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ABSTRACT

Eukaryotic DNA-damage checkpoint genes have been
shown to not only arrest cells at certain stages, but are
also involved in the transcriptional response to DNA
damage. However, while the signal transduction for
cell-cycle checkpoint is well characterized, it is not
clear whether the same signal transduction pathway is
responsible for the regulation of all DNA damage-
inducible genes. In order to understand how different
checkpoint genes are involved in gene regulation, the
effects of various checkpoint mutations on the
expression of a unique yeast MAGI-DDI1 dual promoter
were examined in this study. MAGI1 and DDI1 are
transcribed from a common promoter region and
co-induced by a variety of DNA damaging agents.
However, gene-specific  cis-acting elements were also
identified, and the two genes are indeed differentially
expressed under certain conditions. We found that
DDI1 induction was not affected in any of the checkpoint
mutants. In contrast, MAGI induction was completely
abolished in the pol2 and rad53 mutants. However, in
the mecl-1 or any of the G 1/S and G,/M checkpoint
mutants, including rad9, rad17 and rad24, DNA damage-
induced MAG1 expression was not significantly
affected, and a rad9 radl7 double mutation only
slightly reduced MAGI1 induction. Based on this and
previous studies, we present two models for the role of
checkpoint genes in transcriptional regulation in
response to DNA damage.

INTRODUCTION

(DNA synthesis) progressiod)( This mechanism is thought to
prevent the replication of damaged templates and the segregation
of broken chromosomes. At least seven genes, naR#dbg
RAD17 RAD24 MEC3 POL2 MEC1 andRAD53 have been
identified in the budding yea§&accharomyces cerevisideat,
when mutated, inactivate certain checkpoint contréiss)(
While RAD9 17, 24 andMEC3are required to activate the DNA
damage checkpoint when cells are GG, (2,7-9), andPOL2

is required to sense UV damage and replication blocks when cells
are in S-phasel(), MEC1(11) andRAD53(12) appear to form

a downstream signal transduction cascade required for all three
checkpoints §,6)

In addition to their functions in cell cycle progression, some
checkpoint genes also play roles in the control of DNA
damage-induced gene expression of DNA repair and synthesis
genes [3-15), suggesting that the cellular response to DNA
damage is co-ordinated. This regulatory function is thought to be
achieved through phosphorylation of a nuclear protein kinase
Dunl (16) by the Rad53 protein kinasélj. Interestingly, a
similar signal transduction cascade also exists in mammalian
cells. For example, activation of the humaADDA45 gene by
ionizing radiation is dependent on the tumor suppressor and
transcription factor p53; however, this activation is not observed
in ATM-deficient cells {7). A single signal transduction pathway
activating a large number of genes in response to DNA damage
is reminiscent of théescherichia coliSOS response, where
RecA-LexA controls expression of >30 gen&d §). However,
previous reports appear to be inconclusive regarding the ability of
checkpoint genes to exert such a blanket response. Onelstudy (
indicates that thead9 mutation affects DNA damage-induction
of essentially all the genes examined, whereas another &®)dy (
suggests thatheckpointmutations differentially affect target

Cells respond to DNA damage by delaying cell cycle progressig@ene induction by DNA damage. Similarly, DNA damage-inducible
and by increasing the expression of genes involved in the repgines under the above studi@)(can also be divided into several
and tolerance of DNA damagé)( Eukaryotic cells have groups according to their response to var@heskpointnutations.
developed surveillance mechanisms that monitor and regulate tHeus, it appears that a unified SOS-type response to DNA
key events of the cell cycle so that its progression is dependentdamage may not operate in eukaryotic cells.

the completion of previous events. These surveillance mechanismén order to address how different checkpoint genes are involved
are known as cell-cycle checkpoint3). The checkpoint is in transcriptional regulation, and if the signal transduction cascade
considered to be a signal transduction pathway, which is activatémt gene regulation parallels that for cell-cycle checkpaintrol,

by a signal and results in an inhibition of cell cycle progressiowe undertook the present study by analyzing the dual
(3,4). The DNA-damage checkpoint is the mechanism thatlAG1-DDI1 gene expression in various checkpoint mutants.
detects damaged DNA and generates a signal that arrests cellMidG1 encodes a 3-methyladenine (3MeA) DNA glycosylase
the G or & phases of the cell cycle, and slows down S phagé.9), the first enzyme in a multistep base-excision-repair pathway
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for the removal of lethal lesions such as 3MeA, and protects yeg#tR330 containing th@d9A::hisG-URA3hisG cassetteA6). The
cells from killing by DNA alkylating agents such as methylUrat transformants withrad9A deletion were confirmed by
methanesulfonate (MMSR(). MAGL1 is inducible by various Southern hybridization and othad9 phenotypes.
DNA damaging agents, regardless of whether or not Magl is Yeast cells were grown at 30 in either complete YPD medium
required for the repair of these types of dama&gdeZ3). DDI1  or SD medium supplemented with the appropriate nutriéms (
is located immediately upstream BFAGY, transcribed in an Plasmids were transformed into yeast cells by a modified lithium
opposite direction, and is co-regulated WMIAG1 (24). DDI1  acetate protocol@). The transformants were streaked onto a fresh
encodes a protein that is highly conserved in eukaryoteselective plate before being utilized for further analysis.
however, deletion oDDI1 did not result in any noticeable
phenotypic alterations (W.Xiao, unpublished results). Deletiop|zsmids
analyses in thédDI1-MAGL1 promoter region 43-25) have
identified severatis-acting regulatory elements either shared byPlasmid pZZ2 (YCpURA3 RNR3-lacZ29) was obtained from
both genes, or specific for only one of the genes. In additio®r S. Elledge (Baylor College of Medicine, Houston, TX) and
MAG1 andDDI1 are differentially regulated in the presence ofutilized to determineRNR3 expression by g-galactosidase
the protein synthesis inhibitor cycloheximid@5( Hence, (B-gal) assay. Plasmids YEpMAG1-lacZ (YEp.EU2
studying how cell-cycle checkpoint genes reguléfeG1-DDI1  MAG1-lacZ 23) and YEpDDI1-lacZ (YEpURASJ DDI1-laczZ
expression may help to establish the signal transduction pathwag) have been described previously. In order to transform
from sensing the damage to controlling DNA damage-inducibleheckpoint mutant strains with different selectable markers, two
gene expression. In this study, we demonstrateMidt1 and  additionallacZ fusion plasmids were made. Plasmid pWX1254
DDI1 expression are differentially affected by checkpoinf{YEp, URA3 LEU2 MAG1-lac was constructed by inserting
mutations, that only the S-phase checkpoint sensor transmitd.2 kiHindlll fragment from YEp2430) containing th&JRA3
damage signals to théAG1regulatory pathway, and that, more gene into the uniquElindlll site of YEpMAG1-lacZ. Plasmid
importantly, the cell-cycle checkpoint signal transduction cascad®VX1813 (YEp,LEU2, DDI1-lacZ) was created by cloning a
may differ from the gene regulation pathway. 0.53 kbXbd fragment from pWX180724) into YEp367R 81)
in the orientation oDDI1-lacZ fusion. This fusion construct
contains a 368 bpDI1 promoter region and a 158 bp coding
MATERIALS AND METHODS sequence, which is in-frame with theZgene in YEp367R. The
Yeast strains, cell culture and transformation basal and damage-induced expression of pWx1254 and
pWX1813 in the same host strain DBY747 was determined and
Haploid yeast strains used in this study are listed in TaibldY107  found to be indistinguishable from that of YEp-MAG1-lacZ and
was created by transforming DBY747 whtdRI+Sal-cleaved YEp-DDI1-lacZ, respectively.

Table 1.Saccharomyces cerevisiagrains

Strairf Genotype Source/reference
DBY747 MATa leu2-3112 ura3-52 hisA1 trp1-289 D. Botstein
THY107 MATa leu2-3112 ura3-52 hisA1 trp1-289 This study
rad9A::hisG-URA3-hisG
Y203 MATa ade2-1 his3 leu25312 lys2 trpl uraA100 29
rnr3::RNR3-URA3-TRP1
Y400 MATa leu2-3112 his3 his7-2 pol2-12 10
Y300 MATa can1-100 ade2-1 his3-15 leu2-3112 trp1-1 ura3-1 12
Y301 MATa can1-100 ade2-1 his3-15 leu2-3112 trp1-1 ura3-1 12
sadl-1
TWY394 MATa, ura3 his7 leu2 trpl 13
TWY177 MATa, ura3 his3 leu2 trpl mecl-1 13
TWY178 MATa trpl ura3 mec2-1 13
TWY102 MATa, ura3 his3 leu2 trpl rad®:LEU2 T. Weinert
WXY9619 TWY394 withrad17A::HIS3 This study
WXY9620 TWY102 withrad17A::HIS3 This study
TWY297 MATa, ura3 his3 trpl rad24-1 T. Weinert

@All the Y strains were obtained from Dr S. Elledge. Y203 was used as the wild type control of Y400, and Y300 was
used as the wild type control of Y301. All TWY strains were from Dr T. Weinert (University of Arizona) and are congenic with
TWY394.
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To make arad17A::HIS3 disruption cassette, plasmid pUC-

RAD17 obtained from Dr W. Siede (Emory University, GA, I L
USA) was first subcloned to contain a 1.9 RanHI-Xbd ‘ ~- -8 m e
fragment with entirdcRAD17coding region, a 1.0 killul-Sty oI

fragment containing 893 HRAD175 coding region and 94 bp ‘ i il -l '
promoter was removed and replaced ygdl linker to form s
pUC-rad1ABg. A 1.2 kbBanHI fragment containing thdlS3

gene isolated from plasmid YDp-H2) was inserted at tHglll \M M
site of pUC-radlZBg to create pradf:HIS3. The AcTi

rad17A::HIS3 cassette was released BarmHI-Xbd double
digestion prior to yeast cell transformation, and the transformants
with chromosomatadl17 deletion was confirmed by Southern Figure 1. Northern hybridization dbDI1 andMAG1 expression in @S and

hybridization before further characterization. Go/M checkpoint mutants induced by MMS. Total RNA was isolated from
(A) DBY747 (wt, left half) and THY1074d9A, right half); andB) TWY394
(wt, left half) and TWY297 rad24, right half). Cells were treated with
DNA-damage treatment andB-gal assay increasing concentrations (0, 0.01, 0.05 and 0.1%, indicated on top of the figure)

. . of MMS for 30 min before RNA isolation. Each lane containjud®f total
The B-gal assay was Peﬁormed as described preVIO_Qﬁy (' RNA. The blots were sequentially hybridized and stripped M#G1 DDI1
Briefly, 0.5 ml of overnight yeast culture was used to inoculateandACT1probes as described in Materials and Methods.

25ml of fresh SD selective medium and incubation was
continued for another 2 h. At this point, chemicals were added at : .
the concentration indicated and cells were incubated for anot plated as a 1.6 KearHi-Hindl|l frag_menp from pAA93 (a gift
4 h. For UV treatment, cells were spread on YPD agar in a pe fpm Dr F. Sherman, Rochester University).

dish, exposed to 254 nm UV light at different intensities in a U\ﬁ

crosslinker (Fisher model FB-UVXL-1000 @400pW/cn?),  RESULTS

collected into 3 ml of SD selective medium, and incubated in thg,/S and G/M checkpoint single mutations do not affect
dark to prevent photoactivation. One ml of the above unsymAG1 and DDI1 DNA damage induction

chronized log-phase cell suspension was used for determinin ) i .
cell titer at ORoonm and the remaining cells were used for theMutations inRADS 17, 24 andMEC3are defective in &M as

B-gal assay. ThB-gal activity is expressed in Miller units3).  Well as G/S checkpoints in response to DNA damags)(We
Several measures were taken to maintain consistency of quantitaff@mined theMAG1 andDDI1 expression imad9, rad17 and
analysis. First, only freshly streaked yeast transformants wefad24mutants by both northern hybridization ghdal assay of
used for th-gal assay. Second, tBegal assay was performed lacZ fusion constructs. Northern hybridization shows that
with several independent transformants from a single experimeflfhough overall levels @DI1 andMAG1expression decreased
to avoid transformation ‘jackpots’. Third, a sample of recipien?“ghﬂy in therad9 andrad24 mutants, the relative induction of
cells with the vector plasmid was included in every experiment 4221 andMAG1 was not affected in thesad mutants (Fig1).

a background control, with a typiddigal activity of (D.03 Miller ~ Likewise, B-gal activity of theMAG1-lacZandDDI1-lacZ trans-
unit. Fourth, results from various transformants/treatments presenf@fmants was not significantly affected in all threel mutants
for comparison were always from the same experiment to avofg¥@mined (Fig2A and B). One may argue that MMS at the given
interexperimental variations. Last, all the results presented we@Ses Specifically induces retarded S-phase progression, whereas the

the average of at least three independent experiments wRRoverad mutants are specific for theiS and G/M checkpoints.
standard deviations as shown, or within 30%. In order to determine whether or not the abvademutations affect

MAGZ1andDDI1 induction by DNA damage that triggerg/&and
Go/M checkpoints, we also used UV as a damage-inducing agent
and found thatrad9 mutation did not alter UV induction of
Overnight culture (1 ml) was used to inoculate 3 ml of frestMAG1-lacZ(Fig. 2C) andDDI1-lacZ (data not shown).
medium and cells were incubated for another 2 h. For MMS Recently, it was reported that while eaat9, rad17 orrad24
treatment, MMS was added to the indicated final concentratiosingle mutation influences gene expression to a certain extent,
and the incubation was continued for another 30 min. RNA waad9 acts additively witliad17 orrad24 mutation to reduce gene
isolated by a glass-bead meth&d)( separated by gel electro- expression in response to DNA dam&gf.(To examine if such
phoresis, blotted on@eneScreeRlusmembrane (DuPont) and double mutants are defectiveNtAG1andDDI1 expression, we
hybridized witha-32P-labeled DNA probe as instructed. After ancreated arad9A rad17A double mutant and compared the
(24 h hybridization, the membrane was washed and exposedD®I1-lacZ and MAG1-lacZexpression with its isogenic single
an X-ray film. The mRNA band intensity was measured by anutants. As shown in Figug& therad9 rad17double mutation
Bio-Rad (Hercules, CA) model 620 densitometer equipped wittloes not appear to affeBtDI1-lacZ expression; however, it
1-D Analyst software. reduced theMIAG1-lacZinduction by[11/3 compared with the
After agarose gel electrophoresis, DNA fragments wereorresponding single mutations, althou§pAG1l was still
isolated by a Sephadex G10 spin column methBdand labeled DNA-damage inducible to a certain extent (2B). Therad9
with [a-32P]dCTP using a Random Primer Labeling kit frommutation is known to affect S-phase checkpoint, and this effect is
Gibco-BRL (Gaithersburg, MD). The 0.76 KbcaRI-Bglll additive tarad17/rad24mutations 7). However, loss of S-phase
MAG1 probe contains nucleotides —138 to +630 relative to theheckpoint arresper sedoes not appear to account for the
MAG1gene. The 0.93 KbcaR| DDI1 probe contains nucleotides observedAG1andDDI1 induction, sinceMAG1expression is
—149 to +786 relative to tHBDI1 gene. TheACT1probe was not cell-cycle regulated2f), and other S-phase checkpoint

RNA isolation and northern hybridization
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Figure 2. DNA damage-inducedDI1-lacZ and MAG1-lacZ expression in @S and G/M checkpoint mutants.A) MMS-inducedDDI1-lacZ expression;
(B) MMS-induced MAG1-lacZ expression; ) UV-induced MAG1-lacZ expression. [(J) TWY394 (wt); @) TWY102 (ad9); (A) WXY9619 (adl7h);
(o) TWY297 (ad24); and O) WXY9620 (ad9A rad17A). The results are the average of three to six independent experrgaitactivity is given in Miller units.

mutations may or may not affddAGZLlinduction by MMS (see A

later). Hence, our observations suggest that eitif&&hd G/M

checkpoint genes are not involved in the DNA damage induction

of MAG1 andDDI1 genes, or there is an alternative pathway :

which bypasses the requirement for theaé® genes. b o MR
MAGT

oot

The S-phase checkpoint mutation abolishes DNA damage [:‘ 2.aaieaaes)
induction of MAG1, but not DDI1 ACTY

POL2 encodes the catalytic subunit of an essential DNA
polymerasee (Pok). Mutation of POL2 exclusively affects 50
S-phase progression in the presence of DNA danig@ethe
only known example of such a phenomenon. Lik&@nd G/M
checkpoint mutations, thml2-12mutation also slightly reduced
basal-levelMAG1 and DDI1 expression (Fig3A). However,
pol2-12 differentially affectsMAG1 andDDI1 induction after
MMS treatment; whileDDI1 expression was not significantly
affected, MAG1 induction was completely abolished (Fa#).
To confirm this result, quantitatiyg-gal assay was performed
with MAG1-lacZandDDI1-lacZ transformants. The results, as &
presented in Figur@B and C, are consistent with northern
hybridization results (FiggA). Furthermore, thpol2-12mutant

is also defective in UV-inducddAG1-lacZexpression (data not %0 0.025 0.05 0075 o4 0  0.025 0.05 0075 o4
shown). Thus,POL2 appears to be involved in the signal % MMS o MMS
transduction of DNA damage to contRNR3(10) as well as

MAG1 expression.

40

30

20

galactosidase Activity
B-galactosidase Activity

10

. . . Figure 3. MMS induction ofDDI1 and MAGL1 expression in the S-phase
Rad53and meclmutations behave differently with respect checkpoint mutantA) Northern analysis. Total RNA was isolated from Y203

to the DNA damage induction ofMAG1 gene expression (wt, left half) and Y400gol2-12 after 0, 0.01, 0.05 and 0.1% MMS treatments
) o (indicated on top of figure) for 30 min. Each lane containsgléf total RNA.
Current yeast cell-cycle checkpoint models indicate that MecThe blotwas sequentially hybridized and stripped Wi#G1, DDI1 andACT1

protein kinase phosphorylates the Rad53/Mec2/Sad1/Spkl protefpbes.B) DDIl-lacZand C) MAG1-lacZinduction by MMS in the wild type

and controls its activity 45,12,38). The observation that agdpo'zt?:“tam' ) Yzfotf’](wt).agd-) Y400 (ol2-12. Tthe resultsin (B) and
overexpression of theAD53gene suppresses tireeclmutant (C) are the average of three independent experiments.

phenotype further supports the notion tRADS53 functions

downstream dIEC1(39). We examined the effectsraid53and  (40,41). To our surprise, neith@DI1 norMAGlexpression was
meclmutations on MMS-inducellAG1andDDI1 expression. affected by themecl-1mutation (Fig.4A and B). We also
Since bottMEC1andRAD53are essential genes, specific mutaniconfirmed that, as expected, TWY 1Tiec1-) was sensitive to
alleles known to affect cell-cycle checkpoint functions werdDNA damaging agents such as UV and MMS (data not shown)
employed in this study. Strains bearing tirec1-1mutation are  and was largely defective RNR3induction by MMS (FigdC and
defective in both S-phase and/ DNA damage checkpoints 13). Furthermore, UV-induced expression of all tHee¥ fusion
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Figure 4. MMS-induced expression ¢dcZ-fusion genes in themecl-Imutant. A) DDI1-lacZ transformants,B) MAG1-lacZtransformants andC) RNR3lacZ
transformants.[{]) TWY394 (wt); and ll) TWY177 (necl-). All results are the average of three independent experiments.

100 § 20 C
>
Z i 2 E
> 15[ z 2 15|
< g <
3 = p 2
8 s0) E 3 10f
a s g
2 o <
2 g =
© —_ o
g: 25 | B 3 z 5 |
@ &
0 0 1 1
0 0.05 o 0.02 0.04 0.06
% MMS % MMS

Figure 5. MMS-induced expression dacZ-fusion genes imad53 mutants. A) DDI1-lacZ transformants,) MAG1-lacZ transformants andC) RNR3-lacZ
transformants. Comparison was made between Y300 (wt) and &80t, and between TWY394 (wt) and TWY178€c2-), as indicated in the figures.Jj TWY394
(wt); and @) TWY178 fnec2-). All results are the average of at least three independent experiments with standard deviations shown in (A) and.(B) by a bar

constructs in thenecl-1mutant parallels that of MMS-induction DISCUSSION
(data not shown). This result suggests that either the cell-cycle

checkpoint function oMEC1is distinct from its transcriptional | this study, we examined whether or not yeast cell-cycle
regulation function for certain transcripts, or some DNA—damaggneCkpoint genes have a universal effect on aiab1-DDI1
inducible genes are not under the contrdVi&iC1 ~ gene induction in response to DNA damage. Apparently, DNA
We were even more surprised to find trt53 mutation did  gamage-induced transcriptional regulation is far more complicated
not affectDDI1 induction (Fig.5A); however, it completely  than one has anticipated. First of all,B2/1 induction by MMS
abolished theVAG1 induction by MMS (Fig5B). This effect  and UV is not affected by mutations in any of the checkpoint
was displayed by bothad53 mutant alleles available to us, genes. Thus, theDI1 expression pattern appears to be different
namelysad1-1(12) andmec2-1(9,13). Furthermore, thmec2-1  from that ofMAG1, but similar to that ofJBI4, which is also
mutant was also completely defectivé&iNR3nduction (Fig5C  unaffected by all checkpoint mutations examinéd).( Since
and13). Thus, with regard tMAG1gene regulation in response cis-acting regulatory elements uniquevdG1, namely UAfiAG1
to DNA damage, cell-cycle checkpoint genes can be divided intmd UR§ac1, have been identified28-25), we infer that
two groups:RAD53andPOL2 are absolutely required for the checkpoint genes may contfAG1 induction through these
MAG1 induction, whereas each BIAD9 RAD17 RAD24and  elements. Secondly)AG1linduction is differentially affected by
MECL1is dispensable fdlAG1induction. various checkpoint mutations. Whitad9, rad17, rad24 and
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mecl-Imutations have little effect ddAG1linductionpol2-12  to replaceMEC1in the transcriptional response to DNA damage
sadl-landmec2-1completely abolish MMS- and UV-induced (39). This second model would also be consistent with the
expression oMAGL The effect ofad9A onMAG1linduction by  observation13and this study) thabec1-lonly partially reduces
UV was previously examined in{rrested cells, and the MMS-induced RNR3 expression, in contrast to theec2-1
maximum induction ratio decreased from 2.1 in the wild type cellgwutation that completely abolish€@NR3 induction. In this
to 1.3 in thead9A cells (L4). We did not observe such an effect inregard, recent observationg7) that phosphorylated Rad9
either asynchronous or@rrested cell populations (data notspecifically binds to Rad53 and that Mec1 is probably involved
shown). The discrepancy could derive from different straiin Rad9 phosphorylation in response to DNA damage but not
backgrounds, since in TWY wild type cells, we were able to obtaireplication inhibition, may shed light on the understanding of
an 8-foldMAG1induction after 50 J/AUV treatment. Thirdly, the alternative regulatory pathways. This, however, does not rule out
signal transduction cascade administrated by checkpoint genes dibxes possibility that themecl-1lis a partial loss-of-function
not appear to discriminate among lesions produced by differemutation with regard to transcriptional activation.
DNA-damaging agents. Both UV and MMS are well-characterized The RNR3 gene, and possibly some other DNA damage
DNA-damaging agents and are used extensively iittlg of cell-  inducible genes, responds to checkpoint mutations differently
cycle checkpoint functions; however, UV mainly causgS@)  thanMAGY, in that theRNR3nduction by DNA damaging agents
and G/M arrest 8,42), whereas MMS treatment delays S-phasas affected by all checkpoint mutations, includnaglS, 17, 24,
progressiond,37) and causes Goulse ¢3). Although checkpoint mec3andmec1-1(13-15,46). This differential response is not yet
mutants respond differently to UV- and MMS-induced cell cycleclear at the mechanistic level. However, it is noticed in this study
arrest, UV and MMS induction dfIAG1 expression is indis- that the optimal induction ®®NR3oby MMS is at 0.01%, whereas
tinguishable in various checkpoint mutants. This phenomendhat of MAGL is at 0.05-0.075%; the different thresholds for
was also observed with some other DNA damage inducible gerledl/A damage induction together with the different response to
examined to datel ). checkpoint mutations would be better explained by the second

At least two models could explain the results obtained from thigroposed model.
study for the checkpoint regulation AG1 induction by UV
and MMS. A simple model would suggest a signal transductioACKNOWLEDGEMENTS
pathway with Pal as a sensor to detect lesions and/or replication ) ) )
blocks in DNA and initiating the cascade, transmitting a signal he authors wish to thank Drs S. Elledge, T. Weinert, W. Siede and
either directly or indirectly to Rad53. This transmission does ndt Sherman for yeast strains and plasmids, and Dr Y. Liu, T. Hryciw
require Mec1 protein kinase; however, if Rad53 phosphorylatioﬂnd B. Chow _for valuable discussion. We would also |Ike_ to thar_1k
is necessary for its activity in transcriptional regulation, #ne of the reviewers for extremely helpful comments. This work is
different ATM-like protein kinase, such as TefD@1), may be supported by a grant from the Natural Sciences and Englnegnng
required. Indeed, botMEC1 and TEL1 are involved in the Research Council of Canada (OGP0138338) to W.X. W.X. is a
control of Rad53 phosphorylatioRd). A second model argues Research Scientist of the National Cancer Institute of Canada.
that the lack of altereAG1 DNA damage induction inad9,
rad17, rad24 andmeclmutants is probably due to the existenCEREFERENCES
of alternative pathways parallel to these genes. Previous studies _ _
(44,45) have suggested that the gene regulation by checkpoinit FriedbergE.C., Walker,G.C. and Siede,W. (199S) Repair and

. - . MutagenesisASM Press, Washington, DC.

genes is not necessar_lly a linear sequence from Mec1 to Rad5340\ 5 rtwell. L H. and Weinert TA. (1988cience246 629-634.
Dunl. Recently, it was shown thatRAD9 and 3 weinert T.A. and Hartwell L.H. (198cience241, 317-322.
RAD24/RAD17/MEC3may define two additive, interacting 4 Elledge,S.J. (199&cience274 1664-1671.
branches of a DNA damage checkpoint pathway and that the PaulovichA.G., Toczyski,D.P. and Hartwell L.H. (1962l 88 315-321.
double mutants defective in both branches have more severe effeftsoicde:\W: (1995Mutat. Res 337 73-84.

: . 3 Siede,W., Friedberg,A.S. and Friedberg,E.C. (1898%. Natl Acad. Sci.
with regard to cell cycle progression, DNA damage-induced gene
regulation and Rad53 phosphorylati@®)( This model is also 8
consistent with the observations tHR&AD9 is in a different 9
epistasis group frolRAD17andRAD24with respect to S-phase 11
checkpoint and MMS sensitivity37), and thatRAD9 has a 1>
different role thanrRAD17 RAD24 and MEC3 in thein vivo
processing of DNA damagé®). However, our results with the 13
rad9A rad17A double mutant indicate that genes in these twd?*
branches play a minor, if any, role in the control of DNA,;

damage-induced expression BDI1-MAGL Alternatively, a 16
third branch may exist parallel toRAD9 and 17
RAD17/RAD24/MEC3In the case oMECL an alternative
pathway for the gene regulation function is likely toTik& 1 ig
TELLis not only a sequence homolodiEC1, but overexpression
of TEL1is able to rescue the essential cellular functiomieal 20

agents of thenecl-1mutant {1). It is interesting to note that
TEL1 is required for telomere maintenanet)( but has no
distinguishable role in checkpoint arrest. However, it may be abje

disruption mutant, as well as the sensitivity to DNA-damagin%
23

USA 90, 7985-7989.
Weinert, T.A. and Hartwell,L.H. (199&enetics 134 63-80.
Weinert, T.A., Kiser,G.L. and Hartwell,L.H. (1998gnes Dey8, 652—665.

0 Navas,T.A., Zhou,Z. and Elledge,S.J. (1998]), 80, 29-39.

Paulovich,A.G. and Hartwell,L.H. (1996kll, 82, 841-847.

Allen,J.B., Zhou,Z., Siede,W., Friedberg,E.C. and Elledge,S.J. (1994)
Genes Dey8, 2416-2428.

Kiser,G.L. and Weinert,T.A. (1998)ol. Biol. Cell 7, 703-718.
Aboussekhra,A., Vialard,J.E., Morrison,D.E., de la Torre-Ruiz,M.A.,
Cernakova,L., Fabre,F. and Lowndes,N.F. (18@BO J, 15 3912-3922.
Navas,T.A., Sanchez,Y. and Elledge,S.J. (18@8)es Dey10, 2632-2642.
Zhou,Z. and Elledge,S.J. (1993ll, 75, 1119-1127.

Kastan,M.B., Zhan,Q., El-Deiry,W.S., Carrier,F., Jacks,T., Walsh,W.V.,
Plunkett,B.S., Vogelstein,B. and Fornace,A.J. (1993) 71, 587-597.
Walker,G.C. (1985A\nnu. Rev. Biochenb4, 425-457.

Chen,J., Derfler,B., Maskati,A. and Samson,L. (1888F. Natl Acad.
Sci. USA86, 7961-7965.

Sakumi,K. and Sekiguchi,M. (199%lutat. Res 236 161-172.

Chen,J., Derfler,B. and Samson,L. (19B0)BO J, 9, 4569-4575.
Chen,J. and Samson,L. (198)cleic Acids Resl9, 6427—6432.
Xiao,W., Singh,K.K., Chen,B. and Samson,L. (1998). Cell Biol, 13
7213-7221.

Liu,Y. and Xiao,W. (1997¥ol. Microbiol., 23, 777—789.



5408 Nucleic Acids Research, 1998, Vol. 26, No. 23

25 Liu,Y., Dai,H. and Xiao,W. (199ol. Gen. Genet255 533-542.

26 Schiestl,R.H., Reynolds,P., Prakash,S. and Prakash,L. {18B%ell Biol,
9, 1882-1896.

27 Sherman,F., Fink,R. and Ficks,E.B. (198&}hods in Yeast Genetics:
A Laboratory ManualCold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.

28 Hill,J., lan,K.A., Donald,G. and Griffiths,D.E. (1994)cleic Acids Res
19, 5791.

29 Zhou,Z. and Elledge,S.J. (1992¢netics 131, 851-866.

30 Botstein,D., Falco,S.C., Stewart,S.E., Brennan,M., Scherer,S.,
Stinchcomb,D.T., Struhl,K. and Davis,R.W. (19%3ne 8, 17-24.

31 Myers,A.M., Tzagoloff,A., Kinney,D.M. and Lusty,C.J. (198&ne 45,
299-310.

32 Berben,G., Dumont,V., Bolle,P.-A. and Hilger,F. (199&ast 7, 475-477.

33 Guarente,L. (1983)lethods Enzymgl101, 181-191.

34 Carlson,M. and Botstein,D. (1982¢ll, 28 145-154.

35 Wang,Z. and Rossman,T.G. (1984)cleic Acids Res22, 2862-2863.

36 de la Torre-Ruiz,M.A., Green,C.M. and Lowndes,N.F. (1€38B0 J,
17, 2687-2698.

37

38

39

40

41

42

43

45

46

Paulovich,A.G., Margulies,R.U., Garvik,B.M. and Hartwell,L.H. (1997)
Genetics 145 45-62.

Sun,Z., Fay,D.S., Marini,F., Foiani,M. and Stern,D.F. (1€88)es Dey

10, 395-406.

Sanchez,Y., Desany,B.A., Jones,W.J., Liu,Q., Wang,B. and Elledge,S.J.
(1996)Science271, 357-360.

Greenwell,P.W., Kronmal,S.L., Porter,S.E., Gassenhuber,J., Obermaier,B.
and Petes, T.D. (199%)ell, 82, 823-829.

Morrow,D.M., Tagle,D.A., Shiloh,Y., Collins,F.S. and Hieter,P. (1995)
Cell, 82, 831-840.

Terleth,C., Schenk,P., Poot,R., Brouwer,J. and van de Putte,P. (1990)
Mol. Cell Biol, 10, 4678-4684.

Sidorova,J.M. and Breeden,L.L. (19%@nes Dey11, 3032-3045.
Wolter,R., Siede,W. and Brendel,M. (198&)l. Gen. Genet25Q 162—168.
Cohen-Fix,0. and Koshland,D. (19%#pc. Natl Acad. Sci. USA4,
14361-14366.

Lydall,D. and Weinert,T. (1995cience27Q 1488—1491.

Sun,Z., Hsiao,J., Fay,D.S. and Stern,D.F. (19@&nce281, 272-274.



