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In eukaryotic cells, checkpoint genes cause arrest of cell division when DNA is damaged
or when DNA replication is blocked. In this study of budding yeast checkpoint genes, we
identify and characterize another role for these checkpoint genes after DNA damage-
transcriptional induction of genes. We found that three checkpoint genes (of six genes
tested) have strong and distinct roles in transcriptional induction in four distinct path-
ways of regulation (each defined by induction of specific genes). MECI mediates the
response in three transcriptional pathways, RAD53 mediates two of these pathways, and
RAD17 mediates but a single pathway. The three other checkpoint genes (including
RAD9) have small (twofold) but significant roles in transcriptional induction in all
pathways. One of the pathways that we identify here leads to induction of MECI and
RAD53 checkpoint genes themselves. This suggests a positive feedback circuit that may
increase the cell's ability to respond to DNA damage. We make two primary conclusions
from these studies. First, MECI appears to be the key regulator because it is required for
all responses (both transcriptional and cell cycle arrest), while other genes serve only a
subset of these responses. Second, the two types of responses, transcriptional induction
and cell cycle arrest, appear distinct because both require MEC1 yet only cell cycle arrest
requires RAD9. These and other results were used to formulate a working model of
checkpoint gene function that accounts for roles of different checkpoint genes in different
responses and after different types of damage. The conclusion that the yeast MECI gene
is a key regulator also has implications for the role of a putative human homologue, the
ATM gene.

INTRODUCTION

Regulatory controls called checkpoints arrest cell di-
vision following damage to either chromosomes or
spindle-associated structures (Hartwell and Kastan,
1994). Arrest allows the cell time for repair before
further cell cycle progression and division. The DNA-
responsive checkpoints, sensitive to DNA damage or
blocked replication, act in multiple phases of the cell
cycle (Gl, S, or G2 phases; Siede et al., 1993; Weinert
and Hartwell, 1993; Allen et al., 1995; Paulovich and
Hartwell, 1995). Checkpoint genes have been geneti-
cally dissected in fission and budding yeasts (Murray,
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1992; Sheldrick and Carr, 1993), and in budding yeast
include seven genes to date: RAD9, RAD17, RAD24,
MECI, MEC3, RAD53, and POL2 (Weinert and Hart-
well, 1988; Weinert and Lydall, 1993; Weinert et al.,
1994; Siede et al., 1993; Allen et al., 1995; Navas et al.,
1995). How checkpoint gene products mediate the
cell's response to DNA damage is not understood.
DNA damage causes changes in gene expression as

well as in cell cycle progression. Here we define roles
for yeast checkpoint genes in gene expression, namely
the transcriptional induction of damage-inducible
genes. Damage-inducible genes have been identified
in most cell types, including bacteria, mammals, and
yeast (McClanahan and McEntee, 1984; Ruby and
Szostak, 1985; Witkin, 1991; Gottlieb and Jackson,
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1994) and often encode proteins known to be involved in
DNA repair. In budding yeast, these genes include
RAD2 (excision repair; Robinson et al., 1986), RAD54
(recombinational repair; Cole et al., 1987), CDC9 (DNA
ligase; Johnston and Nasmyth, 1978), RNR2 (small sub-
unit of ribonucleotide reductase; Elledge and Davis,
1989a,b; Elledge and Davis, 1990), and RNR3/DIN1 (large
subunit of ribonucleotide reductase; Elledge and Davis,
1989a; Yagle and McEntee, 1990). Other damage-induc-
ible genes have functions whose relevance to DNA re-
pair is unclear (e.g., UBI4, protein degradation; Treger et
al., 1988). The transcriptional induction of damage-in-
ducible genes represents another mechanism that, like
cell cycle arrest, serves to augment DNA repair.
Although the mechanisms underlying arrest and

transcriptional induction after DNA damage in eu-
karyotic cells are not well understood, those in bacte-
ria, called the SOS response, are well understood (Wit-
kin, 1991). Certain themes in this bacterial paradigm
seem relevant for the eukaryotic responses. In bacte-
ria, the recA gene is required for both transcriptional
and cell division responses, which are mechanistically
linked; the transcriptional response (RecA-mediated,
transcriptional derepression of an inhibitor) results in
arrest of cell septation. In eukaryotic cells, specific
genes also mediate both the transcriptional and cell
cycle responses (e.g., p53 in mammalian cells (Kastan
et al., 1991; Kuerbitz et al., 1992) and MECI and RAD53
in budding yeast (Weinert et al., 1994; Allen et al., 1995;
this report). However, the two responses are not oblig-
atorily linked in eukaryotic cells. At least for the G2
checkpoint in yeast, transcriptional induction is not
required for arrest after DNA damage; arrest can oc-
cur in the presence of a protein synthesis inhibitor,
cycloheximide (Weinert and Hartwell, 1990). Thus,
how specific genes mediate multiple and apparently
distinct responses is unknown.
Here, we define which yeast checkpoint genes me-

diate transcriptional induction. We identify the sur-
prisingly complex roles of six checkpoint genes in
transcriptional induction of five damage-inducible
genes and show that the multiple pathways of induc-
tion include the checkpoint genes themselves. Al-
though the responses are large in number and appear
genetically complex, there is a surprisingly regular
pattern of regulation, with respect to roles of check-
point genes and types of DNA damage. These results,
coupled with our other observations that some check-
point gene products process DNA damage (Lydall
and Weinert, 1995), lead to a working model of check-
point gene functions.

MATERIALS AND METHODS

Yeast and Bacterial Strains
Strains used in this study are shown in Table 1. Yeast media and
genetic methods were standard (Sherman et al., 1986). Most exper-

iments were performed in cells grown in YEPD, rich media. Plas-
mids were propagated in the bacterial strain DH5a and introduced
into yeast cells by lithium acetate transformation (Schiestl and Gietz,
1989; Ausubel et al., 1990).

Strain Constructions
In some experiments, we used strains that contained a deletion of
the RAD16 gene to enhance the level of transcriptional induction.
RAD16 was deleted by transplacement with a radl6A::URA3 frag-
ment (from pBLY22; Schild et al., 1992), and the genomic structure of
the Rad- Ura+ transformants was confirmed by Southern analysis
(Ausubel et al., 1990). Strains containing null alleles of RAD17,
RAD24, and MEC3 will be described elsewhere (Lydall and Weinert,
1995). rad9A strains, marked with either LEU2 or HIS3, were previ-
ously described (Weinert and Hartwell, 1988, 1990).

Table 1. Strains used in this study

Straina

TWY397b
GKY997-5-4
TWY177
GKY952

TWY180
GKY997-21-3
GKY974-1-2

GKY976-12-2

TWY127
TWY398
DLY195C
GKY942

GKY978-27-3

GKY978-30-4

GKY975-10-2

GKY941
GKY954

GKY977-5-2

GKY977-1-3

GKY998-1-1
GKY973-1-4

GKY944
GKY953
TWY323
DLY196C
TWY300
TWY312
TWY178

Genotype

MATa his7 leu2 trpl ura3
MATa cdc28-1 radl6A::URA3 his7 ura3
MATa mecl-1 his3 leu2 trpl ura3
MATa mecl-1 radl6A::URA3 his3 leu2 trpl
ura3
MATa mec3-1 his7 trpl ura3
MATa mec3-1 radl6A::URA3 his7 trpl ura3
MATa mec3AG::URA3C radl6A::URA3 leu2
his3 trpl ura3
MATa mec3AG::URA3C rad9A::LEU2 radl6A::
URA3 leu2 his3 trpl ura3
MATa rad9A::URA3 ade2 canl sap3 trpl ura3
MATa rad9A::LEU2 his7 leu2 trpl ura3
MATa rad9A::HIS3 his3 leu2 trpl ura3
MATa rad9A::LEU2 radl6A::URA3 his7 leu2
trpl ura3
MATa rad9A::LEU2 radl6A::URA3 radl7A::
LEU2 leu2 his3 trpl ura3
MATa rad9A::LEU2 radl6A::URA3 radl7A::
LEU2 leu2 his7 trpl ura3
MATa rad9A::LEU2 radl6A::URA3 rad24A::
TRP1 leu2 his3 trpl ura3
MATa radl6A::URA3 his7 leu2 trpl ura3
MATa radl6A::URA3 radl7-1 his7 leu2 trpl
ura3
MATa radl6A::URA3 radl7A::LEU2 leu2 his3
trpl ura3
MATa radl6A::URA3 radl7A::LEU2 leu2 his3
trpl ura3
MATa radl6A::URA3 rad24-1 leu2 trpl ura3
MATa radl6A::URA3 rad24A::TRP1 leu2 his3
trpl ura3
MATa radl6A::URA3 rad53d trpl ura3
MATa radl6A::URA3 rad53d his7 trpl ura3
MATa radl7-1 his7 leu2 trpl ura3
MATa radl7A::LEU2 his3 leu2 trpl ura3
MATa rad24-1 his7 leu2 trpl ura3
MATa rad53d his7 trpl ura3
MATa rad53d trpl ura3

a All strains were generated in this study and are congenic with
A364a, unless otherwise noted;

b (Weinert et al., 1994);
c (Lydall and Weinert, 1995);
dThe rad53 allele used here was identified previously as mec2-1.
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Analysis of G2 Delay after DNA Damage
To determine cell cycle delay following UV irradiation, mid-log (1 x
106 to 8 x 106 cells/ml) haploid cells were synchronized by a 3-h
incubation at 23°C with 100 jig/ml of the microtubule poison
methyl benzimadazol-2yl-carbamate (MBC) (see below). The MBC-
arrested cells were then plated on agar plates, UV irradiated at 40
J/m2, washed twice with YEPD media to remove the MBC, and
resuspended in liquid media. Aliquots were removed, fixed, and
stained with 4,6-diamino-2-phenylimide; recovery from UV-in-
duced G2 delay was thus determined by scoring the percentage of
cells in each cell cycle phase by their cell/nuclear morphologies
(Weinert and Hartwell, 1988, 1990; see below).

Transcriptional Induction Experiment
Transcriptional induction of specific genes was determined in cells
under three growth conditions: cells growing asynchronously, cells
arrested in the Gl phase, or cells arrested in the G2 phase. The
rationale for these conditions is discussed in the RESULTS. Asyn-
chronous cells were those grown in rich media to 2-5 x 106 cells/
ml, G2 cells were isolated by synchronizing cells by incubation with
100 ,tg/ml of the microtubule inhibitor MBC (Sigma, St. Louis, MO;
diluted in rich YEPD media from a 10 mg/ml stock in DMSO) for 3
h at 23°C, and Gl cells were isolated by synchronizing MATa cells
with 5 x 10w' M a-factor mating pheromone for 2 h at 23°C. Cells
were then collected by centrifugation and resuspended in a smaller
volume of YEPD (rich) media, with continued presence of cell cycle
inhibitors as noted. One-half of each culture, about 107 cells, was
plated immediately on a YEPD agar plate and UV irradiated once at
80 J/m2 using a Stratagene Stratalinker 1800, or treated in liquid
with 0.01% methyl methanesulfonate (MMS; Sigma), treated with
0.2 M hydroxyurea (HU; Sigma), or left untreated. After UV irradi-
ation, cells were washed off the plate into liquid YEPD media, again
with cell cycle inhibitors as noted. Following a subsequent 2-h
incubation at 23°C, aliquots of each culture were collected for cell/
nuclear morphology and cell viability assays, and RNA purification.
We found that the density of cells on plates for UV irradiation was

important. For example, there was a two to threefold difference
between the UV-induced transcript levels measured from wild-type
cells plated at cell densities differing fivefold in cell number (2.1-fold
induction when cells were plated at 107 cells per plate versus no
increase above basal level when cells were plated at a density of 5 x
107 cells per plate). The difference in induction levels was not
reflected in cell viabilities, which were similar at the two cell den-
sities (40% and 45%, respectively). Therefore, we were careful to
plate the same number of cells within any given experiment (within
twofold).
Note that in the experiment shown in Figure 2A, radl6A and

radl6Arad9A mutants have similar absolute levels of RNR3 induc-
tion. However, because the basal level of RNR3 mRNA in the
radl6Arad9A mutant was higher than in the radl6A mutant, the
relative level of induction is actually twofold lower in rad9A mu-
tants compared with RAD9. The results shown here for these two
strains do not come from within a single experiment and several
factors that contribute to RNR3 transcript levels were not equiva-
lent. Subsequent experiments controlled for these factors and
showed that basal levels of RNR3 expression do not vary signifi-
cantly between the different strains analyzed and that cell plating
density at the time of irradiation is important.
We determined the average induction ratios for mutant cells

compared with wild-type cells using data taken from single exper-
iments (same day growth and same time irradiation, RNA prepa-
rations, and blots). Although absolute induction levels did vary
from experiment to experiment, the induction ratios of mutant
strains compared with wild-type strains remained constant. For
example, UV-specific RNR3 induction ratios for rad16AMEC',
radl6Amecl-1, and radl6.krad9A, respectively, were measured in
four separate experiments as follows: 14.6, 0.9, 7.2; 16.5, 0.8, 9.1; 10.9,
1.0, 7.0; and, 10.2, 0.7, 5.7. These data show that absolute fold

induction can vary, yet relative values vary little. We normalized
data within each single experiment to an average wild-type strain
value (representing two to seven experiments). Using the above
data example, the average RNR3 induction ratio for radl6A MEC+ is
13.05; therefore, the induction ratios for the mutant strains in the
first experimental set would be each multiplied by 13.05/14.6, the
second set by 13.05/16.5, etc. Averages (and the standard deviation
from these) of the relative induction ratios for the checkpoint mu-
tant strains in two to seven experiments are presented in Table 2.
Normalization accounts for the twofold differences in absolute in-
duction levels between experiments, and allows us to demonstrate
a statistical significance to the twofold differences in relative induc-
tion ratios between wild-type and mutant strains for certain types of
DNA damage.

Importantly, the basal levels between different strains within one
experiment typically do not vary by more than 10%. Therefore,
comparing induction ratios between strains is essentially comparing
the difference in yield of transcript induced by damage. Note that
induction levels reported as -1.0, like those seen in mecl above,
mean that induced levels are not significantly different from basal
levels and that, because DDR48 is not induced well by UV irradia-
tion, we present only the DDR48 transcriptional response to HU and
MMS treatment.

RNA Preparation and Analysis
We prepared RNA by the glass bead method (Caponigro et al., 1993)
and separated total RNA on denaturing formaldehyde gels. North-
ern blot analysis used RNA transferred to Zetaprobe GT membranes
(Bio-Rad, Richmond, CA) (Thomas, 1980), followed by hybridiza-
tion with several DNA probes that were 32P-labeled by the random
hexamer-priming method (Feinberg and Vogelstein, 1983). mRNA
levels were quantitated by counting 13 decays emitted from each
band with a Betascope (Herrick et al., 1990), subtracting the back-
ground counts, and dividing by the counts in a constitutive tran-
script band, from which background had also been subtracted.
Normalization was to the levels of the constitutively expressed
PRT1 gene, which encodes protein 1 (Hereford et al., 1981; Weinert
and Hartwell, 1990), and/or to the levels of the constitutively ex-
pressed URA3 gene (Zhou and Elledge, 1992).
The control transcript probe PRT1 (and a cell cycle-regulated

transcript probe H2A) were isolated on a single SacI fragment from
YpTRT1 (Meeks-Wagner and Hartwell, 1986). The 2.0-kb UBI4 and
2.1-kb DDR48 transcript probes were obtained by HindIII digest of
pKHUbi4 and pBR48, respectively (McClanahan and McEntee, 1986;
Treger et al., 1988). RNR3/DIN1 was probed using a 1.7-kb BamHI
fragment of pBR1600 (Yagle and McEntee, 1990). The checkpoint
gene transcripts were identified by probes as follows: RAD9, a
4.0-kb PvuII fragment of pTWO39 (Weinert and Hartwell, 1988);
RAD17, a 1.9-kb BamHI/XbaI fragment of pDL179 (Lydall and
Weinert, 1995); RAD24, a 1.5-kb HindIII/BglII fragment of
pRSRAD24 (Lydall and Weinert, 1995); MEC1, a 7.5-kb SacI/SalI
fragment of pRSMEC1 (Gardner and Weinert, unpublished obser-
vations); and RAD53, a 2.9-kb EcoRI fragment of pSK35 (Kim and
Weinert, unpublished data). All fragments were purified from an
agarose gel plug using GeneClean, by the manufacturer's specifica-
tions (BiolOl, La Jolla, CA).

Induction in cdc28-1 Mutants
Asynchronous mid-log cultures of radl6A (GKY941) and
radl6Acdc28-1 (GKY997-5-4) mutants were split in half-one-half
was kept at 23°C and the other was shifted to 36°C (the restrictive
temperature for the cdc28-1 allele) for a 2-h incubation before UV
irradiation. Cells were collected by centrifugation and each of these
cultures was then divided in half again: half remained untreated
and the other was UV irradiated as described above (cultures from
36°C were plated onto prewarmed plates for irradiation), and then
maintained at the permissive or restrictive temperatures following
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Table 2. Relative transcriptional induction ratios (induced level divided by basal level; a value of -1.0 represents no induction) following
(A) UV-induced damage or (B) HU- and MMS-induced damage. For all the UV-induced damage experiments (A), the strains were in a radl6A
background to enhance the UV-induced signal. All MMS- and HU-induced damage experiments used RAD16+ strains. We have also
analyzed transcriptional induction in checkpoint null alleles with similar results in response to UV-damage (RNR3 induction ratios of 5.2, 4.9,
and 3.0 for radl6Aradl7A, radl6Arad24A, and radl6Amec3AG, respectively).

Table 2A. Transcript induction ratio from UV damage

Class B Class A

RNR3 UBI4 MECI RAD53

Genotype cycling Gl G2 cycling Gl

RAC16+ 4.0 0.3 3.0 + 0.3 ND ND ND 6.2 ± 1.2 ND

MEC+ 131a8.3a 11.4a 14.8a 7.Oa 9.1a 5.2a
radl6A8
mecl-l 0.9 ± 0.2 0.9 ± 0.1 1.1 ± 0.2 12.0 ± 1.9 7.3 0.6 0.8 ± 0.3 1.4 ± 0.3

rad53 0.8 ± 0.3 0.8 ± 0.2 0.9 ±0.3 12.4 ± 1.5 7.8 ±0.8 3.7 ± 0.5 3.6 ± 0.5
radl6A
radl7-1 6.1 ± 0.9 4.2 ± 0.2 5.0 0.5 5.0 ± 0.8 ND 3.5 ± 1.2 3.6 1.0
radl6A

radl6A 7.4 ± 0.8 3.4 ± 0.2 5.6 ± 0.7 8.6 ± 0.8 4.5 ± 0.4 4.1 ± 1.2 3.6 ±0.5
rad24-1 5.1 ± 0.6 3.4 ± 0.2 4.3 ± 0.1 8.5 ± 0.6 ND 3.9 ± 1.8 ND
radl6A

maed61 4.8 ± 1.1 2.4 ± 0.2 4.2 ± 0.2 5.4 ± 0.7 ND ND 3.6+0.8

Table 2B. Transcript induction ratio from HU and MMS damage

Class B Class C

RNR3 UBI4 DDR48

Genotype HU MMS HU MMS HU MMS

RAD16+ 5.Oa 5 la 2.3a 4.6a 3.la 2.6a

RAD16+ 0.7 ± 0.3 1.4 ± 0.5 2.2 0.1 4.5 ± 1.0 1.0 ± 0.1 0.8 ± 0.2

RAD16
rad53 ND 0.9+± 0.2 ND 5.6±1.2 ND 0.8±0.3
RAD16+ D09 .

radl7-1 5.6+1.1 ND 2.0 0.4 3.6 ± 0.4 0.6 ± 0.5 0.9 ± 0.1
RAD16+ . .

rad9i 5.0 ± 0.1 2.4 ± 0.5 2.4 0.1 4.0 0.1 2.2 ± 0.1 2.0 ± 0.1

rad24-1 4.2 ± 0.5 2.7 ± 0.4 2.2 0.1 3.1 ± 0.6 2.4 ± 0.6 ND
RAD316mecD16 ND 2.9+±- 0.4 ND 4.7±1.0 ND 2.3±0.4
RAD16+ D29 .

Levels of RNA were determined by counting ,B decays in the bands on a Northern as described in MATERIALS AND METHODS. Samples
were taken either from cycling cells unless otherwise stated, from cells arrested and maintained in Gl by a-factor treatment, or from cells
arrested and maintained in G2 by MBC treatment. In each column of each table, averages of normalized data from two to seven experiments
are presented. Data were normalized as discussed in MATERIALS AND METHODS. ND, not determined. Strains used here include: TWY397
(MEC+RAD16+), GKY941 (MEC+rad16A), TWY177 (mecl-1), GKY952 (radl6Amecl-1), TWY312 (rad53), GKY953 (radl6Arad53), TWY398
(rad9A), GKY942 (radl6Arad9A), TWY323 (radl7-1), GKY954 (radl6Aradl7-1), TWY300 (rad24-1), GKY998-1-1 (radl6Arad24-1), TWY180
(mec3-1), and GKY997-21-3 (radl6Amec3-1).
a Denotes values that represent the average transcript induction ratio of the non-checkpoint mutant strain (either MEC+ or radi6A) and are
the standard to which all values within that column were normalized (see MATERIALS AND METHODS).
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UV irradiation. Samples of each culture were taken after 2 h for
RNA preparation, and cell viability and cell/nuclear morphology
assays.

Cell Viability and Cellular/Nuclear
Morphology Assays
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
h at 23'C was determined.
We determined nuclear and cell morphologies by fluorescence

and light microscopy of cells fixed in 70% ethanol for at least 1 h at
4°C, washed three times with water, sonicated, and stained with
4,6-diamino-2-phenylimide (Pringle et al., 1989). At least 100 cells
were analyzed per sample and cell cycle phase-associated morphol-
ogies were classified as unbudded (Gl phase), small budded (S
phase), large budded with an undivided nucleus (G2 phase), or
large budded with a divided nucleus (post-anaphase) (Weinert and
Hartwell, 1990).

RESULTS

Pathways of Cell Cycle Arrest
Previous studies described the roles of specific genes
in S phase arrest following a block to DNA replication
or in G2 phase arrest following DNA damage (Wein-
ert et al., 1994). A view of these pathways is shown in
Figure 1 (adapted from Weinert et al., 1994). For the
purposes of this study, we refer collectively to the
RAD9, RAD24, RAD17, and MEC3 genes as the G2-
specific checkpoint genes, as they form a class of genes
distinct from MECI and RAD53 in both cell cycle
arrest and transcriptional regulation phenotypes.
However, the G2-specific checkpoint genes probably
all act in the Gl checkpoint as well (Siede et al., 1993,
1994).

Characterization of Transcriptional
Regulation Pathways
We chose to analyze roles of checkpoint genes in
transcriptional regulation of the RNR3 gene. RNR3

POL2 AD9
RAD17
RAD24
MEC3

MEC1
RAD53/MEC2

G1- -S/G2 M
Figure 1. Roles of checkpoint genes in cell cycle arrest. The roles of
specific genes in arrest at the S phase checkpoint in cells blocked in
DNA replication and at the G2 checkpoint in cells with DNA
damage. MECI and RAD53 are required for arrest at both check-
points. RAD53 was previously identified independently as MEC2 by
us, and SPK1 and SAD1 by other researchers (see text).

encodes a subunit of ribonucleotide reductase, an en-
zyme involved in DNA metabolism (Elledge and
Davis, 1990; Yagle and McEntee, 1990), and has the
following properties: 1) its transcript has low basal
mRNA levels with relatively high inducible levels
(Ruby and Szostak, 1985; Elledge and Davis, 1990); 2)
it is not induced by general cell stress like heat shock
or high cell density, which do induce other transcripts
(Ruby and Szostak, 1985; Yagle and McEntee, 1990);
and 3) increased levels of RNR3 transcript following
damage are probably due to elements in the promoter
and not to decreased RNA degradation, because the
promoter region confers similar induction properties
to heterologous genes (Yagle and McEntee, 1990; Zhou
and Elledge, 1992).

In our initial studies, we found that our wild-type
strains supported only a fourfold induction of RNR3
transcription after UV irradiation. We reasoned that
we might enhance the transcriptional induction signal
by slowing the cell's ability to repair UV lesions, and
repair mutants defective in either dimer incision or
excision might delay repair sufficiently to enhance
transcriptional induction. Therefore, we screened a
panel of incision/excision repair mutants (radl, rad2,
rad4, rad1O, rad7, radl2, radl4, and radl6; Friedberg,
1985) and found that indeed radl6 mutants, defective
in excision repair (Friedberg, 1985), showed a three- to
fivefold increase in transcript level, compared with
that seen in wild-type cells. We obtained similar qual-
itative results after UV in RAD16+ strains but the
levels of induction did not allow a reliable assessment
of subtle effects (our unpublished observations). A
radl6 mutation was therefore introduced into check-
point mutant cells for studies using UV damage (see
MATERIALS AND METHODS).
Upon evaluation of the time course of RNR3 in-

duction, we found that 2 h of post-irradiation time
yielded the highest level of transcript in all three
strains tested, including the radi6 mutant, the
rad9radl6 double mutant, and the RAD16+ wild-
type strains (Figure 2A). For subsequent studies
comparing levels between wild-type and mutants
cells, we therefore measured transcript levels at 2 h
post-UV and compared the level of transcript to that
seen in unirradiated cells.
We imagine that the defect in DNA repair intro-

duced by the radl6 mutation increases the level of
transcript by allowing DNA breaks to accumulate. If
DNA breaks do accumulate, arrest at the G2 check-
point should be extended in radi6 mutants com-
pared with wild-type cells. We tested this prediction
by analyzing the extent of delay al the G2 check-
point after UV irradiation (see MATERIALS AND
METHODS). radl6 mutants indeed had a longer
delay at the G2 checkpoint than did wild-type cells,
and the delay is completely checkpoint dependent
(i.e., the delay is abolished in rad9 mutants; Figure
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3.-

2.5 rad6A

.E 2-

F--0n.5-Ra1Aad9A

0
0 1 2 3 4 5

Time (hr), post-UV

B 100

8e\ ffiMEC+ no UV
- rad9Ano UV

tjtX ~~~~rad16A no WJ
60- \ \,\rad9Mrad6AnoUV

100 94e

90

80 \ >~o \ radl6A+UW Time (min), post-UV Figure 2. The transcription and cell cycle arrest\0- radI6A + UV
responses to DNA damage. (A) Graph of RNR3
transcript levels following UV irradiation in sev-
eral strains, determined from counted A3 decays

70 - in Northern blot bands as described in legend for
Figure 3. Results shown are from individual ex-
periments and are consistent with other results,
with respect to the kinetics of transcriptional in-

60 - duction. Following UV irradiation at 80 J/m2,
N4< MEC++U`V samples were taken at several time points. The
u3 data used for Figure 2A were not collected in a

50 - single experiment nor were they controlled for
cell number; therefore, the relative levels of in-
duction between the strains are not typical foru

40 rad9Ai*~dI6a \ these strains (see MATERIALS AND METH-
ODS). (B) Graph of UV-induced cell cycle delay.
MEC+rad16A and radl6Arad9A cells were ar-
rested in G2 by MBC treatment, plated, and UV

30 -
irradiated at 40 J/m2 in the light. The progression
of cells out of G2, following removal of MBC, was
assessed by analysis of nuclear morphology of
cells fixed and stained for DNA morphology.

20 The percentage of cells with an undivided nu-
cleus in the G2 phase is shown. The results of a
single experiment are shown and were similar

__________________________________________________________________ to at least two other experiments. Unirradiated
1II controls for each strain exhibited no delay (see

o-,,'Wl_o°inset). Strains are: MEC+RAD16+ (TWY397),
MEC+radI6A (GKY941), rad9A (TWY127), and

Time (min), post-UV radl6Arad9A (GKY942).
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2B; Weinert and Hartwell, 1993). The extended de-
lay also indicates that the RAD16 gene is not essen-
tial for the checkpoint and validates the use of a
radi 6 mutation to increase the sensitivity of the
transcriptional assays. The relative kinetics of arrest
and transcription seen in Figure 2, A and B, are
addressed in the DISCUSSION.

Roles for MEC1 and RAD53 in Damage-inducible
Transcription of RNR3
Using the enhanced sensitivity of radi6 mutants, we
measured the RNR3 transcript levels in checkpoint
mutant and wild-type cells following UV irradia-
tion. Checkpoint-proficient, Radl6p-deficient (i.e.,
wild type, with respect to checkpoint genes) cells
induced RNR3 about 10-fold above basal levels fol-
lowing UV irradiation (Figures 2A and 3; Table 2A).
In contrast, mecl-i and rad53 mutants were defec-
tive for the induction of RNR3 transcription by UV
damage and by other DNA damaging agents as well
(discussed below). The defect in transcription of
RNR3 was not due to an altered time course of
induction because we did not see RNR3 transcript in
mutant cells within 10 min or 2 h after induction,
nor did we see RNR3 transcripts induced for up to 6
h post-UV in an extensive analysis of rad6/Arad53
mutants (our unpublished observations). The failure
to induce RNR3 transcripts was also not simply a
consequence of low viability of mutant cells because
the UBI4 transcript was successfully induced by
the same dose of UV in both radl6Amecl-1 and
radl6Arad53 mutant cells (Table 2A). (The rad53 mu-
tant allele used in these studies was identified pre-
viously as mec2-1; Weinert et al., 1994. Because
RAD53 has now been isolated independently and
given four different names, we use the initial gene
designation RAD53 to minimize further confusion).
In contrast to the important roles played by MECI

and RAD53, the G2-specific genes (RAD9, RAD24,
MEC3, and RAD17) had only a minor role in RNR3
induction. The UV-induced level of RNR3 transcript
was reproducibly reduced about twofold in radl6A-
rad9W , radl6Aradl7-1, radi6Arad24-1, and radl6A-
mec3-1 mutants compared with checkpoint-proficient
cells (Table 2A; Figure 3). We asked whether this
twofold reduction in RNR3 transcription was due ei-
ther to residual activity of the non-null alleles or to
functional redundancy among the G2-specific genes.
We tested null mutants of the four G2-specific check-
point genes and also found a twofold reduction in
RNR3 transcript levels, similar to that seen in the
presumed point mutants, compared with wild-type
cells (see legend to Figure 3). A similar twofold reduc-
tion in transcript abundance after UV was seen in all
double checkpoint-mutant combinations tested. The
twofold effect on transcriptional regulation in G2-spe-

cific checkpoint mutants thus appears to be due to a
pathway common to all four genes. (The specific dou-
ble checkpoint mutants tested included radl6Arad9A-
radl7A rad16lArad9Arad24A, and radl6Arad9Amec3A be-
cause, by other criteria, RAD9 and the other three
G2-specific genes are in distinct DNA repair epistasis
groups; Lydall and Weinert, 1995).
To test whether the MECI and RAD53 transcrip-

tional roles are specific to UV damage, we examined
mutants for transcriptional induction of RNR3 in re-
sponse to other DNA damaging agents-MMS, an al-
kylating agent, and HU, an inhibitor of ribonucleotide
reductase that blocks DNA replication (Harder and
Follmann, 1990). We examined transcriptional induc-
tion by MMS or HU treatment in RAD16+ cells, be-
cause RAD16 is not involved in repair of MMS- or
HU-induced damage. As in response to UV damage,
mecl and rad53 mutants failed to induce RNR3 in
response to MMS or HU treatment. In MMS, the rad9,
radl 7, rad24, and mec3 mutants induced RNR3 to only
slightly reduced levels; however, induction by HU
occurred to levels similar to those seen in wild-type
cells (Table 2B). MECI and RAD53 therefore appear to
play general roles in transcriptional induction of
RNR3, not restricted to a particular type of DNA le-
sion.
We considered the possibility that transcriptional

defects in mecl and rad53 mutants could be secondary
consequences of the differences in cell cycle positions
of wild-type and checkpoint mutant cells with DNA
damage. Recall that wild-type cells with DNA damage
arrest, while mecl and rad53 cells do not. One possible
consequence of a failure by mutant cells to arrest is
that a single-stranded DNA break may be converted
into a double-stranded DNA break by DNA replica-
tion. In this case, differences between cycling and ar-
rested cells could be because the transcriptional re-
sponse to different lesions differs. To rule out such
indirect effects, we evaluated transcriptional induction
in cells that were not cycling (synchronized in either
the Gl or G2 phases) and found qualitatively similar
results to those in cycling cells (Table 2A; our unpub-
lished observations). The overall levels of transcript in
damaged Gl cells were reduced (Table 2A; Elledge
and Davis, 1990). We conclude that the transcriptional
defects in mecl and rad53 mutants are most likely due
to mutant proteins and not to an indirect effect on the
cell cycle.

Finally, the demonstration that MECI and RAD53
induced transcription in Gl cells (Table 2A) shows
that each gene must function in the Gl phase (as well
as in the S and G2 phases, as established previously;
Weinert et al., 1994). A role for RAD53 in cell cycle
arrest in Gl was also shown previously (Allen et al.,
1995).
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Figure 3. mecl and rad53 mutants are defective for UV-induced RNR3
transcriptional induction. (A) Northem of RNA isolated from MEC+
radl6A (GKY941), radl6Arad9A (GKY942), radl6Amecl-1 (GKY952), and
Mradl6rad53 (GKY953) cycling cells UV irradiated and hybridized with
RNR3 and PRT1 DNA probes. Results shown are from a single experi-
ment and confirmed by at least five other experiments. (B) Northem of
RNAisolatedfromMEC+radl6A (GKY941),radl6Arad9A (GKY942),radl6A
radl7-1 (GKY954), radl6Arad24-1 (GKY998-1-1), and radl6Amec3-1
(GKY997-21-3) cycling cells UV irradiated and hybridized as in panel A.
Results shown are from a single experiment and confirmed by at least
five other experiments. (C) Graph of RNR3 transcript levels in several

252vN iM checkpoint mutants (strains noted above), determined from counted ,3
decays in Northern blot bands, like those shown in panels A and B of this
figure. Note that the yield of induction in radl6Aradl7-1 is actually about
half the MEC+rad16A level because the level of uninduced in

Eradl6radl7-1 is higher in this experiment. The RNR3 transcript level

.
7@ Ga @ U 7

4 + 4 +Ewas normalized by dividing the cpm in the RNR3 mRNA band by the

+ + + + +
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each. This graph represents the data from two separate experiments that
were combined by jusfifying data points common to each experiment

2 2 2 2 2 2 2 (MEC+ and rad9A, untreated and irradiated). All strains were in radl6A
background to enhance the UV-induced signal. Induced samples were col-

MEC+ rad9 mecl rad53 radl7 rad24 mec3 lected 2 h post-UV (80 J/m2), unless otherwise indicated.

Checkpoint-mediated Inducible RNR3 Transcription
Does Not Require CDC28 Function
The RNR3 transcriptional role of checkpoint genes
provides a phenotype with which to evaluate the roles
of other genes thought to mediate checkpoints. The
p34cdc2+ /CDC28 has been implicated in checkpoint-me-
diated cell cycle arrest in many other organisms, in-
cluding fission yeast, frogs, and mammals, although
not in budding yeast (Enoch and Nurse, 1990; Nurse,
1990; Li and Murray, 1991; Murray, 1991, 1992; Amon
et al., 1992; Sorger and Murray, 1992; Heald et al.,
1993). An assay of a transcriptional role of CDC28, the
fission yeast cdc2 + gene homologue, is also reasonable
because CDC28 is known to regulate HO gene expres-
sion through phosphorylation of the Swi5p transcrip-
tional activator (Moll et al., 1991). We therefore tested
whether induction of RNR3 required CDC28 and
found that it did not; induction of RNR3 transcripts
after UV damage was similar in temperature-sensi-
tive cdc28 -1 mutant cells grown at the permissive or

restrictive temperature (23°C or 36°C, respectively;
Figure 4).

Some Checkpoint Genes Are Transcriptionally
Induced by DNA Damage
We tested whether the checkpoint genes themselves
might be induced by DNA damage because, if so, they
could be used to describe additional transcriptional
pathways. We found that transcripts encoded by
MECI, RAD53, RAD17, and RAD24 genes were each
increased by UV irradiation, while the transcript from
the RAD9 gene was not (Figure 5, A and B). A previ-
ous study reported that the RAD9 transcript was also
not induced by x-irradiation (Weinert and Hartwell,
1990). The MEC3 transcript remains to be analyzed.
We have scanned the DNA sequences of these induc-
ible genes for cis-acting sequences that might be es-
sential for their transcriptional induction. Only RAD53
contains an identifiable DRE (damage responsive ele-
ment; Zheng et al., 1993), a degenerate promoter ele-
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Figure 4. RNR3 transcriptional induction following
UV irradiation is not dependent on CDC28. Graph of
RNR3 transcript levels in radl6Acdc28-1 mutant
(GKY997-5-4) and radl6ACDC28' (GKY941) cells, de-
termined from counted ,3 decays in Northern blot
bands as described in legend for Figure 3. CDC28 was
inactivated before UV irradiation by a 2-h pre-incuba-
tion at 36°C, the restrictive temperature for the cdc28-1
allele (78% of radl6Acdc28-1 cells were arrested in Gl
after these two h) 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 2 h
post-UV (80 J/m2). All strains were in radl6A back-
ground to enhance the UV-induced signal.

0.2

0.1

0

UV

STRAIN

TEMP ERATURE

ment that has been implicated in DNA damage-induc-
ible transcription of some genes, including RAD2,
RNR1, RNR2, and RNR3 (Elledge and Davis, 1989b;
Yagle and McEntee, 1990; Siede and Friedberg, 1992).
We have not as yet demonstrated that the increase in
transcript levels of the checkpoint genes is due to
increased transcription as opposed to a decrease in
mRNA turnover. However, as shown using DNA
damage-inducible promoter fusions, transcriptional
induction of other damage-inducible genes is typically
the result of increased transcription (including RNR3
[Elledge and Davis, 1989a] and UBI4 and DDR48
[McEntee, personal communication]). The cis-acting
elements involved in transcriptional induction of
MECI, RAD17, and RAD24 remain to be identified.
The role of transcriptional induction of checkpoint

genes seems in one sense puzzling because increased
expression of proteins after DNA damage is not re-
quired for arrest at the G2 checkpoint (see INTRO-
DUCTION). However, transcriptional induction is of-
ten associated with genes involved in DNA repair,
suggesting checkpoint genes may play a role in DNA
repair directly (a hypothesis that is addressed more
explicitly elsewhere; Lydall and Weinert, 1995). Here,
we note additional observations suggestive of roles
some checkpoint genes may have in DNA repair. We
found that rad53 mutations had strong genetic inter-
actions with radl6A, a DNA repair mutation. radl6A
rad53 double mutants showed a reduced cell viability
without irradiation and greater UV sensitivity after
irradiation, as compared with either single mutant
(Table 3). We also identified more subtle genetic inter-
actions between radl6A and two G2-specific gene mu-
tants, rad9A and radi 7A. Surprisingly, we saw no

radl6A interaction with mecl-i. The nature of these
genetic interactions is unknown; however, one expla-
nation that we favor is that genetic interaction with
radl6A reveals roles for some checkpoint genes in
DNA repair. These putative repair pathways have not
been defined, however.

Multiple Pathways of Checkpoint Gene-mediated
Transcriptional Regulation
The RNR3 transcriptional induction by MECI and
RAD53 further distinguishes their roles from those of
RAD9, RAD17, RAD24, and MEC3. To continue the
dissection of checkpoint gene functions, we tested four
additional damage-inducible genes, including UBI4,
DDR48, MECI, and RAD53. Previously, UBI4 and
DDR48 were used to identify the transcriptional role
of DUNI and RAD53 (Zhou and Elledge, 1993; Allen et
al., 1995; Figure 6).

Transcriptional regulation of the four additional
genes in six checkpoint mutants describes a remark-
ably complex yet regular pattern of regulation (Table
2, A and B, and results summarized in a working
model presented in Figure 6). We found a total of four
transcriptional pathways. One pathway was indepen-
dent of all of our checkpoint genes and resulted in
UBI4 induction. Checkpoint genes regulated three
pathways, resulting in induction of three distinct
classes of transcripts, termed here Class A, B, and C
transcripts. The Class A pathway required only the
MECI gene of the six checkpoint genes analyzed and
resulted in MECI and RAD53 induction. The Class B
pathway required both MECI and RAD53 and re-

sulted in RNR3 induction, whereas the Class C path-
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DDR48 transcription. The other three check
tants, rad9, rad24, and mec3, had about a twc
on induction of all classes of transcript, a 1
addressed further below.
These results delineate the functions of I

RAD53, which were previously classed toge
on their similar phenotypes (Weinert et
RAD53 had some limited role in the Class A
tional pathway because induction of Cla,
scripts was reduced twofold in the rad5
whereas in the mecl mutant, Class A transc
not detectably induced (Table 2A). This in
MECI is required for RNR3 induction while
not. However, this conclusion is based on ti
of non-null alleles of both MECi and R
could not use null alleles because MECI a]
are both essential genes (Zheng et al., 1993,
Ogawa, 1994; Nasr et al., 1994; Allen et al.,
and Weinert, unpublished observations).
and rad53 mutant alleles used are equally de
other checkpoint gene-mediated responses (
transcription [Table 2A] and arrest at the
checkpoints [Weinert et al., 19941). Therefo
sults indicate either that MECi and RAD51
ferent roles, or that both genes are required f
transcriptional induction but the rad53 al

* 4- PRT1

Figure 5. Several checkpoint genes are damage-inducible.
(A) Northern blots of RNA isolated from UV-irradiated
MEC+radl6A (GKY941) cells and hybridized with MECL,
RAD53, RAD9, or RAD17, and PRT1 DNA probes (described
in MATERIALS AND METHODS). (B) Graph of induced
checkpoint gene transcript levels, determined from counted 13

decays in Northern blot bands as described in legend for
-_ FiguFigure 3. Results shown are from a single experiment and

were confirmed by two other experiments. All strains were in
- + - + radl6A background to enhance the UV-induced signal. In-
MECI RAD9 duced samples were collected 2 h post-UV (80 J/m2).

to induce here retains that function while the mecl-i allele does
:point mu- not.
)fold effect
phenotype Significant Twofold Effects in rad9, rad24, radl7,
MvEC1 and and mec3 Checkpoint Mutants
ther based We have taken much effort to evaluate the twofold
al., 1994). lower induction levels of transcripts after UV treat-
transcrip- ment in the G2-specific mutants. The twofold effects

ss A tran- were statistically significant and were pervasive (seen
3 mutant, in all mutants, with many different transcripts; Table
ripts were 2, A and B; see Transcriptional Induction Experiments
nplies that section of MATERIAL AND METHODS). RNR3 in-
? RAD53 is duction, but not UBI4 or DDR48 induction, was also
he analysis reduced twofold in G2-specific checkpoint mutants
AD53. We after MMS-treatment. We think induction of UBI4 and
nd RAD53 DDR48 may be complicated for reasons unrelated to
Kato and the G2-specific checkpoint gene functions. Induction
1995; Kim of UBI4 may occur in response to cell stress in addition
The mecl to DNA damage, and alkylation may induce such
4fective for stress. In addition, the levels of DDR48 induction may
e.g., RNR3 not have been sufficient to reliably detect twofold
S and G2 differences.

ire, our re- There are several important trends in these twofold
3 have dif- effects. First, the G2-specific genes specifically en-

for Class A hanced the transcriptional response to UV and MMS,
lele tested but not to HU. Gene induction in HU-treated cells in
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Table 3. Synthetic phenotypes are seen in some radl6A checkpoint
double mutants

Cell viability
(% cells forming microcolonies at 23°C)

+ UV

Genotype no UV 10 J/m2 20 J/m2

radl6A 94.2 ± 3.6 61.5 ± 2.5 24.3 ± 2.0
mecl-i 89.3 ± 3.5 52.0 ± 3.6 16.0 ± 1.7
rad53 87.7 ± 2.3 61.7 ± 6.2 26.4 ± 7.6
radl6A mecl-i 88.5 ± 4.9 55.5 + 2.5 14.0 ± 2.8
radl6D rad53 69.3 ± 2.7 <1.0 <1.0
rad9A 95.5 ± 0.5 72.3 ± 3.8 62.7 ± 2.1
radl7A 91.0 ± 1.0 73.5 ± 2.5 51.3 ± 0.9
radl6A rad9A 93.5 ± 2.5 45.7 ± 4.5 3.5 ± 2.5
radl6A radl7A 95.5 ± 1.5 46.7 ± 5.0 3.0 ± 3.0

Cell viabilities on rich media were determined as described in
MATERIALS AND METHODS for two separate strains of each
genotype, except for mecl-i, radl6A, radl7A, radl6Amecl-1, and
radl6Arad9A (which were determined with single strains). All re-
sults reflect at least two experiments. The average percentage of
viable cells and standard deviations are shown. Strains analyzed
include: GKY941 (radl6A), TWY177 (mecl-1), TWY312 and TWY178
(rad53), GKY952 (radl6Amecl-1), GKY944 and GKY953 (radl6A
rad53), TWY127 and DLY195 (rad9A), DLY196 (radl7A), GKY942
(radl6A rad9A), and GKY977-5-2 and GKY977-1-3 (radl6A radl7A).

all G2-specific mutants was similar to that seen in
wild-type cells (Table 2B). The basis for this difference
is unknown, although we suggest that the type of
lesion may be important (see DISCUSSION).
Second, UBI4 induction is MECI and RAD53 inde-

pendent (in cycling as well as noncycling cells), yet
UBI4 induction was reduced about twofold in all G2-
specific mutants (Table 2A). This identifies a function
for G2-specific checkpoint genes that is independent
of MECI and RAD53. The roles of the G2-specific

genes in UBI4 induction was specific for UV treatment
and not seen in cells treated with HU. This emphasizes
the damage specificity of G2-specific checkpoint gene
function noted above.

DISCUSSION

A Working Model of Checkpoint Gene Function
We describe here roles for checkpoint genes in multi-
ple transcriptional regulatory pathways of damage-
inducible genes. Taken together with results of earlier
studies (Weinert and Hartwell, 1988, 1993; Weinert et
al., 1994; Zhou and Elledge, 1993; Allen et al., 1995;
Navas et al., 1995; Lydall and Weinert, 1995), these
results suggest a model of checkpoint gene functions.
The model in Figure 6 accounts for each of the follow-
ing observations: 1) five damage responses (three of
transcriptional induction and two of cell cycle arrest);
2) roles of seven different checkpoint genes; 3) differ-
ent types of DNA damage; and finally 4) the G2-
specific checkpoint genes have roles in processing
DNA damage (Lydall and Weinert, 1995). The model
summarizes observations and contains features that
are speculative.
After DNA damage (Figure 6A), transcriptional in-

duction of some genes, like UBI4, occurs indepen-
dently of checkpoint proteins. The exact nature of the
initial DNA damage is unknown, although after UV it
could be a small gap generated by excision. Check-
point proteins then respond to this damage to mediate
either transcriptional and/or arrest responses. We
suggest Meclp mediates each response in conjunction
with specific checkpoint proteins, most prominently
Rad53p. The additional checkpoint proteins increase
or extend Meclp function, perhaps by altering DNA
damage. Similarly, after DNA replication is blocked
(Figure 6B), we suggest a delayed replication fork also
contains a DNA damage structure sufficient for most

Figure 6. A hierarchy of
checkpoint gene function. (A)
DNA damage caused by UV or
MMS leads to activation of re-
sponse pathways requiring spe-
cific subsets of checkpoint
genes. (B) A stalled replication
fork causes activation of re-
sponse pathways requiring a
different subset of checkpoint
genes. The hypothesis that
MECI and RAD53 have differ-
ent roles in transcriptional in-
duction of Class A transcripts
has the caveat that studies were
performed on non-null alleles
(see DISCUSSION).

A DNA damage

initial DNA break
(UV, MMS)

UB14 gene induction

B Block to DNA replication

Radl 7p

I~~

-Class B gene induction
-cell cycle arrest in S phase

Rad9p,
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transcriptional and arrest responses mediated by
Meclp and Rad53p.

DNA Damage Activates at Least Four
Transcriptional Pathways in Yeast
The multiple transcriptional pathways may reflect dif-
ferent roles of corresponding genes in DNA repair.
The gene products resulting from the Class A re-
sponse pathway, Meclp and Rad53p, may augment
the cell's general response to DNA damage by increas-
ing the cell's sensitivity to DNA breaks and mediating
multiple responses. Gene products from the Class B
pathway, defined by RNR3, may serve to enhance the
cell's ability to repair damage by increasing dNTP
pools via the ribonucleotide reductase activity. The
molecular function of the gene products from the
Class C pathway, defined by DDR48, is not well un-
derstood, although ddr48 mutants do have defects in
DNA metabolism (Treger and McEntee, 1990).
The analysis of induction of DDR48 gave an unex-

pected result. In HU-treated cells, RAD17 was re-
quired for DDR48 induction but not for cell cycle
arrest (Table 2B; Weinert and Hartwell, 1993). Because
RAD17 encodes a putative 3'-5' exonuclease (Lydall
and Weinert, 1995), we suggest that S phase arrest
and transcriptional induction of DDR48 are acti-
vated by different lesions. The lesion activating
DDR48 transcription requires degradation (process-
ing) by Radl7p, while the lesion activating arrest
does not (Figure 6B). Of note, arrest and transcrip-
tional induction of Class B genes (like RNR3) after
HU treatment also require POL2 (Navas et al., 1995);
however, the role of POL2 in DDR48 induction has
not been tested.

The Primary Role of Meclp and an Analogous Role
of DNA-PK
After DNA damage (by UV or MMS) or a block to
DNA replication (by HU), Meclp mediates transcrip-
tional induction that can be independent of other
checkpoint proteins. Because Meclp can respond
alone, this suggests a simple model in which Meclp
can associate with DNA breaks (independently of
other checkpoint proteins tested). Although specula-
tive, the hypothesis that Meclp associates with DNA
breaks is supported by analogy with the mammalian
protein DNA-PK. The Meclp yeast protein shares
both protein sequence and functional similarity to
DNA-PK (Kato and Ogawa, 1994; Gardner and
Weinert, unpublished data), a DNA damage-acti-
vated protein kinase from mammalian cells (see
reviews in Anderson, 1993; Gottlieb and Jackson,
1994). DNA-PK is a large protein of 350 kDa, as is
Meclp, and both proteins contain a so-called phos-
phatidylinositol-3 (PI-3) kinase/protein kinase do-
main (Dhand et al., 1994; Stack and Emr, 1994; Hart-

ley et al., 1995; Gardner and Weinert, unpublished
data). Notably, DNA-PK has a protein kinase activ-
ity that requires activation by DNA breaks (Gottlieb
and Jackson, 1993). The nature of the activating
DNA substrate has been well studied and appears to
involve a double-stranded/single-stranded DNA
junction (Gottlieb and Jackson, 1993; Morozov et al.,
1994). In vitro, DNA-PK binds to two other proteins
called Ku (p70 and p80). The Ku subunits bind
directly to DNA breaks, thereby activating the as-
sociated DNA-PK protein kinase activity (Gottlieb
and Jackson, 1993). Among the in vitro substrates of
DNA-PK are transcription factors (see reviews in
Anderson, 1993; Gottlieb and Jackson, 1994). The in
vivo significance of these in vitro findings is un-
known, although changes in phosphoproteins were
recently reported (Boubnov and Weaver, 1995). The
in vitro studies implicating roles for DNA-PK and
Ku in DNA metabolism are supported by in vivo
studies; mutants in DNA-PK (scid mice and XRCC7
hamster cell lines) and Ku (XRCC5 hamster cell
lines) are radiation sensitive and have defects in
V(D)J recombination (Rathmell and Chu, 1994; Tac-
cioli et al., 1994; Blunt et al., 1995). Whether these
mutant cells have cell cycle defects has not been
reported.
Given the sequence and phenotypic similarities of

DNA-PK to the yeast Meclp, we suggest Meclp may
also recognize DNA breaks, perhaps in association
with other yeast proteins yet to be identified, and then
phosphorylate proteins that lead to changes in gene
expression and cell cycle progression. The identity of
Meclp-associated proteins is unknown. However, a
yeast protein similar to mammalian Ku80 has been
identified; called Hdflp, this yeast protein binds to
DNA breaks in vitro (Feldmann and Winnacker, 1993).
The relationship, if any, between Meclp and Hdflp
is not obvious because hdfl mutants are not radia-
tion sensitive (Weinert, unpublished observations).
Whether Meclp associated with DNA damage by a
mechanism analogous to that of DNA-PK remains a
major question.

The Relationship between MEC1 and RAD53
From their respective mutant phenotypes, MECi and
RAD53 genes appear to play nearly equivalent and
important roles in all checkpoint gene-mediated re-
sponses (Weinert et al., 1994; this report). These two
genes are good candidates for signalers because both
encode kinases-Meclp, a phosphatidylinositol-3/pro-
tein kinase, and Rad53p, a protein kinase (Stern et al.,
1991).
We place RAD53 second to MECi in a functional

hierarchy because MECI is required for Class A gene
transcriptional induction while RAD53 is not. The con-
clusion that MECI and RAD53 have different roles is
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based on the assumption that the alleles tested have
essentially null phenotypes for transcriptional induc-
tion of Class A transcripts. We cannot test true null
alleles as both genes are essential, thus this conclusion
must be tested further. Nevertheless, there is other
evidence indicating at least different roles for Rad53p
and MEClp, although none indicate their order of
function. For example, rad53, as well as rad9 and radl 7,
have genetic interaction with radi6, a mutation affect-
ing DNA repair. mecl does not show this genetic in-
teraction (see Table 3). One interpretation of this ge-
netic interaction is that Rad53p (as well as Rad9p and
Radl7p) act in a DNA repair pathway distinct from
that of Radl6p, and Meclp does not act in this repair
pathway. The corresponding repair pathways are not
well understood (Friedberg, 1985), thus the possible
roles of the checkpoint proteins are unknown.
A recent study from fission yeast lends additional

circumstantial support to the notion that RAD53 per-
forms a subset of the MECl-dependent responses. The
fission yeast cdsl + gene product is similar in sequence
to the budding yeast RAD53 gene product (Murakami
and Okayama, 1995), and cdsl + is required for only a
subset of the responses that require rad3+, the fission
yeast MECI homologue (Seaton et al., 1992). However,
it remains possible that cdsl+ is not the bona fide
RAD53 homologue.

In sum, in budding yeast MECI seems to play a
preeminent role in checkpoint gene-mediated re-
sponses. We suggest that RAD53 plays one of three
possible roles-either it is involved in processing dam-
age (similar to RAD9), or it is involved more inti-
mately in signaling (similar to MEC1), or both. Defin-
ing the roles of MECI and RAD53 genes will require
additional genetic and biochemical tests.

Lesion Specificity of G2-specific Checkpoint
Gene Functions Is Consistent with Roles in
Damage Processing
We found previously that G2-specific checkpoint pro-
teins process DNA damage (Lydall and Weinert,
1995). Here, we found that these G2-specific genes also
increased the transcriptional induction of all genes
tested by twofold after UV-induced damage (Table
2A). After MMS-induced DNA damage, a similar two-
fold effect was seen on RNR3 (but not UBI4 nor
DDR48) induction (Table 2B). The absence of the G2-
specific genes did not appear to effect transcriptional
induction after HU-induced stalled replication. To ac-
count for roles in response to UV and MMS damage
only, we suggest that different lesions are processed
by different gene products; Rad9p and other check-
point proteins process UV- or MMS-induced damage
and do not process DNA damage present in HU-
arrested cells (except for a minor role of RAD17; Fig-
ure 6B). We propose that the twofold increase after UV

damage results from damage processing that either
increases the number of lesions that Meclp/Rad53p
can detect or generates a more robust substrate for
Meclp/Rad53p. Finally, we found that the twofold
transcriptional enhancement by G2-specific check-
point genes occurred even with induction of UBI4,
whose induction does not require Meclp or Rad53p
(Table 2, A and B). This uncovers a function of the
G2-specific checkpoint proteins that we suggest is in
processing DNA damage and that is distinct from that
of Meclp and Rad53p (Lydall and Weinert, 1995; this
study). In this case, processing leads to increased UBI4
induction by some unknown pathway.

The Relationship between Transcriptional Induction
and Cell Cycle Arrest
We suggest in this model that Meclp responds to
some DNA breaks to induce only the transcriptional
response and to other DNA breaks to induce the arrest
responses (and perhaps transcriptional responses as
well). This hypothesis is based on the following ob-
servations and arguments. First, we have tested G2
cells for both transcriptional induction and cell cycle
arrest after UV irradiation and both responses require
MEC1 but only arrest requires RAD9. We infer, there-
fore, that RAD9 and the other G2-checkpoint genes
play some role in determining how Meclp and
Rad53p mediate the two responses. Second, we have
shown elsewhere that Rad9p (and the other three G2-
specific checkpoint proteins) has a role in processing
DNA damage (Lydall and Weinert, 1995). In fact,
Radl7p encodes a putative 3'-5' exonuclease. There-
fore, the G2-specific checkpoint proteins appear to act
upstream of Meclp. The differences in the down-
stream responses of transcriptional induction and ar-
rest, then, appear to be at the level of DNA damage
itself. We conclude that Meclp may either recognize
different DNA damage structures (e.g., a nick versus a
gap) and respond differently or recognize different
protein complexes on DNA and respond differently.
There is precedent for a protein binding and respond-
ing uniquely to different types of damage structures;
DNA-PK binds to both ssDNA and dsDNA but its
protein kinase is activated only by dsDNA (Gottlieb
and Jackson, 1993).
The two responses do appear distinct in other re-

spects as well. The dose sensitivity and kinetics of the
two responses differ; transcriptional induction ap-
pears slow (Figure 2A) and is dose dependent (Ruby
and Szostak, 1985), while cell cycle arrest is relatively
fast (Figure 2B) and dose independent (Weinert and
Hartwell, 1988, 1993). For example, arrest can occur
after one double-stranded DNA break, but transcrip-
tional induction seems to require more damage (San-
dell and Zakian, 1993; Kim and Weinert, unpublished
data; Nejad and Weinert, unpublished observations).
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Why might different types of damage induce differ-
ent signals? We suggest that different types of damage
may be repaired by unique pathways. An initial DNA
break may be one type of repair intermediate, while
processing by checkpoint proteins may allow repair
by another pathway. Perhaps the initial DNA break
poses little threat to cell viability and may induce
changes in gene expression to facilitate repair yet fail
to induce the more drastic cell physiological alteration
of cell cycle arrest. However, when DNA damage is
either too abundant or inherently difficult to repair,
processing by checkpoint proteins may serve to signal
the additional response of cell cycle arrest.
In sum, our observations suggest that the type of

DNA damage and/or the different damage-associated
protein complexes lead to different responses. How
Meclp and Rad53p recognize the different lesions or
associated complexes to mediate the responses is un-
known.

Alternative Models of Checkpoint Gene Function
Our results on roles of checkpoint proteins in tran-
scriptional responses may have other interpretations.
In one alternative interpretation, each checkpoint pro-
tein acts sequentially to mediate responses. Class B
transcriptional induction, for example, occurs by se-
quential activity of Meclp activating Rad53p, which
induces most directly. Similarly, induction of DDR48
transcription would require sequential activation of
Meclp, then Rad53p, and then Radl7p. In a related,
collective model, checkpoint proteins would partici-
pate jointly in each response. Class B transcriptional
induction, for example, would require the simulta-
neous function of both Meclp and Rad53p. Some ele-
ments of both the sequential or collective functions
may be incorporated in the model shown in Figure 6.

Implications for Understanding ATM Gene Function
Recently, the gene defective in individuals with atax-
ia-telangiectasia (AT) was identified (Savitsky et al.,
1995). This gene, called ATM, has significant sequence
similarity to the budding yeast MEC1 (Gardner and
Weinert, unpublished observations; MEC1 was iden-
tified independently as ESRI, [Kato and Ogawa, 1994]
and as YRB1012 [Nasr et al., 1994]) and TELl genes
(Morrow et al., 1995), and to the fission yeast rad3+
gene (Seaton et al., 1992; Carr, personal communica-
tion). AT-affected and mecl-mutant cells have some
common cell cycle checkpoint defects, and mecl and
tell mutations show genetic interaction, suggesting
some common functions (Painter and Young, 1980;
Nagasawa et al., 1985; Rudolph and Latt, 1989;
Beamish and Lavin, 1994; Weinert et al., 1994; Morrow
et al., 1995; Paulovich and Hartwell, 1995). Transcrip-
tional induction may also be affected in AT cells (Pa-
pathanasiou et al., 1991). ATM may play similarly

complex roles in human cells as those performed by
MECI and TELl in yeast. Whether the diverse disease
symptoms in AT individuals correlate to different re-
sponses mediated by ATM will be of interest. Delin-
eating the different roles may be accomplished by
studying Meclp, as well as Tellp, in yeast.
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