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ABSTRACT 
Ribonucleotide reductase is an essential enzyme that catalyzes the  rate limiting step for production 

of the deoxyribonucleotides required  for DNA  synthesis. It is encoded by three genes, RNRI, RNRZ 
and RNR3, each of which is inducible by agents that damage DNA or block  DNA replication. To  
probe the signaling pathway mediating this  DNA damage response, we have designed a general 
selection  system for isolating spontaneous trans-acting mutations that  alter RNR3 expression using a 
chromosomal RNR3-URA3 transcriptional fusion and  an RNR3-lacZ reporter plasmid.  Using  this 
system, we have  isolated 202 independent trans-acting crt (constitutive RNR3 transcription) mutants 
that express high levels  of RNR3 in the absence of  DNA damaging agents. Of these, 200 are recessive 
and fall into  9 complementation groups. In some  crt groups, the expression of RNRI and RNRZ are 
also elevated, suggesting that all three RNR genes share a common regulatory pathway. Mutations in 
most  CRT genes confer additional phenotypes, among these are dumpiness, hydroxyurea sensitivity, 
temperature sensitivity and slow growth. Five  of the CRT genes have been identified as previously 
cloned genes; CRT4  is TUPI, CRTS  is POLI/CDC17, CRT6  is  RNR2,  CRT7  is RNRI, and CRT8 is 
SSN6. crt6-68 and crt7-240 are  the first ts  alleles  of RNRZ and  RNRI, respectively, and arrest with a 
large budded, cdc terminal phenotype at  the nonpermissive temperature. The isolation of crt5-262, 
an additional cdc allele of POLI/CDCI7, suggests for  the first time that directly blocking  DNA 
replication can provide a signal to induce the DNA damage response. crt2 mutants show a defect in 
basal  level expression of RNRI-lacZ reporter constructs. These are  the first mutants isolated  in  yeast 
that  alter  the regulation of  DNA damage inducible genes and  the identification of their functions 
sheds light on  the DNA damage sensory network. 

T HE DNA damage sensory response pathway is 
one of several global regulatory  networks that 

coordinately  control the expression of a  large number 
of genes in response to environmental stress. These 
capacities are central  to  an organism’s ability to suc- 
cessfully adapt to life threatening  environmental  con- 
ditions and to duplicate its genetic  material with the 
highest fidelity. Both procaryotes and eukaryotes are 
able to sense and respond to DNA damage.  However, 
this sensory network is well understood only in the 
procaryote Escherichia coli. Treatment of E. coli with 
agents  that  damage DNA or block replication causes 
the appearance of a  set of physiological responses that 
include the induction of DNA repair processes, mu- 
tagenesis, and induction of lysogenic bacteriophage 
(WALKER  1985).  These processes have collectively 
been called the SOS response because at least some of 
them  appear  to  promote cell survival. The molecular 
mechanism of this coordinately  regulated  response 
involves the proteolytic inactivation of a  common 
repressor,  the LexA protein, by an activated  form of 
the RecA protein. The RecA protein  can become 
activated to facilitate proteolysis by binding  to single- 
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stranded  DNA,  a possible damage signal. The func- 
tions of several SOS regulated  genes  are known and 
include excision repair (uvrAB) (KENYON and WALKER 
198 l), recombinational  repair (recA) (MCENTEE 
1977), SOS repression (lexA) (LITTLE and HARPER 
1979), mutagenesis (umuCD, mucAB) (ELLEDGE and 
WALKER  1983a,b),  inhibition of cell septation, i.e., cell 
cycle arrest ($A) (HUISMAN, D’ARI and GEORGE 
1980),  and possibly site-specific recombination (himA) 
(MILLER, KIRK and ECHOLS 198 1). 

Eucaryotic organisms display similar cellular re- 
sponses to DNA damage  including cell  cycle arrest 
(HITTLEMAN and RAO 1974; KUPIEC and SIMCHEN 
1985),  increased capacity to  carryout  deoxyribonucle- 
otide synthesis (LAMMERS and FOLLMANN  1986; EL- 
LEDGE and DAVIS 1990),  transcriptional  induction of 
genes involved in DNA replication and DNA damage 
repair pathways (see below), and increased mutagen- 
esis frequency (SARASIN and BENOIT 1980; MITCHEL 
and MORRISON 1986). In  the yeast Saccharomyces  cere- 
visiae, a number of damage  inducible  genes have been 
identified. Known functions of DNA damage induci- 
ble genes  include excision repair [RAD2 (ROBINSON et 
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al. 1986)],  recombinational  repair [RAD54 (COLE et 
al. 1987)], alkylation repair [MAGI (CHEN, DERFLER 
and SAMSON 1990)],  photoreactivation [PHRl (SEBAS- 
TIAN, KRAUS and SANCAR  1990)], the ubiquitin pro- 
teolysis pathway [UBZ4 (TREGER, HEICHMAN and 
MCENTEE 1988)], and a number of genes  encoding S 
phase-specific, cell cycle-regulated activities involved 
in nucleotide synthesis [RNRl ,   RNR2,   RNR3 and 
CDC8 (ELLEDCE and DAVIS 1987;  HURD, ROBERTS 
and ROBERTS 1987; ELLEDCE and DAVIS 1990)] and 
DNA synthesis [POLl/CDCl7 (JOHNSTON et al. 1987), 
and CDC9 (BARKER, WHITE and JOHNSTON 1985; 
PETERSON et al. 1985)l. The functions of two sets of 
genes identified on  the basis  of increased transcription 
in response to DNA damage,  the DIN (RUBY  and 
SZOSTAK 1985)  and DDR genes  (MCCLANAHAN and 
MCENTEE 1984),  remain largely unknown. The in- 
ducibility of  cell  cycle regulated  genes is thought  to 
be  due  to  the temporal  compartmentalization of the 
cell  cycle  in  which much of the capacity to synthesize 
DNA is restricted to S phase. The induction of these 
genes in response to  the stress of DNA damage is 
thought  to  produce  a metabolic state  resembling S 
phase that facilitates DNA replicational repair  proc- 
esses (ELLEDGE, ZHOU and ALLEN 1992). 

Among DNA damage  inducible  genes,  regulation 
of  the RNR gene family has been studied most exten- 
sively. Ribonucleotide reductase catalyzes the  reduc- 
tion of ribonucleotides to deoxyribonucleotides, the 
first and  rate limiting step in the pathway for  the 
production of the deoxyribonucleotides  needed for 
DNA synthesis. It is an enzyme of structure a&. In 
yeast, the small subunit is encoded by RNRP (ELLEDGE 
and DAVIS 1987;  HURD, ROBERTS and ROBERTS 
1987),  and  the  large  subunit is encoded by two ho- 
mologous genes, RNRl  and RNR3 (ELLEDCE and 
DAVIS 1990).  Hydroxyurea  (HU) functions as a  potent 
inhibitor of RNR activity by quenching  the  free radical 
in the active site of the small subunit  (HARDER and 
FOLLMANN  1990). The large  subunit contains two sites 
for  the allosteric regulation of the enzyme activity: 
one site controls the  substrate specificity, while the 
other site controls the overall activity of the enzyme 
(REICHARD  1988). Both RNRl  and RNRB are essential 
for mitotic viability, while disruption of RNR3 has no 
obvious phenotype under normal  growth  conditions. 
However, RNR3 encodes an active protein since in- 
creased  gene dosage of RNR3 is capable of comple- 
menting  a null allele of RNRl  (ELLEDGE and DAVIS 
1990). R N R l ,  RNRB and RNR3 are all inducible at 
the level  of transcript  accumulation by agents  that 
block DNA synthesis through nucleotide  depletion 
such as HU  and  methotrexate, or by agents  that 
damage  DNA, such as UV light, methyl methanesul- 
fonate (MMS) and 4-nitroquinoline-1  -oxide  (4-NQO) 
(ELLEDCE and DAVIS 1989a;  HURD  and ROBERTS 

1989; ELLEDGE and DAVIS 1990). RNRl  is inducible 
5-fold, RNR2 is inducible 25-fold, and RNR3 can  be 
induced 100-500-fold. Under normal  growth condi- 
tions the RNR3 transcript is undetectable and is there- 
fore  under very tight  control. Why an organism would 
retain  the  function  and  tight  regulation of RNR3 
remains  a mystery. RNR3 may  allow the induction of 
a  ribonucleotide  reductase with altered  regulatory 
properties  that  confers  a selective advantage  on  the 
cell. 

A  detailed  deletion analysis  of the RNR2 regulatory 
region has implicated both  a positive and a negative 
regulatory  element in this response and identified  a 
70-bp  fragment  termed  the DRE (DNA  damage  re- 
sponsive element)  that  can  confer some DNA-damage 
inducibility upon  a  heterologous  promoter.  A  number 
of proteins were shown to bind to this element includ- 
ing  the  Rap1  protein.  However, it has not  been deter- 
mined whether any of these are essential for  the 
response (ELLEDGE and DAVIS  198913). Although 
RNRl  and RNR3 are inducible,  none of these  proteins 
are  bound by DNA from  the  promoters of RNRl  or 
RNR3 (Z. ZHOU and S. J. ELLEDGE, unpublished) 
suggesting that  either they do  not  share transcription 
factors, or that any common  factors have not yet been 
detected.  In  all, this detailed analysis  has revealed the 
complex nature of the RNRB regulatory  region and 
suggests that  promoter dissection alone may not be 
the most general  approach  to  understanding  the DNA 
damage  induction pathway in its entirety. 

Very little is known about  the mechanisms em- 
ployed to sense and respond to DNA damage in 
eukaryotes.  Although several different types of DNA 
damage  and replication blocks have been  found  to 
induce multiple genes, several outstanding questions 
remain including: (1)  Are many different  damage 
signals sensed by the sensor separately or are they 
transformed  to  a single form  prior  to detection? (2) Is 
nucleotide  depletion itself a signal, or does  induction 
result  from the subsequent block  in DNA synthesis? 
(3) Are all DNA damage  inducible  genes  regulated by 
a  common mechanism or are  there  different regula- 
tory pathways such as for recA and ada in E.  coli 
(WALKER  1985)? Mutations in the genes  encoding 
signal sensing and transducing  proteins would facili- 
tate  the identification of the components and mecha- 
nisms  of these pathways. T o  begin isolation of these 
mutants, we have chosen RNR3 as a  target  gene  due 
to  the fact that it is nonessential and highly inducible 
by DNA damaging agents. Here we report  the isola- 
tion and  the characterization of spontaneous  muta- 
tions that cause constitutive expression of RNR3 (crt 
mutants) in the absence of DNA damage,  and discuss 
the possible roles of the CRT genes in the damage 
signal sensing and transducing pathways. 
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MATERIALS AND METHODS 

Media and  chemicals: Yeast  minimal medium contains 
0.67% yeast nitrogen base without amino acids  (Difco  Lab- 
oratories, Detroit Michigan), 2% glucose and 2% Bacto- 
Agar (difco) is added  for solid media. Synthetic complete 
media (SC) is minimal medium supplemented with various 
amino acids and bases  as described (SHERMAN, FINK and 
LAWRENCE  1979), as was  YPD media. 5-Fluoroorotic acid 
(5-FOA) was purchased from PCR Incorporated, Gainsville, 
Florida. 5-FOA  plates are prepared as described by ROSE, 
WINSTON and HEITER (1990). MMS  was purchased from 
Eastman Kodak Co. (Rochester, New York). HU  and 5- 
bromo-4-chloro-3-indolyl-/3-~galactopyranoside (X-GAL) 
were purchased from Sigma  Chemical Co. (St. Louis, Mis- 
souri). Restriction enzymes, T 4  polymerase, Klenow frag- 
ment of DNA polymerase I, and DNA  ligase were purchased 
from New England Biolabs and used under  the conditions 
suggested by the supplier. 

Strains  and  plasmids: Yeast strains and plasmids  used  in 
this study are listed in Table 1. All crt mutants were isolated 
from strains Y206 and Y207. Strain H17ClA1 was provided 
by LELAND HARTWELL. RTY418  and pFW 1-1 (TUPl) were 
gifts of  ROBERT TRUMBLY (WILLIAMS and TRUMBLY 1990). 
pS63 15(SSN6) was kindly provided by JANET SCHULTZ and 
MARIAN CARLSON. E.  coli strain JM107 (YANISCH-PERRON, 
VIEIRA and MESSING 1985) was used  as the host strain for 
plasmid constructions and amplification. The construction 
of other plasmids and strains are described below. 

Plasmid  constructions: The 880-bp Sau3Al-PvuII frag- 
ment of the RNR3 promoter was cloned into BamHI-EcoRV 
digested pBS  KS+ (Stratagene, San  Diego, California) to 
create pZZ1. The PvuII site in the RNR3 fragment was 
located at codon 61 of the RNR3 coding sequence (YAGLE 
and MCENTEE 1990)  and  the Sau3A1 site regenerated  a 
BarnHI site upon ligation to pBS  KS+. Introduction of this 
fragment  into this polylinker was necessary to adjust the 
reading  frame of RNR3 to match the lac2 fragment at  the 
XhoI site. The BamHI-XhoI RNR3 fragment was excised 
from pZZl and cloned into BamHI-XhoI cleaved pNN407 
(ELLEDCE and DAVIS 1989b), a URA3 CEN4  ARSl  RNR2- 
lac2 fusion vector, replacing the RNR2 sequences to  produce 
pZZ2. pZZ2 contains an RNR3-lac2 protein fusion. pZZ13, 
a HIS3 version  of  pZZ2, was created by excising the RNR3- 
lac2 gene from pZZ2 on  an EcoRI-NsiI(b1unt) fragment  and 
inserting this fragment into EcoRI-NarI(blunt) cleaved 
PUN90 (ELLEDCE and DAVIS 1988). The designation (blunt) 
after  a restriction site name indicates that in this reaction, 
that site was filled-in or excised to make  flush ends by use 
of klenow fragment of  DNA polymerase I and  dNTPs. 

pNN405 (ELLEDCE and DAVIS 1989a) is a CYCl-lac2 
fusion driven by regulatory elements from the RNR2  up- 
stream region on  a  2-rm URA3 plasmid. URA3 on  pNN405 
was replaced with HZS3  by inserting a 2.5-kb SmaI fragment 
from pJA9 (J. B. ALLEN and S. J. ELLEDCE, unpublished) 
carrying HIS3 and Tn5 neo for selection into StuI cleaved 
pNN405  to  create pZZ18. 

pZZ 19 has sequences from the upstream region of RNRl 
conferring DNA damage inducibility on  a CYCl-lac2  fusion 
gene and was constructed as  follows. A 242 bp EcoR1 (blunt)- 
DdeI(blunt) fragment of the  RNRl upstream region (S. J. 
ELLEDCE, unpublished) was ligated into SmaI cleaved pBS 
KS+ to make pSE816. These  RNRl sequences were re- 
moved from pSE8 16 by digestion with  BamHI and XhoI and 
ligated into BamHI-XhoI cleaved pLG312 ASS (ELLEKE 
and DAVIS 1989b)  to  create pSE836. The RNRl  fragment 
in pSE836  has the same orientation relative to  the CYCl 
TATA as it does in the native RNRl  promoter. URA3 on 

pSE836 was replaced with HIS3 by inserting a 2.5-kb SmaI 
fragment from pJA9 carrying HIS3 and Tn5 neo for selec- 
tion into StuI cleaved  pSE836 to  create pZZ 19. 

The construction of pZZl1, which contains the trans- 
placement cassette for replacing the RNR3 gene with the 
RNR3-URA3 transcriptional fusion, was quite complicated 
and  rather than describing the circuitous route of construc- 
tion, we will describe the segments in linear order. At 
nucleotide 1 is a 52-bp oligonucleotide of sequence 

TAGCAGCAACAATAAATCTCGAG. KpnI and XhoI 
sites are underlined, respectively. This sequence directly 
precedes the  start codon of RNR3 translation (YAGLE and 
MCENTEE 1990). Adjacent to the XhoI site is a 900-bp PstI- 
HindIII URA3 fragment. The PstI site in URA3 is 17  bp 
before its start codon. Both the PstI and XhoI sites were 
made blunt and destroyed in the ligation. Adjacent to  the 
HindIII site is a 12-bp sequence from pBS  KS+, 
GGTGGCGGCCGC, which contains a NotI site. Adjacent 
to  the NotI site is a 1.5-kb BglII fragment containing TRPl. 
This is the genomic TRPl BglII fragment with the EcoRI 
site in the  TRPl  promoter filled-in  with  klenow and  dNTPs 
(P. HEITER, unpublished). Adjacent to this fragment is a 30 
bp hybrid polylinker fragment containing the restriction 
enzyme  cleavage  sites Sad,  EcoRI,  XbaI, MluI and SalI. 
Adjacent to  the SalI site is a  1 .O-kb SalI-KpnI fragment from 
the RNR3 gene. The remaining fragment is the  entire 3.0 
kb pBS  KS+ plasmid  cleaved  with KpnI. The 5‘ RNR3- 
URA3-TRPl-RNR3 3’ sequences can  be liberated from this 
plasmid by cleavage  with KpnI and used for transplacement 
into yeast. 

pZZ17 was created by inserting the EcoRI-Aut11 (blunt) 
LEU2 fragment from YIplacl28 (GIETZ and SUGINO 1988) 
into EcoRI-Not1 (blunt) cleaved pZZl1, replacing the  TRPl 
gene. The LEU2 gene on  YIplacl28 is engineered to remove 
the EcoR1 and KpnI sites. 

pZZ16, the plasmid  used to  create  the 5’ ura3 deletion, 
was made in several  steps.  First the  1.1 -kb URA3 gene on  a 
HindIII-SmaI fragment was cloned into HindIII-SmaI 
cleaved pUC 19 (YANISCH-PERRON, VIEIRA and MESSING 
1985) to create pSE272. A 2-kb NcoI (blunt)-EcoRI fragment 
from pZZl1 containing 500 bp of the 5’ end of URA3 and 
the  entire  TRPl gene was ligated into PstI (blunt)-EcoRI 
cleaved pSE272 to  create pZZ15. This created a 200-bp 
deletion in the URA3 gene between PstI and NcoI. The StuI 
site in the 3’ region of TRPl was destroyed by cleaving 
pZZ15 with PstI, making flush  with T4 polymerase and  the 
dNTPs,  and religating to produce pZZ16. This PstI site 
overlaps the StuI site by 2 bp and both sites are destroyed 
in this series of reactions. The remaining StuI site in the 3’ 
end of the URA3 sequence is unique and can  be  used to 
target  the plasmid to  the URA3 locus. 

Construction of yeast strains: Y200, containing the 
RNR3-URA3 transcriptional fusion replacing the RNR3 
gene, was created by transforming XS955-36B  (a  gift from 
D. SCHILD) with KpnI cleaved pZZl1 and selecting for Trp’. 
Transformants were chosen that were Ura- but became 
Ura+ when  grown on SC-Ura plates  with 50 mM HU. 
Southern analysis was performed to confirm that  the trans- 
placement event had occurred  and  that  the RNR3 gene had 
been replaced with the RNR3-URA3 fusion  linked to  TRPl. 

Y202 was constructed in  two  steps. First, pZZ16, contain- 
ing ura3-Al00 (APstI-NcoI) linked to  TRPl, was cleaved 
with StuI which cuts in the 3’ URA3 sequences and trans- 
formed  into Y201 selecting for Trp+ colonies. These were 
grown in  YPD  liquid for overnight and streaked on 5-FOA 
plate to select for Ura- colonies in  which the intact URA3 
and  the  TRPl genes were looped out  and  a deleted ura3- 

GGTACCCTTGAAATAAATAT-GACAAGCAAGAA- 
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TABLE 1 

Strains  and  plasmids used in this  study 
~ ~~ 

Strain name Genotype 

XS955-36B MATa  ade2-I,  his34 hom3, leu2-3,112, lys2, trpl,  ura3-52 
Y80 MATa,  ade2-I, his3-11,15, leu2-3,112, t r p l - I ,  ura3-I,  canl-100 
Y200 MATa,  ade2-I,  his34 hom3, leu2-3,112, lys2, trpl, ura3-52, rnr?::RNR3-URA?-TRPl 
Y20 1 MATa,  canl-100,  ade2-I, his3-11,15, leu2-3,112, trpl-I 
Y202 MATa,  canl-100,  ade2-I, his3-11,15,  leu2-3,112, trpl-I,  ura3-AI00 
Y203 MATa,  ade2-I, his3, leu2-3,112, lys2, trpl, ura3-AIO0,  rnr3::RNR3-URA3-TRPI 
Y204 MAT&,  ade2-I, h id ,  leu2-3,112, lys2, trpl,  ura3-8100, rnr3::RNR3-URA3-TRPI 
Y205 MATa,  ade2-I, his3, leu2-3,112, lys2, trpl,  ura3-AI00, rnr3::RNR3-URA3-LEU2 
Y206 MATa,  ade2-I, his3, leu2-3,112, lys2, trpl,  ura3-AI00, rnr3::RNR3-URA3-TRPI, +pZZ13(HIS3) 
Y207 MATa,  ade2-I, his3, leu2-3,I 12, lys2, trpl,  ura3-AI00,  rnr3::RNR3-URA3-LELr2, +pZZ13(HIS3) 
Y208 MATa,  canl-100,  ade2-I, his3-11,15, leu2-3,112, trpl-I,  ura3-AI00, rnr3::RNR3-URA3-LEU2 
Y211 As Y206 crtl-14 
Y213 As Y206 crt2-29 
Y215 As Y206 crt3-99 
Y217 As Y206 crt4-2 
Y219 As Y207 crt5-262 
Y22 1 As Y206 crt6-68 
Y222 As Y207 crt6-68 
Y223 As Y207 crt6-163 
Y225 As Y206 crt7-66 
Y227 As Y207 crt7-240 
Y228 MATa,  ade2-I, h id ,  leu2-3,112, lys2, trpl,  ura3-AI00, rnr3::RNR3-URA3-TRPI, crt7-240 
Y229 As Y206 crt8-79 
Y231 As Y206 crt8-91 
Y232 As Y207 crt8-168 
Y235 As Y207 crt9-216 
Y237 Diploid generated by crossing Y228 with YNN407 
YNN348 MATa,  ade2-I, his3A200, lys2-801, ura3-52, trpl, rnr2-314::TRPl 
YNN407 MATa, ade2-101, his3A200, lys2-801, trplA800, ura3-52,  rnrl::URA3, +pNN448 (RNR1 HIS3) 
RTY4 18 MATa, his4-519, leu2-3,112, trpl-289, ura3-52,  tupl-A1::TRPI 
H17ClAl MATa, his7, ural, cdcl7-1 
MCRY750 MATa, ade2-101, lys2-801, ssn6-119, ura3-52::pJSAII(SSN6) 
Y239 MATa, ade2-101, lys2-801, ssn6-A9, ura3-52 

Plasmid Relevant markers  Base  plasmid Source 

pzz2 RNR3-lacZ, URA3 CEN4 ARSl YCpl9 This work 

pZZl1 RNR3-URA3  TRPl pBS KS+ This work 
pZZl3 RNR3-lacZ, HIS3 CEN4 ARSl PUN90 This work 

pzz17 RNR3-URA3 LEU2 pBS KS+ This work 

pzz  19 RNRl-CYCI-lacZ HIS3  2 p m  YEp24 This work 

pZZ16 ura3-AI00  TRPI p u c 1 9  This work 

pZZ18 RNR2-CYCI-lacZ HIS3 2 p m  YEp24 This work 

pSE366 RNR2 HIS3 CEN4 ARSl PUN90  This work 
pSE735 RNR? HIS3 CEN4 ARSl PUN90  This work 
pSE738 RNRl  TRPl CEN4 ARSI pUNlO  This work 
pSE836 RNRI-CYCl-lacZ URA3 YEp24 This work 

pNN405 RNR2-CYCI-lacZ URA3 YEp24 ELLEDGE and DAVIS (198913) 
pNN448 RNRl SUP1 I HIS3 CEN4 ARSl pUN95 ELLEDGE and DAVIS (1990) 
pNN449 RNR3  TRPl 2 pm pRS46 ELLEDCE and DAVIS (1 990) 
pFW1-1 TUP1 LEU2 2 p m  YEpl3 R. TRUMBLY 
pS63 15 SSN6 LEU2 CEN6 ARSH4 pRS3 15 J. SCHULTZ and M. CARLSON 

A100 allele remained. All Ura- colonies were Trp- and  a 
genomic Southern was performed  on selected colonies 
which demonstrated that  the chromosomal URA3 sequence 
had been replaced with the uru3-Al00 allele. These strains 
contained a deletion of a portion of the chromosomal URA3 
locus to prevent the occurrence of the  Ura+  revertants 
generated by homologous recombination between the chro- 
mosomal URA3 sequence and  the URA3 coding sequence 
fused to RNR3 described below. Y200 was crossed to Y202 

and  the diploid was sporulated. Spores containing the uru3- 
A100 allele and  the rnr3::RNR3-URA3-TRPl allele were 
back  crossed  several  times to  generate strains Y203 and 
Y204. The TRPl marker in Y204 was replaced with LEU2 
to create Y205, by transformation with a Kpnl fragment 
from pZZ 17 containing the rnr3::RNR3-URA3-LEU2 allele 
and selecting Leu+ Trp- colonies. 

Y239 was made by selecting for 5-FOA resistant deriva- 
tives  of MCRY750 (SHULTZ, MARSHALL-CARLSON and CARL- 
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S R N R 3  URAJ TRPI Y R N R 3  

CEN4 ARSI 

Phenotypes 
- -HU +x 
Ura'  Ura+ 

S-FOA~ 5-FOA' 

White Blue 

FIGURE 1 .--Structure of the  reporter constructs used to isolate 
rrt Inutauts ;tnd their associated phenotypes. A transcriptional fu- 
sion hetwrcn the promoter of the RNR3 gene and  the coding 
scqucwce  of the URA3 gene was constructed and transplaced to the 
It"VR3 chromoson1;ll  locus  using the TRI'I gene as a selectable 
Inarker. A second construct using LEU2 in place of TRPI was 
illtrnducetl into different mating type and is not shown here. A 
(Iclrtion H';IS generated i n  the chrn1noson1;tl URA3 gene to prevent 
LJw* revertants via homologous recombination. The RNR3-lacZ 
I'usion  is ;I transIation;tl  fusion between codon 61 of R N R 3  and 
c . o c l o n  X of l a d  and is carried  on a centronleric plasmid containing 
IlI.5'3 a s  a se1ect;tble nlarker. The LIRA3 gene encodes OMP decar- 
I~osvl;~sr d1ich is required  for uracil prototrophy  and for sensitivity 
IO 5-FOA. The E .  coli 1acZ gene encodes &galactosidase. Under 
nornxtl growth conditions. the RNR3 promoter is transcriptionally 
silent. I n  the presence of inducing agents such as hydroxyurea, 
RNR3 tr;mscription is induced and both UraS and @-galactosidase 
are produced nnking  the strain Urd+, sensitive to 5-FOA. and able 
t o  clcwe the cllronlogenic indicator. X-GAL. 

SON 1990) that had lost  pJSAl  l(SSN6  URA3) and uncovered 
the ssn6-AY allele becoming clumpy and ts. The mating 
between  Y239 and Y229 to test complementation of crt8- 
79 and ssn6-A9 was accomplished by introducing an ADB2 
containing plasmid into Y229 and selecting for Leu+Ade+ 
upon mating. 

Plasmid pZZl3 was transformed into strains Y203 and 
Y205 to produce strains Y206 and Y207, respectively. 
These two strains which carry the RNR3-lac2 reporter plas- 
mid were parental strains for the isolation  of crt mutants. 

Isolation of crt mutants: crt mutants, constitutive for 
RNR3 transcription, were isolated on the basis of their ability 
to simultaneously activate RNR3-LIRA3 and RNR3-lac2 fu- 
sions in strains Y206 and Y207  in the absence of  HU or 
DNA damaging agents. Two  hundred colonies from wild- 
type parents ( 1  07  of Y206 and 93 of Y207) grown at  23" 
were used to inoculate 200 independent cultures and 1 ml 
of each culture was concentrated and spread on a separate 
SC-UraHis plate at  23". Spontaneously occurring crt  mu- 
tants were  isolated by selecting for  Ura+ colonies on SC- 
UraHis plates (Figure 1). The deletion of the chromosomal 
URA3 gene was designed to prevent the creation of Ura+ 
revertants by homologous recombination. From each plate, 
only one Ura+ colony was chosen and subsequently screened 
both for the expression of @-galactosidase by an  X-GAL 
assay and for 5-FOA  sensitivity. One hundred and ninety- 
nine of these were Ura+, 5-FOA  sensitive, blue in the X- 
GAL assay, and were designated as crt mutant strains. 

A secondary screen was carried out  to specifically search 
for temperature-sensitive crt mutants. Twenty independent 
cultures of strain Y207 were grown to mid-log phase at  23" 
and spread onto 20  SC-HisUra  plates and incubated at  23" 
for 5 days. The resulting Ura+ colonies were then replica 
plated onto two  SC-HisUra plates, one incubated at  37"  and 
one  at 23 ". Ten independent colonies that failed to grow at 
37", were  5-FOA  sensitive and blue in the &galactosidase 
assay were identified. Three of these crt mutants failed to 

grow  on YPD media at  37" and were chosen for further 
study. 

Dominance/recessiveness and complementation  analy- 
sis of crt mutants: Dominance/recessiveness  tests  were per- 
formed by selecting CRT/crt diploids and determining if 
they were blue or white in the X-GAL  assay. All crt mutants 
isolated from strain Y206 were mated to strain Y207, and 
all crt mutants isolated from strain Y207 were mated to 
strain Y206 and diploids were selected by their ability to 
grow on SC-HisLeuTrp plates.  X-GAL assays were per- 
formed on patches of diploid cells  grown on SC-HisLeuTrp 
plates, and  the diploid generated by crossing strain Y206 
with strain Y207 was used  as a positive control for comple- 
mentation. A crt allele was scored recessive if the diploid 
was white and dominant if blue in the X-GAL  assay.  Com- 
plementation analyses were accomplished by performing the 
X-GAL  assay on diploids generated between crt mutants 
derived from strains Y206 and Y207. Complementation 
analyses were first performed for a small number of mutants 
to  generate a few initial complementation groups to simplify 
the overall  process. The procedure was the same as de- 
scribed for  the dominance/recessiveness tests.  When  com- 
plementation tests needed to be performed between  two crt 
mutants of the same mating type, the  correct mating type 
was generated  for  one from sporulation of the diploid  made 
in the dominance/recessiveness test. Complementation be- 
tween  two  recessive mutant alleles  would restore regulated 
expression of the RNR3-lac2  fusion and  the diploids  would 
be white in the X-GAL  assay,  while noncomplementation 
would result in a blue color. 5-FOA sensitivity and Ura 
phenotypes occasionally proved to be  inconclusive and were 
not used for determination of complementation patterns. 

@-Galactosidase assays: Liquid  @-galactosidase assays 
were carried  out on yeast strains that were grown overnight 
in selective  minimal medium, diluted into fresh  selective 
medium, grown to early-log  phase (ODtioo = 0.3). and to 
which inducingagents, HU (100 mM final) and MMS (0.01 % 
final) were directly added when needed. Usually strains were 
treated for 6 hours at 30", with the exception of strains 
Y227, Y235 and Y219, which were induced for 8 hr at 23". 
&Galactosidase assays with the colorimetric substrate o-ni- 
trophenyl-@-galactopyranoside (ONPG) were performed as 
previously described (ELLEDCE and DAVIS 198%). Assays 
were carried out in duplicate or triplicate and averaged, and 
were generally reproducible within 30%. 

X-GAL  assays were carried  out on yeast colonies  grown 
as patches on minimal  plates selecting for pZZ1 3(HIS3). 
Melted 2% agar was mixed with prewarmed 1 M KHPO, 
buffer (pH 7.0),  20% sodium  dodecyl sulfate (SDS) and 20 
mg/ml  A-GAL to a final concentration of 1% agar, 0.5 M 
KHPO., buffer (pH 7.0), 0.1 % SDS and 0.2 mg/ml  X-GAL 
in a 10-ml volume and slowly poured over the surface of 
the plates. The plates were incubated at 30" and the blue 
color determined by  visual inspection over a period of 
several hours to two  days depending upon the mutant. 

DNA blot and RNA blot analysis: DNA was labelled by 
the hexamer primer method (FEINRERG and VOGEL~TEIN 
1983). Hybridizations for Southern blots  were carried out 
as previously described (ELLEDCE and DAVIS 1987). R N A  
was resolved on formaldehyde-1 % agarose gels (MANIATIS, 
FRITSCH and  SAMRROOK 1982). and hybridizations were 
carried out as described for the  Southern analysis. 

RESULTS 

The design of our  mutant isolation  system allows 
for the selection of both  constitutive  and  uninducible 
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mutations affecting the regulation of RNR3. In this 
paper we have focused on  the isolation of mutants 
that show constitutive RNR3  transcription, the crt 
mutants. These were isolated for several reasons. 
First, negative regulation has been implicated in the 
regulation of RNR2 by DNA damaging  agents (EL- 
LEDGE and DAVIS 1989b).  Second, isolation of muta- 
tions in cellular genes  that indirectly activate the  dam- 
age sensory pathway may shed light on  the types of 
signals sensed by this sensory network. Finally, consti- 
tutive  mutations may facilitate the isolation of unin- 
ducible  mutants by suppressor analysis. 

Genetic selection strategy for the isolation of crt 
mutants: An  RNR3-URA3 transcriptional fusion was 
constructed  that placed URA3 under  the  control of 
the RNR3 promoter (see MATERIALS AND METHODS). 
URA3  was chosen as the  reporter  gene because both 
positive (uracil prototrophy)  and negative (5-FOA  re- 
sistance) selections exist for it (BOEKE et al. 1988). 
Two haploid strains of opposite mating types were 
constructed  that  contained the  reporter fusions inte- 
grated  at  the RNR3 locus by transplacement,  thereby 
creating  an rnr3 mutant  strain.  In each strain,  TRPl 
or  LEU2  was linked to  the RNR3-URA3 fusion and 
was  used both as a selectable marker  for  the  trans- 
placement event itself as well as for  the selection of 
diploids used  in the dominance/recessiveness and 
complementation analyses. pZZl3, a  HIS3  centrom- 
eric plasmid encoding  an RNR3-lacZ protein fusion, 
was incorporated  into  the  above  backgrounds to cre- 
ate the  strains Y206 and Y207. The RNR3-lacZ fusion 
was  used to  monitor  the expression level  of RNR3 and 
to distinguish between cis- and trans-acting  mutations 
that  alter RNR3 expression. 

Y206 and Y207 strains displayed a Ura+  phenotype 
in the presence of 50 mM HU in SC-Ura plates and 
became sensitive to 1 mg/ml 5-FOA;  however, they 
grew  more slowly than  a wild-type URA3 strain on SC- 
Ura plates, indicating that  the  amount of Ura3 in the 
cell was probably below wild-type levels. These strains 
were blue in the X-GAL assay when grown in the 
presence of 50 mM HU.  These results demonstrate 
that  the fusions in Y206 and Y207 were regulated in 
the same manner as RNR3. 

Isolation of crt mutants: Ura+ colonies sponta- 
neously occurred in Y206 at a  frequency of to 
1 0-5 per  generation.  Two  hundred  independent spon- 
taneously occurring  Ura+  mutants were isolated from 
Y206 and Y207. Only one cis-acting mutation was 
identified. One  hundred  and six crt mutants were 
isolated from Y206 and 93 crt mutants  were isolated 
from Y207. Due to  the fact that  5 of these crt mutants 
were  temperature sensitive (ts) for  growth at 37" ,  a 
second selection was carried  out in Y207 and screened 
specifically to isolate crt mutants  that  could grow at 
23" but  not 37" in complete  media. This screen 

TABLE 2 

Growth phenotypes of different crt mutants 

No. of No. of ts HU 
crt groups alleles ClumpP alleles' sensitivity' 

1 
2 
3 
4d 
5 
6 
7 
8d 
9 

131 
1 
1 

58 
1 
2 
2 
3 
1 

- 0 
0 
0 

++ 0 
+ 1 
+ 1 
+ 2 

++ 3 
1 

- 
- 

- 
Complementation grouping of crt mutants was determined by 

carrying out X-GAL assays on  the diploids generated by crosses 
between different crt mutants as described in MATERIALS AND METH- 

Clumpiness was observed for cells grown in liquid synthetic 
complete media. 'I-" indicates the wild type nonclumpy phenotype; 
"+" indicates slight clumpiness; "++" indicates extreme clumpiness. ' Ts phenotype was checked by streaking cells on YPD plates 
and testing for growth at 37". 
' HU sensitivity of crt mutants was tested on YPD plates contain- 

ing 100 mM HU at 30" and 34" in general, or at 23" for crt5, crt7 
and crt9 which cannot grow or grows poorly at 30". 

a-specific mating defect was observed in the labeled comple- 
mentation groups. 

100 mM HU. 
e crt4 mutants are not sensitive at 30" but are sensitive at 34" to 

identified  3  more ts crt mutants. These  mutants  are ts 
for viability, not  their crt phenotype.  In all, 202 crt 
mutants have been isolated. All were Ura+, sensitive 
to 1 mg/ml 5-FOA, and showed varying degrees of 
blueness in the X-GAL assay. 

Dominance/recessiveness analysis and  comple- 
mentation  test of crt mutants: We primarily relied 
upon the X-GAL assay phenotypes of the CRT/crt 
diploids to  determine  the  dominance  and recessive- 
ness as described in MATERIALS AND METHODS. By 
these  criteria, 200 crt mutants were recessive, and 2 
crt mutants  were  dominant.  Unexpectedly,  the uracil 
auxotrophy  and 5-FOA sensitivity were not com- 
pletely interpretable in  all crosses. Some diploids grew 
weakly on  both  SC-Ura plates and 5-FOA plates al- 
though they were white or very  weakly blue in the X- 
GAL assay  while other white diploids could  not grow 
on SC-Ura plate and were resistant to 5-FOA. Subse- 
quently we found  that all the diploids which grew on 
both SC-Ura plates and 5-FOA plates contained  mu- 
tant alleles from  the  crtl  and crt2 complementation 
groups. We interpret this phenomenon as due to  a 
weak semi-dominant crt phenotype,  perhaps as a  result 
of haplo-insufficiency, such that RNR3-URA3 is ex- 
pressed at low but sufficient levels to allow  slow 
growth on SC-Ura plates and semi-sensitivity to 1 mg/ 
ml 5-FOA. 

Two  hundred recessive crt mutants were placed into 
9 complementation  groups  (Table 2) based on the X- 
GAL assay performed  on  heterozygous diploids. All 
9 crt complementation  groups  resulted  from single 

ODS. 
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TABLE 3 

RIVR3-lacZ fusion expression in crt mutants 

Basal level 100 mM H U  0.01% MMS 
Strain crf Allele (@-gal units) ( @ - g a l  units) ( @ - g a l  units) 

Y206 CRT 3 . 4 2  0.6 4 8 2  4 177 f 8 
Y2I 1 ~ ~ 1 1 - 1 4  53 f 9 5 5 f 8  1 7 1 f 4  
Y 2 1 3 crt2-29 59 f 5 92 f 1 1  327 f 23 
Y2 15 cr13-YY 63 f 18 6 2 f 4  2 1 4 2 2 3  
Y2  17 ~ ~ 1 4 - 2  49 f 14 61 -t 10 140 f 61 
Y219 ~ ~ 1 5 - 2 6 2  57 f 1 8 1 2 8  1 4 0 f 8  
Y223 ~ ~ 1 6 - 1 6 3  74 f 1 1  73 f I6 208 f 50 
Y225 ~ ~ 1 7 - 6 6  65 f 3 2 7 f  1 165 2 16 
Y227 ~ t 7 - 2 4 0  4 8 2  12 102 f 19 151 f 25 
Y23l crtR-91 7 4 f  1 89 f 15 170 f 6 
Y232 crtR-168 30 f 2 32 f 10 65 f I3  
Y235 ~ ~ 1 9 - 2 1 6  29 f 4 29 f 10 86 f 34 

&Galactosidase ( & g a l )  assays were carried  out  on strains with 
and without treatment with 100 mM HU or 0.01% MMS as de- 
scribed in the MATERIALS A N D  METHODS. The values  given represent 
Miller  units f standard errors of at least  two independent  cultures 
per strain. 

gene mutations as determined by 2:2 segregation of 
the  Crt- phenotype in tetrad analysis using the  char- 
acterized alleles mated to  CRT strains. Between 10 
and 20 tetrads were performed  on each diploid (data 
not shown). Two large complementation  groups were 
identified, crtl and crt4, containing 131 and  58, re- 
spectively, of the  200 recessive crt alleles isolated, 
while 4 crt groups, crt2, crt3, crt5 and crt9 each contain 
only one allele. These  data  illustrate  the unequal 
distribution of the  spontaneous  mutations in different 
CRT genes and also indicate that this selection, al- 
though extensive, is not yet saturated. 

RNR3 expression is elevated in crt mutants: The 
effects of the crt mutants  on  the basal  level and induc- 
ibility  of RNR3 expression were examined using liquid 
&alactosidase assays. The results of representative 
alleles of each crt group  are shown in Table 3. All crt 
mutants tested have elevated expression levels of the 
RNR3-lacZ. The HU induction  ratios are lower in the 
crt mutants than wild type due primarily to increased 
basal  levels. The highest ratio observed is 2-fold (crt7- 
240). In most crt mutants, the induction  ratios vary 
between 1- and 2-fold. Perhaps  more significant is the 
fact  that, in general,  the total expression level  is equal 
to or higher than the  induced level  of the wild type 
control. I t  is interesting to  note  that in one crt mutant, 
crt7-66, the @-galactosidase activity measured  after 
100 mM HU  treatment is lower than  the basal level. 

MMS  is a very effective inducer of RNR3,  increasing 
expression 52-fold in  wild-type strains, and is a con- 
sistently better  inducer  than  HU. Clear differences 
exist among  the crt mutants with respect to  the level 
of HU and MMS inducibility, and may reflect a dif- 
ference in the  HU  and MMS induction pathways. 
RNR3 expression is  still inducible by 0.01% MMS  in 
each of the crt mutants  tested, and  the induction  ratio 

CRT crt 
- H U M M S  1- 2 -  3- 4 -  6 -  7 -  8 -  

- RNR3-(IRA3 
- ural-AIOO 

I 2 3 4 5 6 7 8 9 1 0 1 1  

FIGURE 2.-Northern hybridintion analysis of transcripts from 
RNR3-URA3 in  wild type and crf strains. Individual cultures were 
grown to mid-log phase at 30" without drug treatment (lanes 1 and 
5-1 1) or grown to early-log phase at 30" and were treated with 
150 mM HU or 0.01% MMS for 6 hours at 30" as indicated (lanes 
3 and 4). Cells were harvested, R N A  was prepared. fractionated on 
a formaldehyde-1% agarose gel. transferred to nitrocellulose, and 
probed with a "'P-labeled PstISmal fragment of (IRA3 DNA.  The 
crt gene number is indicated at  the top of each  lane. The sources 
of R N A  are as follows: lane 1, Y202, is a control that lacks the 
RNR3-URA3 fusion and shows the position of the uru3-AIOO tran- 
script: lane 2. Y206; lane 3, Y206, treated with 150 mM HU; lane 
4, Y206. treated with 0.01% MMS; lane 5, Y211: lane 6. Y213: 
lane 7. Y215: lane 8, Y217; lane 9. Y223; lane 10, Y225: lane 1 1 ,  
Y23 1. 

varies from 2.2-fold (crt8-168) to 5.6-fold (crt2-29). 
The highest induced level is 327 f 23 Miller units 
(crt2-29) as  compared to  177 f 8 (CRT) .  The RNR3 
expression level and its inducibility by HU and MMS 
are variable for  different alleles  of the same comple- 
mentation group as the values for crt7-66 and crt7- 
240 induction illustrate. MMS induced levels for crt8- 
168 and crt9-216 are all substantially lower that  the 
CRT control. These strains may show artificially low 
levels due  to a sensitivity to MMS, a possibility that 
has not yet been examined  but has been observed 
before with 4-NQO induction of RNR2 in rad4 mu- 
tants (ELLEDCE and DAVIS 1989a). Alternatively, but 
less likely, these  mutants may be defective in a positive 
regulator of RNR3 that  cannot  contribute  to  the in- 
ducibility in mutant  form. Although reduction of a 
positively acting  factor would not be expected  to cause 
elevated expression of RNR3,  it might indirectly cause 
the activation of an induction signal through its effects 
on the regulation of other genes. 

Expression of the RNR3-URA3 transcriptional fu- 
sion was examined by Northern analysis, probing  the 
URA3 mRNA in the wild type, Y206, and several crt 
mutants  (Figure 2). Truncated transcripts produced 
by the uru3-A100 allele at  the URA3 locus were used 
as  an  internal  control  for the  amount of RNA loaded 
in each lane. The position of the ura3-AI00 transcript 
from  a  strain which  lacks the RNR3-URA3 construct, 
Y202, is shown  in lane 1. The RNR3-URA3 transcript 
in strain Y206 is undetectable in the absence of in- 
ducing  agents  (lane  2),  but is readily detected as a 
larger  transcript upon treatment with HU (lane 3) or 
MMS (lane  4), consistent with and similar to  the 
previously determined regulation of the RNR3 
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mRNA  (ELLEDGE and DAVIS 1990).  Lane  4 was under 
loaded by a  factor of 2-3. Two  larger  unregulated 
transcripts are  detected in strains  containing the 
RNR3-URA3 fusion. These transcripts are likely due 
to read  through  transcription  from the TRPl gene 
adjacent to RNR3-URA3 because they are not  ob- 
served in constructs using the LEU2 gene as a select- 
able  marker (lane 9). crt mutants show elevated levels 
of the RNR3-URA3 transcript, consistent with the 
Ura+  phenotype of these  mutants (lanes 5-1 1). crtl-  
14 and crt6-163 have the highest expression level  of 
all of the crt mutants  tested. This is slightly different 
from  the results obtained  from  the 0-galactosidase 
levels  shown  in Table  3, possibly because of differ- 
ences in the regulation of the RNR3 promoter  on  the 
chromosome and on plasmids. Alternatively, differ- 
ences in protein or RNA stability, or in post-transcrip- 
tional regulation in the  different  mutants may account 
for variation in absolute levels of induction relative to 
each other. However,  from  these  data we conclude 
that  the levels  of RNR3-URA3 transcripts are in- 
creased in the crt mutants,  and is  likely due  to in- 
creased  transcription by the RNR3 promoter. 

Additional  phenotypes  conferred by crt muta- 
tions: Strains  carrying  mutations in  most CRT genes 
display phenotypes in addition to highly elevated 
RNR3 expression. These phenotypes  include slow 
growth,  temperature sensitive lethality, sensitivity to 
HU  and clumpiness (Table 2).  All alleles of crt3, and 
4 grow slowly  in 30"  but  are  not  temperature sensi- 
tive. Five complementation  groups are found  to grow 
slowly at  23"  and contain temperature sensitive al- 
leles. Cellular and nuclear morphologies were ana- 
lyzed  microscopically for all temperature sensitive al- 
leles after cells were incubated at  37"  for  at least 6 
hr. crt5,  crt6 and crt7 ts mutants display cdc pheno- 
types, which will be described in detail  later. 

Since ribonucleotide  reductase is the  target of HU 
inhibition, it might be  expected that  mutants consti- 
tutive  for expression of ribonucleotide  reductase 
genes would be at least as resistant to  HU as wild-type 
strains.  However, crt6,  crt7,  crt8 and crt9 are sensitive 
to 100 mM HU  on YPD media at permissive temper- 
atures, while Y206 and Y207 can survive at  >I50 mM 
HU at 23",  30"  and  34". crt4 is not sensitive to  100 
mM HU at 30 O f  but becomes sensitive at 34 O , indicat- 
ing  that,  at high temperature,  either  the defective 
Crt4 protein is  less functional, or  the pathways that 
compensate  for crt4 do not  function  as well. The  HU 
sensitive phenotype suggests that some crt mutants  are 
likely to function  upstream in the RNR3 induction 
pathway causing the production of an  endogenous 
induction signal, rather  than being part of the signal 
transduction pathway itself. The HU-sensitive m r 2 -  
314::TRPl allele has elevated expression of an RNR2- 
lac2 reporter  gene (ELLEDGE and DAVIS 1989a).  This 

mutation is thought  to stress the existing nucleotide 
biosynthetic pathways by mimicing HU  treatment to 
produce  an  endogenous induction signal. Mutations 
that  disrupt  important post-translational modifica- 
tions of the RNR 1 and RNRB proteins may also display 
HU-sensitive phenotypes. 

crt mutants also show a  range of clumpiness when 
they are grown in liquid culture. crt4 and crt8 display 
the most severe clumpy phenotypes, and crt5,  6 and 7 
show a slightly clumpy phenotype. An a-specific mat- 
ing  defect was also observed in crt4 and 8. All growth 
phenotypes  cosegregated with the  Crt-  phenotype 
during  tetrad analyses of the CRTlcrt diploids, indi- 
cating that these  phenotypes are due to  the crt muta- 
tions. These additional  phenotypes suggest that  other 
cellular processes are affected by the crt mutations. 
The analyses of these  additional  phenotypes have 
yielded clues to  the identity of some of the CRT genes 
as described below. 

Expression of RNRl and RNR2 are  elevated  in 
some crt mutants: Expression of RNRl  and RNRB 
was examined in the crt mutants  to  determine  whether 
the  Crt- phenotypes were specific to RNR3 or whether 
they affected the expression of other DNA damage 
inducible genes. T w o  reporter plasmids, pZZ 19  and 
pZZ 18, were used in this study. pZZ 19 is a 2-pm circle- 
based plasmid containing  a  242-bp  upstream  regula- 
tory  fragment of RNRl  directing  the expression of 
the CYCl-lacZ gene in pLG312ASS (see MATERIALS 
AND METHODS). pZZ 18, a similar construct, contains a 
612  bp upstream  regulatory  sequence of RNR2 up- 
stream of CYCl-lacZ. The respective upstream  regions 
of each of these plasmids confer DNA damage induc- 
ibility upon the CYCl-lac2 gene. pZZ19 and  pZZl8 
were individually transformed  into  representative 
members of each crt complementation group  that had 
previously lost pZZ13, the RNR3-lac2 reporter plas- 
mid, and  the expression levels  of RNRl  and RNRB 
were  determined by measuring 0-galactosidase activity 
(Table 4). The basal  level  of RNRl  expression in  wild- 
type strain is relatively high (1 0 & 2 Miller units), and 
100 mM H U  can cause a 2.4-fold induction, consistent 
with previous  observations  (ELLEDGE and DAVIS 
1990). RNR2 basal expression is  low (3.6 k 0.4 Miller 
units), but is highly inducible by 100 mM HU, also 
consistent with previous observations (ELLEDGE and 
DAVIS 1989b). crt8 displays the highest level of eleva- 
tion of R N R l ,  -7-fold, while crt5,  crt6 and crt7 in- 
crease the expression level  2-%fold. cr t l ,  crt3 and crt9 
mutations fail to significantly alter RNRl  expression. 
Surprisingly, RNRl  expression in crt2-29 is lowered 
to  12% of the wild-type level, suggesting a possible 
positive role in RNRl  regulation. 

The basal  level  of RNR2 expression is elevated in 
most of the crt groups. crtl and crt8 mutants elevate 
the expression 40-60-fold of the wild-type level. Mu- 
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TABLE 4 

Expression of RNRI-lac2 and RNRZ-laeZ fusions in crt mutants 

RNRl-lac2  RNRS-lac2 
Strain crf allele (&gal units) (&gal units) 

Y206 CRT 10 f 2 3.6 f 0.4 
Y206  (100 mM HU) CRT 24 f 2 48 f 5 
Y206  (0.01% MMS) CRT 55f11 64f1 
Y211 crtl-14 14f2 145f 2 
Y213 crt2-29 1.3 f 0.1 3 f 0.1 
Y215 crt3-99 1 1  fO.l 20f4 
Y217 ~~14-2 10f4 44 f 1 
Y219 0-15-262 21 f 7 18f2 
Y22S ~~16-163 28 f 4 49 f 4 
Y225 crt7-66 19f2 40 f 3 
Y227 crt7-240 20 f 5 27 f 2 
Y231 ~~18-91 72f7 218f29 
Y232 ~t8-168 59 f 6 180 f 3 
Y235 ~~19-216 8fl 6 f 0.2 

Reporter plasmids pZZ19  (RNRl-CYCI-lad) and pZZ18 (RNR2- 
(,'Y(:l-lacZ) were transformed separately into strains carrying alleles 
of each crt complementation group and the wild type strains Y206 
and Y207. &Galactosidase (@-gal) assays were performed on cells in 
mid-log phase as described in MATERIALS AND METHODS. The values 
presented here represent Miller units k standard errors of at least 
two independent cultures per strain. 

tations in CRT3,  CRT4,  CRT5,  CRT6 and CRT7 mod- 
erately increase the RNRP expression  level to 5-20- 
fold, while crt2-29 and crt9-216 mutants cause no 
significant change in RNR2 expression. The fact that 
RNRl and RNR2 expression are also  elevated in  some 
of the crt mutants suggests that  the regulation of 
RNRl,   RNR2 and RNR3 may share common factors. 
However, two mutants appear to affect  only RNR3 
and may represent specific regulators. 

Five CRT genes  are  allelic to previously  cloned 
genes: Several phenotypes of the crt mutants are 
shared by mutants in  previously identified genes that 
have  been cloned. Based upon these shared pheno- 
types, complementation analyses  were preformed be- 
tween the crt mutants and several candidate genes. 
Five  of the  9 crt mutants were  allelic to previously 
cloned genes and are discussed  below. 

CRT4 is TUP1: Mutations in CRT4 and CRT8 result 
in  pleiotropic phenotypes, including extreme clumpi- 
ness,  slow and/or ts growth, and low mating efficiency 
in Mata strains (Table 2) that are shared by null 
mutations in two  previously identified genes, SSN6 
and TUPl (SCHULTZ and CARLSON 1987; WILLIAMS 
and TRUMBLY 1990). Both TUPl and SSN6 have  been 
cloned and genetic evidence indicates that  their  prod- 
ucts function as  negative regulators of a variety  of 
genes in S. cerevisiae, including many  glucose repres- 
sible genes, mating  type  specific  genes, and  the CYC7 
gene (WILLIAMS and TRUMBLY 1990; SCHULTZ, MAR- 
SHALL-CARLSON and CARLSON 1990 and see refer- 
ences therein). Biochemical studies indicate that Ssn6 
and  Tup1 proteins associate in a high  molecular 
weight  complex  (WILLIAMS, VARANASI and TRUMBLY 

1991) located  in the nucleus (SCHULTZ, MARSHALL- 
CARLSON and CARLSON 1990). Thus, these proteins 
may function together in regulating gene expression, 
consistent with their shared mutant phenotypes. Due 
to the similarity  in phenotypes between the ssn6 and 
tupl mutants and crt4 and crt8, complementation 
analyses  were carried out. 

pFW  1- 1, a 2-pm  plasmid carrying TUPl (WILLIAMS 
and TRUMBLY 1990), was introduced into strains con- 
taining representative alleles  of crt4 and crt8, and 
complementation of the Crt- phenotype determined 
by the reversion  of the Ura+, 5-FOA  sensitive  phe- 
notype. The Crt- and  the clumpy  phenotypes of the 
crt4-158 mutant were  completely reversed by  pFW 1.- 
1, however, both phenotypes of crt4-2 were  only par- 
tially complemented. These results suggest that crt4 is 
tupl .  To rule out that the reversal  of the crt phenotype 
resulted from high  copy number suppression, further 
complementation analysis was performed between a 
MATa derivative of  Y217 (crt4-2) and RY418 ( tupl-  
A l ,  a null  allele). The resulting diploid retained the 
Crt4- phenotypes of  sensitivity to 5-FOA and clum- 
piness, but was only  very  weakly Ura+. The weak Ura+ 
phenotype may have  been due to the fact that this 
diploid contained only one copy  of the RNR3-URA3 
reporter construct which  may  be insufficient to pro- 
duce a  strong  Ura+ phenotype in a diploid.  Allelism 
analysis  could not be performed because  of the ina- 
bility  of the diploid to sporulate. These results, with 
the possible exception of the weak Ura+ phenotype, 
strongly suggested that crt4 is allelic  with tupl .  If  this 
were true, then tupl null  alleles  should  also  show a 
Crt- phenotype. This was tested by measuring the 
expression  levels  of RNR3,  RNR2 and RNRl in 
RTY418 using the  reporter plasmids  pZZ2, pNN405 
and pSE836, respectively. RTY418 bearing pFW1-1 
was  used  as a TUPl control. The expression  levels  of 
RNR3,  RNR2 and RNRl were  elevated  14-,  16- and 
1.3-fold,  respectively, in the tupl-A1 mutant (Table 
5), and these  results are similar to the elevation  of 
gene expression observed in the crt4-2 mutant (Tables 
3 and 4). These data demonstrate that CRT4 is TUPl 
and  that TUPl functions formally  as a negative regu- 
lator of the expression of RNRl,   RNR2 and RNR3. 

CRT8 is SSN6: In addition to the Crt- and clumpy 
phenotypes, all three alleles  of crt8 are  temperature 
sensitive at 37 O and HU  sensitive at  30" (Table 2) .  
pS6315, a centromeric plasmid carrying the SSN6 
gene (a  gift from JANET SCHULTZ and MARIAN CARL- 
SON),  was able to complement the  Crt phenotype of 
each of the  three crt8 alleles. It also complemented 
the additional phenotypes of extreme clumpiness, slow 
growth, temperature sensitivity,  a-specific sterility, 
and HU sensitivity. SSN6 is tightly  linked to LYSP. To 
determine if crt8 is linked to LYSP, a diploid was 
constructed by mating - Y208(LYSP  CRT8) with 
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TABLE 5 

Expression levels of RNRl, 2 and 3 are elevated in a tup1 null mutant 

Strain Allele 
RNR3-1acZ 
( & g a l  units) 

RNRZ-lacZ 
( & g a l  units) (@-gal units) 

RNRl-1acZ 

RTY4 18 tupl-Al 5 6 f  1 247 f 25 
RTY418/pFWl-l 

54 & 5 
TUPl/tupl-Al  3.7 f 0.1 1 4 f 5  23 f 1 

pFW 1 - 1  is a high copy number plasmid containing LEU2 and TUPl and can complement the tup1 phenotype of  RTY418.  The expression 
levels of RNR3, RNRZ and RNRl were measured by introduction of pZZ2, pNN405 and pSE836 into RTY418 and RTY418/pFWl-l. 8- 
Galactosidase @gal) assays  were carried out as described in MATERIALS AND METHODS. The values shown here represent Miller  units f 
standard errors of at  least two independent cultures per strain. 

Y229(lys2-801  crt8-79), sporulated, and tetrads were 
dissected and analyzed for segregation of the lys2 and 
crt8 markers. Of 29 tetrads analyzed for segregation 
of lys2 and crt8 (clumpy,  ts, and 5-FOA  sensitivity), 
28 parental ditypes (PD) and 1 tetratype (T) tetrads 
were observed. This demonstrates tight linkage  be- 
tween LSY2 and CRT8. Complementation of crt8 and 
ssn6 alleles  were tested by mating Y229(crt8-79) with 
Y239(ssn6-A9). The resulting diploid retained all ssn6 
and crt8 phenotypes including clumpiness, tempera- 
ture sensitivity at 3 7 O ,  and uracil prototrophy. Based 
on  the facts that crt8 mutants display phenotypes very 
similar to ssn6, that SSN6 on  a centromeric plasmid 
fully  complements crt8, that CRT8 and SSN6 are 
tightly  linked to LYS2, and  that ssn6 and crt8 fail to 
complement, we conclude that CRT8 is SSN6. 

The expression  levels  of  all three RNR genes are 
highly  elevated in crt8 mutant alleles (Tables 3 and 
4). Levels  of RNRl and RNR2 expression  in crt8-91 
are the highest among all the crt mutants tested (Table 
4), increasing  6-fold and 60-fold,  respectively. These 
results indicate that CRT8ISSN6 is formally a negative 
regulator of R N R l ,  RNRZ and RNR3 expression. The 
fact that both TUPl and SSN6 are negative regulators 
of RNRl,  RNR2 and RNR3 further supports the hy- 
pothesis that they function as a complex. Interestingly, 
crt8/ssn6 mutants (crt8-79,  crt8-91 and crt8-168) and 
tupl-A1 mutants are sensitive to 100 mM HU at 30".  
This suggests that yeast  cells harboring these muta- 
tions are probably deficient in  some  aspect  of  nucleo- 
tide metabolism,  DNA  synthesis, the ability of  cells to 
arrest  the cell  cycle  in  response to nucleotide deple- 
tion, or that they  have  increased  permeability to HU. 

crt5, crt6 and crt7 display cdc arrest phenotypes at the 
nonpermissive temperature: Two general groups of 
genes should  be regulators of RNR3: (1)  genes directly 
involved in the DNA damage signal transduction such 
as stress  sensors and transcription factors, and (2) 
genes indirectly  involved  which, in mutant form, pro- 
duce  a stress  signal by disrupting DNA  synthesis or 
creating DNA damage. Many  of these latter processes 
are essential for cell  survival and in their most  severely 
mutant forms  cause arrest of the cell  cycle at a unique 
point, the cdc phenotype. Five crt groups contained 

TABLE 6 

Cell cycle arrest of crt5, ert6, crt7 ts mutants 

allele 
CRT Temperature Unbudded Small  buds  Large  buds 

( " C )  (%) (%) (%) 

~ t 5 - 2 6 2   2 3  3 29  68 
37 3  3 94 

crt6-68 23 14 30 56 
37 3 10 87 

crt7-240 23 5  25 70 
37 1 2 97 

CRT 23 25 32  43 
37 20  32  48 

The strains used in this experiment were Y219(crt5-262), 
Y221(crt6-68), Y227(crt7-240) and Y206(CRT). Cell cycle arrest 
was performed on each culture in  liquid YPD by shifting a log phase 
growing culture from 23" to 37" and incubating 12 hr. Cultures 
were assayed for their distribution in the cell cycle by light  micros- 
copy. More  than 300 cells were examined for each culture. Small 
budded cells were defined such  that the daughter bud was 4 0 %  
of the size of the mother cell. 

temperature sensitive lethal alleles. To  determine if 
any  were cdc mutants, and if so, their identities, three 
sets  of experiments were performed. First, the termi- 
nal phenotypes were examined to determine whether 
high temperature can  cause  cell  cycle arrest  at  a 
unique position in the cell  cycle.  Secondly, centrom- 
eric plasmids containing RNRl and RNR2 were trans- 
formed into each group to test for complementation 
by RNRl or RNR2. Finally, complementation and 
allelism  analysis  were carried out between  ts crt mu- 
tants and certain cdc mutants which function in  DNA 
replication. 

At 37",  strains carrying mutant alleles crt5-262, 
crt6-68,  crt7-66 and crt7-240 form large, swollen  pairs 
of daughter cells (dumbbells) after 6 hr of incubation. 
For each, the distribution of  cells  in different cell  cycle 
stages was determined by examining the bud mor- 
phology  of cultures incubated at permissive or non- 
permissive temperatures using  light  microscopy 
(Table 6). crt7-240 displayed the tightest cdc pheno- 
type at 37 O , while the  arrest of crt6-68 is somewhat 
leaky.  Even at 23 O ,  these three mutants are partially 
defective, exhibiting a percentage of large buds sig- 
nificantly higher than wild type, indicative of a G 2  
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CRT crt7-240  crt6-68 

i \' 

86 1 

DIC 

delay. The nuclear morphology, visualized by 4,6- 
tli;1midino-2-phenylindole (DAPI) staining  (Figure 3), 
shows that at 37", 88% of the crt6-68 dumbbell shaped 
cells are uninucleate with the nucleus located in one 
o f  the two  cells (58%),  or i n  the neck (30%), while 
12% contain two nuclei, one in each cell. 85% of the 
dumbbell shaped cells  of crt7-240 contain a single 
nucleus positioned in one of the cells, 13% cells have 
the nucleus at  the neck, and  2% cells have two nuclei. 
<In the  other  hand, in crt5-262 mutants,  46% have a 
single nucleus in one of the cells, 14% have a single 
nucleus located at  the neck, and  39% of the  arrested 
dumbbells carry two nuclei, one in each cell. The 
percentage of arrested crt5-262 cells  with two nuclei 
(39%) is substantially higher  than  the values for crt6- 
68 (1  2%)  and crt7-240 (2%). 

CRT7 is RNRI:  RNRI on a centromeric plasmid 
(pSE738) can complement the ts phenotype at  37" 
and  the Crt-  phenotype of strain Y227 carrying the 
crt7-240 allele. I n  the presence of pSE738, this strain 
is Ura- and 5-FOA resistant, suggesting that  the 
expression of RNR3 is lowered to  the wild type level. 
Genetic linkage between CRT7 and RNRI was ana- 
lyzed by first mating Y228 (crt7-240  rnr3::RNR3- 
URA3-TRPI) to  YNN407, which carries  the 
mrl::URA3 disruption and  pNN448 (HIS3  RNRI )  to 
produce Y237. Y237 grows well at  23"  and is viable 
a t  37".  However, when pNN448 is lost from this 
strain, it grows very  slowly at  23"  and is inviable at 

DIC 

FIGURE S.-Morphology of  cr17/ 
r n r l .  rrthlrnr2 antl wild-type  cells at 
23" and 37". 1,og phase  cultures  of 
cells  growing in  YI'D  at 23" were 
directly  fixed with 95% ethanol  and 
stained with 1 pg/ml of  DAPI, or 
shifted to 37".  incubated for 6 hr 
before  fixation antl staining. Prepa- 
rations  were  photographed  using  a 
Zeiss Axioskop  equipped  for  epiflu- 
orescence  microscopy (Carl Zeiss. 
Inc.. West Germany) with both  dif- 
ferential  interference  contrast (DIC) 
optics  and  epifluorescent  illumina- 
tion (DAPI). All pictures  are of the 
same  magnification.  Allele  nunhers 
are  indicated at the top. Yeast strains 
used:  Y206  (a. d ,  g. j). Y227  (b, e. h. 
k) and  Y221 (c. f. i ,  I ) .  

37".  This demonstrates  that  the ability of  Y237 to 
grow at high temperature is plasmid dependent  and 
that  the rnrl null allele can not complement the ts 
phenotype of crt7-240. RNRl/rnrl  null heterozygous 
diploids are not ts (data not shown). Tetrad analysis 
performed on Y237 after loss of pNN448 gave  2:2 
segregation for viability. All viable spores are ts, prov- 
ing that crt7 is allelic  with rnrl .  

Because RNR3 on a 2-pm vector can suppress an 
rnrl null allele, we examined whether the ts and  Crt- 
phenotypes of crt7/rnrl mutants could be suppressed 
by single or multiple copies of RNR3. Plasmids con- 
taining RNR3 either  on a CEN vector (pSE735) or on 
a 2-pn1 vector (pNN449) were introduced  into Y227 
individually and  the ts and  Crt phenotypes examined. 
I t  was observed that  both could suppress the ts phe- 
notype of crt7-240, but  not the Crt-  phenotype.  This 
result is interesting in light of earlier observations that 
suggest the  presence of a chromosomal RNR3 gene 
cannot  complement an rnrl null mutation (ELLEDCE 
and DAVIS 1990). 

CRT6 is RNR2: Two strains were isolated  with 
mutations in CRT6, Y221 (crt6-68) and Y223 (crt6- 
163). crt6-68 and crt6-163 were proven to be  allelic 
by segregation analysis. crt6-68 is ts at  37 " , sensitive 
to  100 mM HU  (Table  2),  and grows  slowly at  23". 
The crt6-163 mutant  strain is viable at 37" and not 
sensitive to 100 mM HU. A centromeric plasmid car- 
rying RNR2 (pSE366) could complement the  Crt- 
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phenotype of both crt6-68 and crt6-163 mutants  and 
the ts phenotype of crt6-68, suggesting  that CRT6 is 
RNR2. Allelism tests were performed by crossing 
Y222 (Mata  crt6-68  rnr3::RNR3-URA3-LEU2) with 
YNN348 (rnr2-314::TRPl). The rnr2-314::TRPl al- 
lele confers an  HU sensitive phenotype  on  YNN348 
(ELLEDGE and DAVIS 1989a). This resulting diploid 
failed to show complementation for  the  HU sensitive 
phenotype.  Sporulation and  tetrad analysis showed 
that  the  Trp+ phenotype and  the  temperature sensi- 
tivity segregated 2:2 and  the HU-sensitive phenotype 
segregated 4:O  in each of the  11  tetrads  examined. 
The  complementation  data  coupled with complete 
linkage demonstrates that crt6 and rnr2 are allelic. 
Thus, crt6-68 is a ts allele of RNRB and displays cdc 
phenotype. 

CRTS is CDCl7/POLl:  Complementation analyses 
were  performed between the ts crt mutants  and several 
cdc mutants whose functions are essential for DNA 
replication.  Strains  carrying  mutations in the follow- 
ing CDC genes were chosen for the complementation 
tests: CDC2, encoding DNA polymerase 111 (BOULET 
et al. 1989;  SITNEY, BUDD and CAMPBELL 1989); 
CDC7, encoding  a  protein kinase essential for  the 
initiation of DNA replication (HOLLINGSWORTH and 
SCLAFANI 1990); CDC8, encoding thymidylate kinase 
UONG, Kuo and CAMPBELL 1984; SCLAFANI and FANG- 
MAN 1984); CDC9, encoding  a DNA ligase (BARKER 
and JOHNSTON 1983); CDCl3 ,  playing a  role in DNA 
replication (PRINGLE  and  HARTWELL  1981);  and 
CDC17, encoding DNA polymerase I (CARSON 1987). 
Each of these cdc mutants  arrests as dumbbells at  the 
nonpermissive temperature with a single nucleus in 
the neck of the  bud  (PRINGLE  and HARTWELL  1981). 
The only failure to complement was between crt5-262 
(Y235) and cdcl7-1 (H17ClA1, a gift of L. Hartwell). 
An allelism test was performed  on  the diploid heter- 
ozygous for crt5-262 and cdcl7-1 and showed a  0:4 
Ts+:Ts- segregation pattern in all 11  tetrads  exam- 
ined,  proving they are tightly linked. We therefore 
conclude  that CRTS is CDCl7.  

Initial descriptions of the terminal  phenotype of 
cdcl7 ts mutant  at nonpermissive temperatures 
showed a  dumbbell  phenotype  containing  a single 
nucleus in the neck (PRINCLE and  HARTWELL  1981; 
BUDD and CAMPBELL  1987).  However, the crt5-262 
allele displays a  terminal  phenotype with 40% of the 
arrested cells containing two nuclei, one in each 
daughter cell. The unusual arrest  point may not be 
allele specific, but may reflect  a  difference in the 
particular  strain  backgrounds in  which the terminal 
phenotypes of the  different alleles were determined. 
However,  the discrepancy between these  observed 
terminal  phenotypes may suggest a  role  for CDCl7 
after nuclear  segregation and point to a  secondary 

checkpoint  for the cell  cycle arrest beyond the RAD9 
(WEINERT and HARTWELL  1988)  arrest  point. 

DISCUSSION 

T o  probe  the regulatory pathway controlling DNA 
damage  inducible  genes, we have designed a  mutant 
isolation system to select for trans-acting mutations 
that  alter RNR3 expression.  A system similar in prin- 
ciple was employed by HOFFMAN and WINSTON (1  990) 
to identify mutations in the catabolite repression sys- 
tem of Schirosaccharomyces pombe. By selecting spon- 
taneously occurring  mutations that allow the elevated 
expression of RNR3 in the absence of DNA damage, 
nine CRT genes (CRTI-CRT9) have been  identified. 
Further investigation identified five as previously 
cloned genes (CRT4 is TUPI,  CRTS is CDC17,  CRT6 
is RNR2,  CRT7 is RNRl ,   CRT8 is SSN6). Although 
over  200  mutants were examined, it is clear the crt 
screen is not  saturated since CRT2, 3, 5 and 9 have 
only one allele. 
RNR genes likely  share a common  regulatory 

pathway: The induction of  all RNR genes by the same 
DNA damaging and DNA replication blocking agents 
brought  forth  the hypothesis that R N R l ,  2 and 3 
share  a  common  regulatory pathway (ELLEDGE and 
DAVIS 1990). No mutants  that  altered  the expression 
of  all three genes have been previously identified.  A 
striking  feature of the crt mutant  phenotype is that in 
addition  to  the elevation of RNR3 expression, in some 
crt mutants  the expression of RNRl  or RNRB is also 
increased (Table 4). This lends additional  support to 
the idea that  the  induction pathways of RNRl ,   RNR2 
and RNR3 may share  common  components in addition 
to  the induction signals. The fact that  not all RNR 
genes are induced in each crt mutant may point  to 
differences in the transduction pathway, or may re- 
flect a  differential sensitivity to DNA damage  for 
induction with RNR3 possessing the most sensitive 
promoter. The failure to  detect  induction of RNRl  
may reflect the absence of certain  promoter sequences 
in the  reporter  construct. 

Roles of CRT genes in the DNA damage  regula- 
tory  pathway: In principle, CRT genes are negative 
regulators of RNR3 expression. Identification of two 
general classes  of recessive CRT genes were antici- 
pated in this screen. Class 1 consists of genes  that in 
mutant  form cause the  generation of an  endogenous 
DNA damage or DNA replication stress signal. This 
class would consist  of genes involved in deoxyribonu- 
cleotide metabolism, DNA replication, and general 
DNA metabolism. If ribonucleotide  reductase  expres- 
sion is elevated, it would generally be  expected  that 
cells would maintain or increase resistance to  HU, a 
specific inhibitor of ribonucleotide  reductase. How- 
ever, several of the crt mutants  exhibit increased sen- 
sitivity to  HU.  This phenotype is indicative of a con- 
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stitutive  defect in some aspect of DNA metabolism 
that is synthetically lethal when combined with low- 
ered reductase  function.  Mutants with this property 
are candidates for class 1  genes. Class 2 genes consist 
of sensors of the stress signals and  other  proteins 
involved in transducing  the stress signals, including 
transcription  factors. 

Class 1 CRT mutants 

CRTS (POLl),  CRT6  (RNR2) and CRT7 (RNRI)  
are class 1 genes that  indirectly  regulate RNR3: 
CRTS, CRT6 and CRT7 identified new cdc alleles of 
CDCl7(POLl),  RNRl and RNRZ, respectively. crt6 
and crt7 mutants  confer HU sensitivity upon the cell 
and for  that  reason are likely to indirectly regulate 
expression of RNR3. As expected they also overex- 
press RNR2 and RNRl. These  are precisely the types 
of  genes  that  were  anticipated  as class 1 crt mutants. 
crt5 was not  HU sensitive and  the significance of 
identifying  mutants in POLl as crt mutants will be 
discussed further in the signal section. Several other 
crt mutants have HU-sensitive alleles and will be dis- 
cussed separately. 

CRT3 and CRT9 are likely to be indirect  regula- 
tors of RNR3: crt3 and crt9 mutants  have no effect 
on RNRl,  a small effect on RNRZ expression, and  are 
HU sensitive. Due to  the  HU sensitivity, they are 
likely to be class 1 type mutants  that are  either specific 
for RNR3, or  are so weak as to have little effect on 
RNRl and RNR2.  CRT9 is likely to be an essential 
gene  due  to  the  temperature sensitive lethal pheno- 
type of crt9-216, however, it does  not display a cdc 
phenotype  and is therefore probably  not involved in 
DNA synthesis or nucleotide metabolism. 

Class 2 CRT mutants 

TUPl  (CRT4) and SSN6 (CRT8) are  candidates 
for class 2 genes that encode direct  negative  regu- 
lators of RNR3: TUPl and SSN6 are  general negative 
regulators of the expression of a number of genes. 
They share many pleiotropic  phenotypes and bio- 
chemical studies  demonstrate  that they physically in- 
teract in the nucleus  leading to  the hypothesis that 
they  act in concert. The finding  that  both tup1 and 
ssn6 mutant alleles were  identified  as crt mutants, and 
that  the expression of RNRl and RNRZ are also highly 
elevated in addition to RNR3, suggest that TUPl and 
SSN6 also function  as  negative  regulators of all RNR 
gene expression and  perhaps  the expression of other 
damage inducible genes. It is not clear  whether TUPl 
and SSN6 negatively regulate  the expression of the 
RNR genes  directly by functioning in the repression 
of  their basal level expression, or if they act  as class 1 
mutants  to  affect  the expression or function of other 
genes  that in turn  produce  a stress signal to  induce 
RNR gene  expression. The hypersensitivity to  HU of 
all the  three crt8/ssn6 alleles and  the tupl-A1 allele 

suggest these  mutants are probably deficient in some 
aspect of nucleotide metabolism, DNA synthesis, or 
the ability of cells to  arrest  the cell  cycle  in response 
to  HU. However, given the large number of genes 
they appear  to  regulate, it is quite possible that they 
directly  regulate RNR expression and possess an  HU 
sensitive phenotype  for  an  unrelated  reason. 

It  should  be  noted that expression of the RNR genes 
is not completely deregulated in ssn6 and tup1 mu- 
tants. Their expression can  be further increased with 
MMS, suggesting  that some DNA damage signal in- 
formation  can  be  transmitted  through  an SSN6-TUP1 
independent pathway. Furthermore, RNR3 has two 
MZuI sites in its promoter region (YAGLE and MC- 
ENTEE 1990)  that can potentially confer cell  cycle 
regulation  on the  gene (MCINTOSH et al. 1991). This 
regulation may be  superimposable  upon the DNA 
damage  regulation and is a  potential  source of con- 
fusion in judging  the effects of different  inducing 
treatments. The  true roles of SSN6 and TUPl in RNR 
regulation will be  revealed in the epistasis analysis 
between the crt and dun, DNA damage  uninducible, 
mutants. 

CRTl is the  most  frequently identified crt gene 
and has  a  very strong effect on RNR2 expression: 
crtl is the largest  complementation group, containing 
13 1 alleles. Unlike most crt groups, crtl mutants do 
not display severe  growth  phenotypes (Table 2). The 
expression of RNR2 in crtl-14 is elevated 39-fold, 
which is higher  than the highest MMS-induced wild 
type level and similar to  the level for ssn6 mutants.  In 
contrast, RNRl expression is not  elevated significantly 
in this mutant.  These  data suggest that CRTl function 
is probably  not  a class 1 mutant,  and instead might 
function in the induction pathways for RNRZ and 
RNR3 specifically and suggest that  the regulation of 
RNRZ and RNR3 share  common  features. CRTl could 
be a  factor in the stress signal sensing and transducing 
pathway that can communicate with the transcription 
regulatory  machinery of both RNRZ and RNR3, or a 
transcription  factor that can bind  both the RNR2 and 
RNR3 upstream  regulatory regions. Because many 
transcription  factors must regulate multiple genes in- 
cluding  those  encoding other transcription  factors, 
the effects of a  particular  mutant on  the expression of 
a given gene may be  indirect. Thus it is possible that 
RNRZ and RNR3 are regulated  differently by CRTl. 
However,  a  mutation  that elevates the expression of 
a  gene  beyond its normal maximal inducible level is 
often,  but  not always, indicative of a  direct  regulator. 
The din genes of E.  coli, which are directly repressed 
by LexA, are expressed at much  higher levels  in the 
presence of lexA5l(spr) mutations  than  could  be  ach- 
ieved by DNA  damaging  agents (KRUEGER, ELLEDGE 
and WALKER 1983). Thus CRTl is a  candidate  for  a 
class 2 gene. 
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CRT2 may be a  positively  acting  transcription 
factor  for RNRl expression: crt2 mutants give  high 
expression of RNR3 (17-fold increase), but actually 
decrease RNRl-lac2 expression  8-fold and have no 
effect on RNR2. This is an unusual phenotype and 
suggests that CRT2 may control RNRl expression and 
activate RNR3 by mimicking an RNRl mutation, 
much  like crt7. However, unlike crt2, crt7 mutants 
show a substantial  increase in RNR2 expression  typical 
of class 1 genes. It can be argued  that  the crt2-29 
mutation disables RNRl to  a lesser degree than the 
crt7 mutations, and  that this degree of lowered expres- 
sion generates a stress signal that is below the thresh- 
old needed to induce RNR2. One potential flaw  in 
this argument is that if RNRl levels are lower, crt2 
might be expected to be HU sensitive, but it is not. 
Furthermore, RNRl on a 2-pm  plasmid does not 
suppress crt2 (data not shown). It should be noted that 
the RNRl-lac2 reporter plasmid  has  only a portion of 
the RNRl promoter DNA directing lac2 expression 
and  therefore may not quantitatively reflect the actual 
effects on RNRl expression.  Secondly it should be 
noted that both the RNRl and RNR2 reporter plas- 
mids are on a 2-pm vector and  that formally the 
reduced RNRl expression could be due  to  a reduction 
of copy number of the vector. In this case, an increase 
in RNR2-lac2 expression  would  have occurred that 
was precisely  offset by the decrease in  copy number 
such that no overall change in  B-galactosidase  activity 
was detected. 

Is DNA replication  interference  the  inducing sig- 
nal? It has  been  clearly  established that several  DNA 
damaging agents and nucleotide depletion agents can 
activate expression  of the RNR genes.  Deletion  analy- 
sis  of the RNRB regulatory region suggested that these 
different agents act through  the same region of the 
RNRB promoter (ELLEDGE and DAVIS 1989b). The 
idea that DNA damage induces RNRB solely  by de- 
pleting nucleotide pools during DNA repair was ruled 
o u t  by examining a rad4 mutant. rad4, which  is 
blocked for excision repair of 4-NQO damage, 
showed  increased RNRB inducibility at low concentra- 
tions of 4-NQO (ELLEDGE and DAVIS 1989a). At this 
point it is not clear if many different signals  may exist, 
or if all  types  of  stress  may be funnelled into  a single 
form, such  as  nicked or single-stranded DNA,  capable 
of being  sensed. However, it is certainly  possible that 
all known inducing treatments could interfere with 
DNA replication, HU by stalling the polymerase, and 
DNA damaging agents by producing lesions that block 
polymerase progression, producing a common path- 
way for signal induction. The discovery  of crt5 as a 
cdc allele of DNA polymerase 1 demonstrated for  the 
first time  what  has  long  been suspected, that actually 
blocking DNA replication can, by itself,  cause an 
inducing signal and lends support to  the possibility 

that replication blocks  may  be a common  signal. 
In most crt mutants, treatment with  HU does not 

result in a significant increase in RNR3 expression. 
However, MMS treatment results in a 2- to 5-fold 
increase over HU induced levels (Table 3) This sug- 
gests that MMS and HU may activate transcription 
through separate pathways and  that most  of the crt 
mutants have  maximally activated the HU  pathway 
but not the MMS pathway. Another possibility, is that 
0.01 % MMS  is just  a  better inducer than 100 mM HU 
and  that increasing the HU concentration would re- 
sult  in further induction. However,  200 mM HU  has 
approximately the same induction properties as 100 
mM HU (40%  higher, data not shown).  Also, if high 
HU was a  better  inducer, then HU treatment of crt6/ 
rnr2 or crt7/rnrl strains that are already HU sensitive 
should mimic higher HU and give induction as  high 
as  MMS. However, this is not the case (Table 3). 
Whatever the explanation, the observed differences 
in HU induction point to  a potential difference in the 
induction pathways for HU and MMS that will prob- 
ably  be  resolved  only  when mutants are available that 
block induction of RNR3, the dun mutants. 

Is RNRZ a  nucleotide  depletion  sensor in the 
RNR3 induction  pathway? The most  puzzling and 
unexpected result from the crt mutant analysis is that 
for  the HU sensitive rnrl mutant crt7-66, although 
MMS induction is normal, treatment with HU actually 
causes a decrease in RNR3-lacZ expression from 65 
to 27 units. This result has  been repeated several 
times. Barring a consistent unforeseen artifact, this 
result suggests that RNRl may be direct.ly  involved in 
transducing the nucleotide depletion signal. The 
RNRl protein contains two  allosteric  sites that moni- 
tor nucleotide concentrations. If nucleotide depletion 
is indeed a signal, RNRl would  be a logical  sensor 
protein since it is already capable  of  sensing nucleotide 
pool concentrations. In this  model, RNRl would nor- 
mally repress RNR3 expression  in the presence of 
sufficient  nucleotides.  When  nucleotides are depleted, 
this repression would be abolished. crt7-66 then would 
have altered allosteric properties such that  under nor- 
mal conditions it has a lower repressor activity than 
normal, and an increasing  activity under nucleotide 
depletion conditions. Although this  model is purely 
speculative, the regulatory properties of the crt7-66 
mutant may  be an important clue to  the  nature  of  the 
regulatory mechanism controlling RNR transcription 
and deserves careful consideration. 

The crt mutants are  the first collection of mutants 
isolated that  alter  the regulation of DNA damage 
inducible genes in  yeast. In a genetic sense, the DNA 
damage sensory network is similar to  the heat  shock 
sensory network, in that  there  are  a large number of 
genes that can interact with the system  (LINDQUIST 
1986). Many  of these genes work upstream of the 
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central signal  sensors, and these genes (such  as RNRI, 
RNRP and POLl) give us clues about the  nature of 
the signals  themselves. Others such as SSN6 andTUP1 
most  likely  play a role at  the  other  end of the pathway, 
perhaps by establishing a general negative regulatory 
state  that is susceptible to induction. These proteins 
are not likely to be specific to DNA damage inducible 
genes, but are likely to associate in some way with the 
eventual recipients of the DNA damage signal trans- 
duction pathway. It is not clear if any  of the crt genes 
themselves encode members of the signal  sensory 
proteins. Depending upon the precise  mechanical  na- 
ture of the sensory  mechanism,  recessive constitutive 
mutants may not be  possible. The dissection  of this 
regulatory system will require  the isolation and analy- 
sis of the remaining crt genes.  More important, how- 
ever, is the isolation of recessive  DNA damage unin- 
ducible mutations, the dun mutants. This class  of 
mutants are more likely to be directly involved  in the 
signal  sensory  mechanism. The genetic selection sys- 
tem described here also  allows for the selection  of 
uninducible mutants and several  have already been 
identified (Z. ZHOU and S. J. ELLEDGE, unpublished). 
The analysis  of the proteins encoded by the CRT and 
DUN genes, and  the epistatic relationships between 
their mutants should provide a  thorough understand- 
ing of the pathway that regulates DNA damage in- 
ducible genes and will serve  as the basis  of future 
studies. 
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