checkpOint defects. Another possible direct hnk be
tween the checkpOint genes and cdc2 + 10 ftsslon yeast 
was reported recently 10 the genetic suppressIOn of a 
cdc2 mutation by the checkpOint gene chk1+ iWalworth 
et al. 19931. In budding yeast It IS unclear what mterae
tlon. if any, exists between checkpomt genes and 
CDC28, the cdc2 + homolog. For example, the same 
cdc2 mutants that have a checkpOint deiect 10 ftsslOn 
yeast have no detectable phenotype In buddmg yeast 
(Amon et al. 1992; Sorger and Murray 1992, for review. 
see Murray 1993; Weinert and Lydalll993). We have also 
not yet detected genetic interactions between CDC28 
and the budding yeast checkpOint genes isee Table 4, D. 
Lydall and T.A. Weinert, unpubl.l. The Identity of the 
essential mitotic controls and how It IS regulated by 
checkpOint genes remains a central unanswered ques
tion. 

LimitatlOns of the checkpOint screen 

The screen based on the cdc13 arrest phenotype has lim
Itations indicating that additional checkpomt mutants 
might be identified using other cmerta. The screen was 
apparently biased in identifYing some but not all check
pOint genes; we recovered multiple alleles of mec 1. 
mec2, and rad9 but only a single allele of mec3 and no 
alleles of rad17 and rad24. Some checkpOint mutants 
may have been under-represented In our screen because 
they were not sufftciently lethal In combination with 
cdc13. For example, cdc13 rad24, cdc13 mec3, as well as 
cdc13 rad17, retam greater Viability after 4 hr at the re
strictive temperature than do the other three cdc 13-
checkpOint double mutants (Table 5, Weinert and Hart· 
well 19931. In addition, our screen may be limited to 

genes involved in recognIZIng a subset of pOSSible DNA 
leSions (cdc13-defectlve cells accumulate smgle
stranded DNA at the restrictive temperaturel. We note, 
however, that the leSions In cdc 13-defectlve cells must 
eventually share a common feature With radlatlon-tn
duced leSions because all checkpOint mutants are radia
tion sensitive as well. Additional searches for check
point mutants might explOit the lethahty of other cdc
checkpOint double mutants at the restrictive 
temperature for the cdc mutation (Table 51, or the obser
vation that all six cdcl3-checkpotnt double mutants 
have a higher maximum perrmsslve temperature than do 
cdc13 single mutants. 

The use of synthetic lethality to Identify 
checkpOints and checkpOint genes 

The checkpOint mutant isolation strategy used here re
lied on the following Simple hypotheSIS: A checkpOint 
detects cellular defects and arrests cell diVISIon to pro
vide the cell time for repair. Cell lethalitY results tn 
checkpOint-defective cells when cell diviSion occurs 
Without repair of damage. In thiS study we tntroduced 
DNA damage by uSing a temperature-sensitive mutation 
Icdc 131 and Identified checkpomt mutants because 
they died rapidly and continued cell diVISIon despite the 

GENES a. DEVELOPMENT bbl 



WelDen el al. 

damage. A conceptually similar approach was used to 
Isolate mutants in the S-phase pathway In fission yeast 
because they failed to arrest and died rapidly when 
treated with HU thus mutants, Enoch et al. 19921. Sim
Ilarly. mutants that identify a checkpOint responsive to 
microtubule function or assembly (MAD and BUB genesl 
were Identified from their fallure to arrest and their low 
viability when treated with the microtubule poison 
benomyl (Hoyt et al. 1992; Li and Murray 19921. The 
checkpOint mutants Identified here exhibited un selected 
phenotypes (e.g., radiation sensltivityl that provide fur
ther evidence for their role in checkpOint function. Sim
Ilarly, the hus. mad, and bub mutants exhibit unselected 
phenotypes consistent with the IT roles In a checkpoint 
function tHoyt et al. 1991, Ls and Murray 1991, Enoch et 
al. 1992; also see Neff and Burke 19921. 

Materials and methods 

Srrams and genetic merhods 

All strains are congemc wllh A364a. except as noted In Table I. 
The Tad24·1 mutation was Introduced Into AJ64a by backcross· 
Inll the ongsnal Tad24·1 mutation Ifrom KSS255; Table II to an 
AJ64a parental strain SIX times, Yeast media and genetic meth· 
ods were standard ISherman et a\. 19741, Ce1J.cycle studies were 
done wllh cells grown to mldlog stage 12 x 10'" to 5 x I 0"'1 mil In 
complete medium. except where noted, 

RJd"Jllon and drug senslllvllles 

X·trradlatlon of cells was performed by use of a Machlett 
OEG6oo tube set at 50 kY. 20 rnA, which delivered \06 radlsec, 
and UY·trradlatlon was delivered by use of a Stratallnker 1800, 
Qualitative Uy· and X·ray sensitivities were determined by Ir' 
radiating replicas of patches of cells tWO times. once at the time 
of replica plating and a second time 8-16 hr later. Dose of radl' 
atlon: X·rays. 8 krads, UV. 80 11m!. Strain survival was deter· 
mined after incubation for 2-J days at la'c. 

For drug sensltlVlles. patches of cells were replica plated on 
medium containing 0.01 % of MMS (Sigma M·40161 or 0.1 ~ HU 
ISlgma H·86271. To determine MMS sensitivity. patches of cells 
were replica plated and Immediately replica plated .I second 
time Idouble·repllcasl to MMS·contalnmg solid medium. This 
procedure effectively dilutes the number of cells transferred and 
Improved the dlscnlIUnatlon of MMS' and MMS' strams, We 
also momtored the ability of single cells to form VISIble colomes 
on solid medium contammg ellher MMS or HU. The results 
from these quahtatlve tests of drug sensitivity varied with tem· 
perature and cell ploidy; we found that the most reproducible 
results were obtamed uSing haplOid strams at la'C or diplOid 
strainS at JO'C \In CDC· stramsl. 

.\Iurant lso/auon 

A cdcl3 RAD strain ITWYI46, MATo cdc13 uTa3 hlS7 CAN/! 
was mutagemzed With EMS to -50% Viability. a dose that In' 
creased the Irequency 01 pomt mutations -laO'lold Ithe Ire· 
quency of canavamne reSistance mcreased irom 6' 10 -. to 
1,4)( 10- l!. Mutagem:ed cells were grown to smgle colomes on 
solid medium at la'C. the permiSSive temperature for cdc 13, 
Each colony represented a potential Independent mutant, 
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The screen for checkpOint mutants Involved two steps. First 
we screened IndlVldual colomes lor cell Viability after Incuba· 
tlon at the restrictive temperature trapld death screenl. Colomes 
were double rephca plated Ito reduce the number of cells trans· 
ferred, see above I and sublected to a temperature upshllt-<iown· 
shift regsme. 6 hr at 36'C. then la'C overnight. followed by the 
same regsme' the follOWing day, ThiS procedure ehectlvelv 
squares the difference In cell survival between rapldlv dymg 
strains and the cdcl3 control strams, After a subsequent 2· to 
J·day mcubatlon at la'C. growth of each colony was compared 
with thaI of a edc13 stram. a cdcl3 Tad9 strain. as well as wllh 
the mutant colony Incubated only at la'C. We showed that 
cdc13 cells survive thiS temperature shih regime, whereas 
edcl3 Tad9 cells do not, Strams that died rapidly were retested 
for their rapid death phenotype. and candidates were then tested 
for their cell·cycle arrest phenotype, All strams with the rapid 
death phenotype were also screened quahtatlve1y lor X·rav sen· 
SltlVlty. although tills was not a necessary cmenum lor a check· 
point mutant. 

Strains that exhibited a rapid death phenotype were screened 
indiVidually for IIUcrocolony formation at the restrictive tem· 
perature. Cells from each stram were resuspended 10 liqUid cui· 
ture, grown for several generations at the permissive tempera· 
ture. somcated. plated on agar plates. and Incubated at the reo 
strlctlve temperature IJ6'CI. After 8-16 hr. the morphology oi 
mlcrocolomes anslng from single cells was exammed micro, 
scoplcally, and strains were characterized as arrested Iformmg 
mlcrocolomes contalnlng mostly two and four budsl or not· 
arrested Iformmg mlcrocolomes contammg greater than lour 
buds; see Fig. I A.BI. 

Genelle analysIS of checkpOint mutants 

The checkpOint mutants were crossed to MA Ta cdc 13 and 
sporulated. and haplOid segregants were tested lor single gene 
segregation of mutant phenotypes. The cdc13 arrest phenotype 
and the rapid death phenotypes cosegregated where tested, Th. 
edcl3 arrest phenotype was used mmally to follow all check· 
POint mutations In crosses and to test for complementation 
because some alleles were not sensitive to DNA·damagmg 
agents Isee Table 21. We Isolated appropnate ,\fA T.1 cdc13-
checkpoint double mutants lor complementation and allelism 
tests. Inmal gene assignments were made from complementa· 
tlon tests and were venfled by allehsm tests; all mutants 
showed tight hnkage to the prototype allele from ItS comple· 
mentation group Ithough spore Viability was low 10 some 
stramsl. The strongest mutant alleles were selected for further 
study Imec 1·1. mec2·1. and mee3·1. as well as Tad24·1. obtained 
trom K, Sitney and B, Mortimer. UmversltY of California. Berke· 
leyl. 

Cel/.cyc/e arrest after X'lrradlallon 

Cells were grown In nch liqUid medium to mldlog phase. son· 
Icated. plated on sohd medium. and treated with a low dose oi 
X·rays 12 kradl that generates a few double· strand breaks per cell 
Isee Weinert and Hartwell 19881. After incubation 01 irradiated 
cells for 8-10 hr. cell·cycle arrest was determined from the mor· 
phology of mlcrocolomes and from the cell inViability Ideter· 
mined 24 hr after irradiation\' The ratio of percent arrestcd cell~ 
Imlcrocolomes with either a large·budded cell or with tWO ad· 
laCCnt large· budded cells! dmded by the percent of inViable: cells 
proVides a metric of the efilclency of cell cycle arreSt. For Wild· 
t\1'e cells thiS metric approaches 1,0 because essentially all cells 
with unrepalrable DNA breaks die and arrest In the G: pha~c, 



haploId cells In the G, or postanaphase stages when X'lrradiated 
cannot repair the DNA double·strand breaks. arrest In the next 
G~ phase. and dIe as large· budded and two adlacent large·budded 
cells. respectively. WIld· type cells that can repair the double· 
Strand break IS· and Gl·phase cells! form large mlcrocolonles 
that arc not counted. In contrast. checkpoint mutant cells that 
dIe after X'lrradlatlon do not usually arrest Immediately, rather 
they continue to divide for a few generations. Thereiore. in 
checkpoint mutants. the ratio of arrested to invIable cells IS 
< < 1.0 and typically <0.3. Cell death of irradiated cells IS likely 
attnbutable to unrepalred DNA damage though may not be due 
solely to the defect In cell·cycle arrest, as discussed In the text. 

Cell·cycle response 10 HU 

HU Inhibits DNA rephcatlon by depicting cells of dNTP pre· 
cursors, presumably by Inhibiting nbonucleotide reductase, and 
causes wIld· type cells to arrest cell diVISion In S phase. Cells 
were grown to mldlog In hquld medium and then Incubated for 
4 hr with 0.2 M HU. HU was removed by washing cells tWice 
with water and plated to detenrune cell viability, or fixed with 
70% ethanol for I hr and stained with 4.6·dlamlno·2·phenyl 
Indole IDAPIl for analysIs of cell and nuclear morphology. To 
detennme microtubule morphology, cells were fixed with 
freshly prepared paraformaldehyde and stained with DAPI and 
antl·tubulln antibodies IPnngle et al. 19891. For each strain. at 
lea ~ 100 cells was exammed by fluorescence IIllcroscopy. 

v.t: found that with HU a first cycle arrest assay was not a 
particularly informative phenotype. HU·resistant cells plated 
on medium contalnmg HU arrested In the first cycle Iformlng 
mlcrocolonles of large· budded and tWO adlacent large· budded 
cellsl and eventually recovered to resume cell division. HU· 
sensitive cells Imecl and mec21 plated on medium containing 
HU also appeared to arrest In the hrst cycle as large· budded cells 
but never resumed cell diVISion. Analysis of nuclear morphol· 
ogy prOVides an explanation for why mec1 and mec2 mutants 
fall to recover: HU·senslllve cells appear to attempt mitosis 
before completion of DNA replication, die. and therefore do not 
resume cell diVISion like HU·resistant cells. 

Anal~'sls of cdc-checkpolnl double mUlants 

cdc mutants that arrest In speCifiC stages of the cell cycle were 
crossed to checkpomt mutants and cdc-checkp0lnt double mu· 
tants were Isobted ITable II. The interactions of checkpoint and 
CDC genes were assessed by companng four phenotypes of the 
cdc and respective cdc-checkp0lnt double mutants. After shift 
to the restnctlve temperature for 4 hr, we determined the cell 
and nuclear morphology, cell viablhty, and whether cells ar· 
rested m the first cell cycle. Cell and nuclear morphology was 
determined from cells fixed m 70% ethanol, stamed wIth DAPI. 
and Viewed by fluorescence and light IUlcroscopy. Cell viability 
was detennmed microscopically from colony iormatlon 24 hr 
after platmg. First cycle arrest was detenruned by platmg cells 
on sohd medium and sconng the percent of cells that arrest m 
the fltSt cycle las either large· budded or as two adiacent large· 
budded cells, sec Fig. II. For each phenotype, at least 100 cells or 
mlcrocolonles were analyzed. 

The fourth cmenon IS the ability of cells to form colomes 
when grown at intermediate temperatures Ithe malUmum per· 
IIllSSlve temperature!. ThiS test measures the cumulative effect. 
over - 20 cell dIVISIons. of a checkpOint deiect In cells hmlted 
for a cdc function. The maximum permISSive temperature 15 the 
temperature 123. 25. 28. 30. 32 or 36'CI at which cells iorm 
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macroscopIcally Visible colOnies SimIlar to those formed at 
23'C after 2-4 days of incubation. 

Genetic mapping 

In crosses to generate cdc28 mec 1 double mutants we noted 
their genetic IInka/!e. MEC210n CHRXVI and MEC3 ion CHRIV' 
were each mapped phYSically by use of DNA fragments from the 
cloned genes as probes of a Southern transier oi chromosomes 
separated by pulse· held gcl electrophoreSIS IS. Kim and T. 
Weinert. unpubl.l. We have not yet determined the map POSI' 
tlon of mec3 on CHRIV, prehmmary data indiCate that mec3 IS 
not tightly linked to cdc2. cdc13. Irpl. cdc34. rad9. ar08. or 
sac2lT. Weinert et al.. unpubl.!. Hybndl:atlon of a MEC3·con· 
taming DNA probe to collections of phage and cosmld recom· 
blnant clones. prOVided by M. Olson. has proven inconclUSIve 
thus far In phYSical mappmg IT Weinert et al.. unpubl.l. 
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