Genetics: Published Articles Ahead of Print, published on August 24, 2007 as 10.1534/genetics.107.074690

Identification of Mutationsthat Decrease the Stability of a Fragment of S. cerevisiae Chromosome

[l Lacking Efficient Replicators

James F. Theis*, Ann Dershowitz*, Carmela Irene*, CleliaMaciariello’, Michael L. Tobin*,
Giordano Liberi*, Sahba Tabrizifard**?, Malgorzata Korus*, Lucia Fabiani', and Carol S.

Newlon*!

* Department of Microbiology and Molecular Genetics, UMDNJNew Jersey Medical Schooal,
Newark, NJ 07103; "Dipartimento di Biologia Cellulare e dello Sviluppo, Universita"La
Sapienza’, Rome, Italy; ¥ FIRC Institute of Molecular Oncology Foundation and Department of

Biomedical Sciences and Biotechnology, Universitadegli Studi di Milano, Milan, Italy

? Present address: Scripps Florida, 5353 Parkside Drive, RF-1, Jupiter, FL 33458



Running title: Ofm Mutants of Budding Y east
Key Words. ARS elements; Replicator deletions, Originless fragment mai ntenance mutants,

RAD9

Corresponding author:
Carol S. Newlon, Department of Microbiology & Molecular Genetics, UMDNJNew Jersey
Medical School, 225 Warren St., Newark, NJ 07103. Phone: 973-972-4483, x 24227

Fax:973-972-1286; e-mail: newlon@umdnj.edu




ABSTRACT

Eukaryotic chromosomes are duplicated during S phase and transmitted to progeny during
mitosis with high fidelity. Chromosome duplication is controlled at the level of replication
initiation, which occurs at cis-acting replicator sequences that are spaced at intervals of
approximately 40 kb along the chromosomes of the budding yeast, Saccharomyces cerevisiae.
Surprisingly, we found that derivatives of yeast Chromosome 111 that lack known replicators were
replicated and segregated properly in at least 96% of cell divisions. To gain insight into the
mechanisms that maintain these 'originless’ chromosome fragments, we screened for mutants
defective in the maintenance of an 'originless chromosome fragment, but proficient in the
maintenance of the same fragment that carries its normal complement of replicators (originless
fragment maintenance mutants). We show that three of these Ofm mutations appear to disrupt
different processes involved in chromosome transmission. The OFM1-1 mutant seems to disrupt
an alternative initiation mechanism, and the ofm6 mutant appears to be defective in replication
fork progression. ofml4 isan allele of RAD9, which isrequired for the activation of the DNA
damage checkpoint, suggesting that this checkpoint plays a key role in the maintenance of the

‘originless fragment.



INTRODUCTION

All organismsreplicate and segregate their chromosomeswith high fidelity. A failuretodo
so can have dire consequences, e.g. cell death and mutation. One of the hallmarks of cancer isa
loss of genome stability, as aresult of high rates of mutation and/or loss of chromosome stability.
The budding yeast, Saccharomyces cerevisiae, provides an excellent model system for studying
the molecular mechanisms that contribute to chromosome stability, including DNA replication,
DNA repair, and chromosome segregation.

In addition to the inherent accuracy of the chromosome replication and segregation
processes themselves, additional conserved mechanisms called checkpoints contribute to
chromosome stability. Checkpoints are defined as pathways that promote cell cycle delay or arrest
in responseto DNA damage or mitotic spindle damage (reviewed by FoiANI et al. 2000). The cell
cycle delay allows time for the error to be corrected. Checkpoints operate through
signal-transduction pathways that involve proteins that sense the damage (sensors), protein
kinasesthat transduce and amplify the signal, and effectors that mediate the response to the signal.
The spindle assembly checkpoint delays the G2-M transition in response to improper or impaired
kinetochore-microtubule attachments. Two partially redundant checkpoint pathways monitor
DNA damage (the DNA damage checkpoint) and slowing or stalling of replication forks (the
replication stress checkpoint) during S phase and also delay the G2-M transition.

DNA replication is regulated at the level of replication initiation at individual replicators.
While the cis-acting replicators that direct replication initiation in budding yeast, called
autonomously replicating sequence (ARS) elements, are smaller than their counterparts in many
other eukaryotes, the proteinsthat are required for replication initiation aswell as the proteins that

function at the replication fork are highly conserved among eukaryotes (reviewed by KELLY and



STILLMAN 2006). Similarly, DNA repair proteins show a high degree of conservation across
eukaryotes, as do proteinsinvolved in sister chromatid cohesion and chromosome condensation.

In budding yeast, ARS elements, as defined by a plasmid transformation assay, are small
(<200 bp). They contain a binding site for the replication initiation protein, Origin Recognition
Complex (ORC) (BELL and STILLMAN 1992); the core of thissiteisthe 11-bp ARS Consensus
Sequence. During G1, ORC, in collaboration with Cdc6p and Cdt1p loads the six-subunit
minichromosome maintenance (Mcm2-7) complex at replication origins to establish
pre-replication complexes (pre-RCs) that are competent to direct theinitiation of DNA replication
during S phase (reviewed by SIVAPRASAD et al. 2006). While all ARS elements function as DNA
replication origins on plasmids, some are not normally detectably active as replication initiation
sitesin their native chromosomal contexts. For example, only ten of the nineteen ARS elementson
chromosome Il1 initiate replication in >10% of cell cycles (POLOUMIENKO et al. 2001).

One puzzleresulting from the early characterization of ARS elements, and indeed from the
earlier characterization of replicating DNA by electron microscopy, isthe relatively high density
of replication origins. In arecent genome-wide study, it was estimated that S. cerevisiae
replication forks moved at a mean rate of 2.9 kb/min during an S phase of 55 minutes, suggesting
that a single replication origin that initiates early in S phase should be able to replicate about
320-kb of DNA (RAGHURAMAN et al. 2001). However, the average spacing of active replication
origins was estimated to be 40 kb in the same study, which is similar to the spacing of origins
detected by electron microscopy (reviewed by CAMPBELL and NEwLON 1991). More recent
genome-wide analyses based on replication timing, accumulation of single-stranded DNA in
hydroxyurea-treated cells or chromatin immunoprecipitation of pre-RC proteins show a somewhat

closer spacing of potential replication origins (FENG et al. 2006; MACALPINE and BELL 2005;



WYRICK et al. 2001; XU et al. 2006). A comparative genomics approach confirmed that the
majority of originsare conserved in closaly related Saccharomyces speciesindicating that thereis
selection to maintain this short inter-origin spacing (NIEDUSZYNSKI et al. 2006). These
genome-wide studies have all been correlated and catalogued in a database of S. cerevisiae
replication origins (NIEDUSZYNSKI et al. 2007) that listsatotal of 732 potential replication origins,
325 of which have been confirmed, 275 of which arelisted aslikely, and 132 of which arelisted as
dubious. The average spacing between the 600 confirmed or likely replication originsis 20 kb.
Thislist includes replicatorsthat areinefficient or inactive in their normal chromosomal contexts,
and may also still include some false positives. However, all of these studies support the idea that
replicators are present at a high density in yeast chromosomes.

In order to establish alink between replicators, as defined by ARS el ements, and
chromosome stability, aswell asto examine the effects of increased inter-origin spacing, we began
systematically deleting ARS elements from Chromosome ll1. In our initial studieswith a 61-kb
ring derivative of Chromosome 11 carrying two efficient replicators, ARS307 and ARS309, and
oneinefficient replicator, ARS308, we found that the deletion of both ARS307 and AR309 severely
destabilized the ring chromosome, causing it to be lost in >20% of cell divisions (DERSHOWITZ
and NEwLON 1993). These findings suggested that replication origins are essential for
chromosome maintenance. However, further experiments with the full-length Chromosome I11
revealed that all of the active replication origins within a 164-kb kb region of the chromosome
could be deleted with only a 2-3-fold increase in the loss rate (DERSHOWITZ et al. 2007).
Surprisingly, wewere ableto isolate a 142-kb fragment lacking all known replicators which islost
in <4% of divisions.

In this paper we describe our genetic approach towards understanding the replication of



this fragment lacking replicators. We isolated mutants defective in the maintenance of a 174-kb
‘originless fragment, but proficient in the maintenance of the corresponding fragment with
replication origins intact. We identified mutationsin five genes that met our initial criteria. We
found that the three mutations with the strongest phenotypes are likely to affect originless
fragment maintenance through different mechanisms. OFM1-1 appears to disrupt an alternative
initiation mechanism on the ‘originless’ fragment and also have a mild initiation defect at normal
origins. The ofm6 mutant islikely to have areplication fork progression defect, and ofml4isa
null alele of RAD9, which isrequired for the activity of the DNA damage checkpoint signal

transduction pathway.

MATERIALS AND METHODS

Strainsand Media: Yeast strainsused in thisstudy arelisted in Table 1. All strainswere
isogenic with YPH499 (SikorskI and HIETER 1989) except the chromosome fragment donor
strains, which are in the CF4-16B background (DErsHoOwITZ et al. 2007), and the Aydr217c
(rad94) strain, which isrelated to S288C (BRACHMANN et al. 1998). Y KN10 was transformed
with a PCR product amplified from the Aydr217c strain to introduce therad94::KAN allele. YPD
was prepared as described (Rosk et al. 1990). Drop-out and color assay media were purchased
from USBiological (recipes available upon request). Chromoductants were selected on -Leu -Trp
-Arg dropout plates containing 60 ug/mL canavanine (Sigma-Aldrich, St. Louis, MO) and 10
ug/mL cycloheximide (Sigma-Aldrich).

Plasmids: pRS316RAD9 (agift from N. Lowndes, Northern University of Ireland,
Galway) was used to complement the ofm14 mutation. This plasmid was also used to construct

pPRS316RAD9gaprepair, which was used to rescue the rad9 allele from the ofm14 mutant.



pRS316RAD9 was partially digested with Ndel, completely digested with BstEll, filled in, and
Bglll linkers added prior to recircularization. A plasmid was identified in which the 4.3 kb
fragment containing the Rad9p open reading frame was deleted. Oligonucleotide synthesis and
DNA sequencing were provided by the Molecular Resource Facility of UMDNJ-New Jersey
Medical School, Newark, NJ.

Ofm mutant screen: YKN210 was grown to log phase in -Leu medium. Cellswere
harvested, washed in water, and resuspended in 50 mM sodium phosphate buffer, pH 7.0. Ethyl
methanesulfonate (EM S, Sigma-Aldrich) was added to 3% v/v for 10 minutes and then neutralized
with 10% sodium thiosulfate (Sigma-Aldrich). This treatment resulted in 30% survival. Cells
were diluted, plated on color assay medium, and incubated at 30°C for 5 days prior to visually
scoring the sectoring phenotype. Colonies with elevated sectoring were streaked on color assay
plates; 45 showed a heritable increase in sectoring. Cells from ared colony from each of these
streaks were mated to the fragment donor strains, F510-3-16 (50RIA) and F013-1-24 (OORIA),
and chromoductants were selected as described above. The kar1-415 mutation in strain Y KN10
prevents efficient nuclear fusion upon mating, causing the formation of transient heterokaryons
and afew diploids. Inthe platesused to select chromoductants, the absence of Leu and Trp selects
against therecipient strains, i.e. the mutant isolates lacking the 5ORIA fragment, and the presence
of canavanine and cycloheximide selects against both the donor strains and against diploids
because the canl and cyh2 mutations are recessive. Rare cells with single chromosome transfers
of the LEU2- and TRP1-marked 50RIA or OORIA fragments from the donor strainsinto the canl
cyh2 (canavanine- and cycloheximide-resistant) recipient strain grow into colonies. Independent
single colonies from these chromoduction plates were then streaked on color assay plates to score

the sectoring phenotype. 11 of the 45 mutants showed elevated sectoring with the 5ORIA



fragment compared to the OORIA fragment.

Genetic analysis. Cellsfrom red colonies of the original Ofm mutant isolates were
crossed to Y JT 3, and diploids were selected on -His -Tyr plates. The resulting diploids were
sporulated as described by Brachmann et al. (1998), and the 5ORIA fragment was introduced by
chromoduction into each of the spores from either F510 or F510-3-16 depending on mating type.
Later crosses made use of F51004A1-4 or F510a6A6 as donor strains, which carry ADE2 rather
than SUP11-1 on the 174-kb 5ORIA fragment. When the heterozygous diploid derived from the
original OFM1-1 isolate was sporul ated, the spore viability was so poor that 2:2 segregation of the
mutant phenotype could not be scored. OFM1-1 spores were identified, and subsequent
backcrosses showed good spore viability and 2:2 segregation of OFM1-1.

Sensitivity to DNA damaging agents. To assay UV sensitivity, seria dilutions of
stationary cultures were spotted on YPD and exposed to ultraviolet light using either a
Spectrolinker XL-1000 (Spectronics corporation) UV source at doses of 50, 100, 150, or 200
joules/meter? or timed exposures to agermicidal lamp (General Electric, Fairfield, CT). To assay
sensitivity to the other agents, either 1:5 or 1:10 serial dilutions of stationary cultures were spotted
on Y PD plates containing hydroxyurea (25, 50, 100, 150, or 200 mM), methyl methanesulfonate
(0.0025, 0.005, 0.01, 0.015, 0.02, or 0.03%), phleomycin (4, 8, 10, or 12 «.g/ml), or camptothecin
(1, 3, 10, or 20 ng/ml). All agents were purchased from Sigma-Aldrich. Plates wereincubated at
30°C in the dark and scored daily.

Photography: Imageswere acquired as TIFF fileswith a Nikon D-100 camerafitted with
an AF Micro-Nikkor 60mm f/2.8 D lens. Images were processed (cropped, then
brightness/contrast and color balance adjusted) in Photoshop.cs v8.0 (Adobe Systems).

Analysisof replication intermediates. Cellswere harvested from asynchronous cultures



grown in YPD to adensity of 1.5 - 2.0 x10%ml, and DNA was prepared as described (THE!S and
NEWLON 1994). Approximately 60 ug of DNA was digested with EcoRI (New England Biolabs);
replication intermediates were enriched by BND-cellulose (Sigma-Aldrich) chromatography,
electrophoresed on 2D gels, and blotted to Nytran SuperCharge (Schleicher and Schuell) as
described (THEIS and NEWLON 2001). a-**P dATP-labeled probes were prepared by random
priming (Amersham Biosciences) and hybridized as described. Images were acquired on a
Molecular Dynamics Typhoon 9410 scanner. Images were cropped, the greyscale levels adjusted,
and files saved in TIFF format using ImageQuant 5.2 (GE Healthcare). Photoshop.csv8.0 was
used to adjust the size of the images.

Plasmid stability assays. Plasmids pDK243 (one copy of ARSL), pDK412 (7 copies of
ARSL), pDK368-7 (ARSL plus 7 copies of wild type histone H4 ARS-ARS209), pDK398-7 (ARSL
plus 7 copies of an inactive mutant version of ARS209) were generously provided by Doug
Koshland [Carnegie Ingtitution, Baltimore, MD] (HOGAN and KOSHLAND 1992). Transformants
of wild type of OFM1-1 strains were grown in —Leu medium to log phase. The plasmid stability
was determined as the percentage of plasmid-bearing cellsin the culture by plating appropriate
dilutions on —Leu and Y PD plates and counting the resulting colonies. The average and standard
deviation were calculated using data from three independent transformants.

Lossrate determinations: Fuctuation analyses were performed using the colony
isolation method described previously (DErRsHOWITZ and NEWLON 1993). Red colonies were
tested for leucine and tryptophan auxotrophy to distinguish chromosome loss events from gene
conversions and mitotic recombinations. Theloss rate per division and standard deviation were
calculated by the method of Lea and Coulson (1949).

Checkpoint activation assays. Cultures were processed for western blot analysis as
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described by Pellicioli et al.. (1999). a-Rad53 antibody was obtained from C. Santocanale and J.
Diffley. a-Rad9 antibody was a gift from N. Lowndes. Following treatment with the primary
antibody, secondary peroxidase conjugated antibody was incubated with the Protran membrane
for one hour and the filter was then exposed for few minutes to Kodak XR film. To examine the
DNA damage checkpoint, cellswere arrested with 20 ug/mL alphafactor (PRIMM, Milano, Italy);
while arrested, 4-nitroquinoline 1-oxide (Sigma) was added to 2 ug/mL. To examine the
replication stress checkpoint, cell were first synchronized with 2 ug/mL aphafactor, and then
released into fresh medium containing 200 mM HU. FACS analysis was performed on aliquots
from each of the time points as described by Foiani et al. (1994) using a Becton Dickinson

FACScan.
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RESULTS

The Ofm mutant screen: Weinitiated a study to systematically delete all the known
replicators on a eukaryotic chromosome, focusing eventually on a 174-kb fragment of
Chromosome I11 containing 5 efficient replicators, ARS305, ARS306, ARS307, ARS309, and
ARS310, and 7 inefficient or inactive ones, ARS300, ARS301, ARS302, ARS303, ARS320, ARS304,
and ARS308 (DersHowITZ et al. 2007). All the chromosome fragments were present in strains
that were otherwise haploid, i.e. the strains are partially disomic for Chromosome I11 (Figure 1).
We used a colony color assay to visually screen for loss events (HIETER et al. 1985). The basis of
the assay is that ade2-101 mutants accumulate ared pigment. The ade2-101 mutation can be
suppressed by the ochre-suppressor tRNA, SUP11-1, or complemented by a wild-type copy of
ADEZ2, one or the other of which we inserted into particular Chromosome |11 fragments about 7.5
kb to the left of CENS3. Potential chromosome fragment loss events are indicated by the
appearance of ared sector in acolony. Chromosome loss events are confirmed by scoring the Trp
and Leu phenotypes of cellsfrom red sectors or colonies. Thedeletion allele, leu211, is present on
the balancer chromosome, whilethe wild-type allele resides on the fragment in its natural context.
The TRP1 gene, which complementsthe trp1-463 mutation in the strain background, was inserted
at the fragmentation site to the right of ARS310. Therefore, fragment loss eventsyield red sectors
that are Trp- and Leu-, while loss of the SUP11-1 or ADE2 gene from the fragment by gene
conversion or mitotic recombination yields red sectors that are either Trp* Leu” or Trp* Leu'.

The 174-kb chromosome fragment with al replicators intact (the OORIA fragment) was
lost at arate of lessthan oncein 10,000 divisions (Figure 2A). Deleting the 5 efficient replicators
on the 174-kb fragment increased the loss rate about 20-fold, but thisfragment was|ost only about

oncein 700 cell divisions (Figure 2B). The inactive replicators associated with HML become
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weakly active when the early, efficient replicators, ARS305 and ARS306, are deleted (VuJicic et al.
1999), so one explanation for the stability of the 5ORIA fragment is that the normally
inefficient/inactive replicators become active once the efficient replicators are removed. We
tested thisidea by using 2D gels to examine replication intermediates of ARS301, ARS302,
ARS303/ARS320 and ARS304 174-kb 50RIA fragment and by removing the leftmost 32 kb of the
50RIA fragment, deleting ARS300, ARS301, ARS302, ARS303, ARS320, and ARS304. We found
that ARS301 and ARS303 were partially activated in the 174-kb SORIA fragment and that the loss
rate of the doubly-truncated, 142-kb 50ORIA fragment was increased about 15-fold compared to
the 174-kb 50RIA fragment (DERSHOWITZ et al. 2007). However, the 142-kb 5ORIA fragment
was still replicated and segregated properly 98% of the time (Figure 2C). ARS308 is closely
associated with CENS, so it was removed by swapping CEN4 for CENS; this substitution
increased the loss rate less than 2-fold (Figure 2D). This 142-kb chromosome fragment lacks all
known replicators, yet is still replicated and segregated properly in >96% of cell divisions. This
result was completely unanticipated. Furthermore, it suggests that there are at least two

mechani sms contributing to the replication of the 174-kb SORIA fragment (Figure 2B): activation
of the inefficient/inactive replicators and a second, unanticipated, mechanism that also allows
replication of the 142-kb 60RIA fragment (Figure 2D).

We took a genetic approach to elucidate the mechanisms of replication of the 174-kb
50RIA fragment, conducting a screen for mutants defective in the maintenance of the 'originless
chromosome fragment. We choseto start the screen with the 174-kb 50RIA fragment (Figure 2B)
for tworeasons. First, utilizing thisfragment should allow theisolation of mutantsthat affect both
mechanisms of replication, the activation of the normally inefficient/inactive replicators and the

alternative mechanism(s) that maintain(s) the 142-kb 60RIA fragment lacking these replicators.

13



Second, the 174-kb 50ORIA fragment has arelatively low lossrate, giving rise to colonieswith few
or no red sectors indicative of loss events; this phenotype makes a practical starting point for a
visual screen to identify colonies with increased sectoring.

Our screen consisted of two parts as outlined in Figure 3. Thefirst was similar to that
employed by Spencer et al (1990) to identify chromosome transmission fidelity (ctf) mutants. Our
starting strain, YKN10 (Table 1), was mutagenized with EM S, and 142,000 colonies carrying the
fragment were examined for increased sectoring. 45 isolates were found that had a heritable
increase in sectoring. In order to identify those mutants that had a specific defect in the
maintenance of the 5SORIA fragment, as opposed to a defect in the maintenance of any
chromosome, e.g. ctf mutants, we performed a secondary screen using a single chromosome
transfer technique called chromoduction (Ji et al. 1993) to introduce either the original 50RIA
fragment or areplicator-intact (OORIA) fragment into each of the 45 isolates. The kar1-415
mutation prevents normal karyogamy during mating, which decreases the efficiency of diploid
formation about 30-fold (VALLEN et al. 1992). The mating partnersform atransient heterokaryon,
and, at alow frequency, single chromosomes are transferred from one nucleus to the other. With
appropriate markersin the strain background and on the chromosome of interest, these rare single
chromosome transfers can be selected (see Materials and Methods). Of theoriginal 45 isolates, 11
had a greater sectoring rate with the 5ORIA fragment compared to the OORIA fragment (Figure 3).
We refer to these as originless fragment maintenance (ofm) mutants. An example of the Ofm’
phenotype is shown in Figure 4.

Segregation analysis showed that in 9 of the 11 isolates the Ofm phenotype resulted from
single gene mutations. Of these 9 mutations, 8 were recessive and one was dominant. The 8

recessive mutations fell into 4 complementation groups (ofm2, ofm5, ofm6, and ofm14), and
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segregation analysis showed that the dominant mutation isdistinct from these (OFM1-1). Theloss
rates for the 174-kb 50RIA and OORIA fragments were determined by fluctuation analysis
(DErsHOwWITZ and NEWLON 1993) in each of the mutants (Table 2). The loss rates of these
fragmentsin the YKN10 parent strain were similar to the loss rates we measured for these
fragmentsin adifferent strain background in our initial study (DERSHOWITZ et al. 2007). Theloss
rates of the 50ORIA fragment in the ofm2 and ofmb5 mutants were only 3- to 5-fold higher than the
lossrate of the OORIA fragment, indicating that these mutants have arather weak Ofm phenotype.
A further characterization of these two mutants will be presented elsewhere. The remaining three
mutants have a robust Ofm phenotype with 80- to 400-fold higher loss rates for the 5ORIA
fragment than for the OORIA fragment. The loss rate of the 50RIA fragment was el evated about
7-fold relative to wild-type in the ofm6 and ofm14 mutants and about 50-fold in the OFM1-1
mutant. Asillustrated in Table 3, the ofm6 and ofm14 mutants are recessive because their
heterozygous diploids have loss rates for the SORIA fragment similar to the wild-type diploid.
Furthermore, the two mutants complement because the loss rate of the 5ORIA fragment in the
double heterozygote was also similar to wild-type. The loss rate of the 50RIA fragment in the
heterozygous OFM1-1 diploid was elevated relative to the wild-type diploid indicating that the
OFM1-1 mutation is semi-dominant (Table 3); the loss rate in the homozygous diploid was too
high for us to measure.

Ofm mutants disrupt different mechanisms of 5ORI A fragment maintenance: One of
the rationales for performing the screen with the 174-kb 5ORIA fragment (Figure 2B) was the
potential to isolate mutants defective in either of the two mechanisms contributing to the
replication of this fragment, the activation of the inefficient/inactive replicators or the alternative

mechani sm(s) that maintainsthe 142-kb 60RIA fragment (Figure 2D) lacking thesereplicators. If
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aparticular Ofm mutant were defectivein the activation of theinefficient/inactivereplicators, then
the replication of the 174-kb 50RIA fragment would be dependent solely on the alternative
mechanism. Deleting the inefficient/inactive replicators from the fragment should have no effect
on its maintenance since these replicators are rendered non-functional by the mutation. Therefore,
the loss rate of the 142-kb SORIA fragment (Figure 2C) in such a mutant should be the same as
that of the 174-kb 50RIA fragment. Conversely, if a particular Ofm mutant is defectivein an
alternative mechanism, then the replication of the 174-kb 5SORIA fragment would be solely
dependent on the activation of the inefficient/inactive replicators. Therefore, in such a mutant, it
should not be possibleto recover the 142-kb 5SORIA fragment, or thelossrate this fragment should
be substantially greater than the 2% rate seen in the wild-type strain.

Asshown in Table 2, we failed to recover OFM1-1 chromoductants with the 142-kb
50RIA fragment, suggesting that the OFM1-1 mutation might interfere with an alternative
mechanism for fragment maintenance. While we favor the hypothesis that OFM1-1 interferes
with an alternative mechanism, we can not rule out the trivial possibility that a modest increasein
thelossrate of the 142-kb SORIA fragment on top of thealready high lossrate (10%) of the 174-kb
50RIA fragment in the mutant might preclude the recovery of the 142-kb 50RIA fragment.

Wealso found that thelossrate of the 142-kb 50RIA fragment wasincreased relativeto the
174-kb 50RIA fragment in the ofm6, and ofm14 mutants. Therefore, the inefficient/inactive
replicators contribute to the stability of the 174-kb 5ORIA fragment in each of the mutants.
However, the increases in loss rates were modest, 3- and 7-fold in ofm6 and ofm14, respectively,
resulting in loss rates of 7.7 x 10% and 9.6 x 10" losses per division. These modest increasesin
lossrate of the 141-kb 50ORIA fragment makeit unlikely that primary defect of the ofm6 and ofm14

mutantsisin an alternative initiation mechanism.
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The average spacing between active replication originsin S cerevisiae is about 40 kb.
Assuming similar fork rates and initiation times, the forks initiated at adjacent origins would
converge after traveling about 20 kb on average. The deletion of the 5 efficient origins from the
174-kb Chromosome |11 fragment creates a situation in which areplication fork would have to
travel amuch longer distance than average. A singleinitiation event in the center of the 174-kb
50RIA fragment would require each fork to traverse 86.5 kb, while a single initiation event near
one end would require asingle fork to traverse nearly 174 kb. Therefore, it seems plausible that
mutants with a fork progression defect would show an Ofm phenotype. It should be possible to
distinguish mutants that impair the ability of the 174-kb SORIA fragment to initiate replication
from those that impair replication elongation. Mutants of the former class should be rescued by
adding an efficient origin at one end while those of the latter class should not be. We choseto
examinethis possibility by introducing the full-length 5ORIA chromosome into the Ofm mutants.
This chromosome carries the same five origin deletions as the 174-kb SORIA fragment, but also
carriesthe origins distal to the fragmentation point: the inefficient origin, ARS313, islocated at
192-kb, about 20 kb distal to the fragmentation point, and the efficient origin, ARS315, is located
at 225-kb (PoLoUMIENKO et al. 2001). The full-length 5ORIA chromosome was 40-fold more
stable than the 174-kb 50ORIA fragment in the OFM1-1 and ofm14 mutants (Table 2), suggesting
that the presence of efficient replication origins suppresses the fragment maintenance defect in
these two mutants. In contrast, in the ofmé mutant, the full-length SORIA chromosome was only
3-fold more stablethan the 174-kb 50RIA fragment, and morethan 50-fold less stable than thefull
length 50RIA chromosome in the wild type strain, suggesting that the defect in ofm6 isin fork
progression.

The conclusion that ofm6 has a defect in fork progression rests on the assumption that

17



initiation at ARS313 and ARS315 is not impaired on the full-length SORIA chromosome. While
initiation on the 174-kb 50RIA chromosome fragment is difficult to address in this strain
background dueto the presence of identical sequences on the wild-type balancer chromosome, we
did examineinitiation at several originsin haploid, i.e. lacking a test fragment/chromosome,
strains. Initiation at the origins ARS305, ARS315, and ARS1421 was unaffected in the ofm6 and
ofm14 mutants (data not shown).

OFM1-1 mutants, however, do have adlight initiation defect. This defect isseenin
neutral-neutral 2D gels (BREWER and FANGMAN 1987) probed for ARS305 and ARS315 (Figure5).
Small Y -shaped replication intermediates (arrowheads) were detected in the OFM1-1 mutant, but
not in the wild-type strain, indicating that these originsfail to fire some fraction of thetimein the
mutant. While both ARS elements are affected, the defect is more pronounced at ARS315. This
initiation defect was also seen as a decrease in plasmid stability in OFM1-1 mutants that could be
partially suppressed by the presence of multiple ARS elements on the plasmid (Table 4). The
activity of ARSL is decreased as reflected in the lower mitotic stabilities of pDK243 and
pDK398-7 in the OFM1-1 strain compared to wild type. Having multiple copiesof either ARSL or
ARS209 increased the stability of the plasmid, consistent with an initiation defect (compare
pDK412 to pDK243 and pDK368-7 to pDK398-7); multiple copies of ARS209 rescued better than
multiple copies of ARSL (compare pDK368-7 to pDK412). In summary, the OFM1-1 mutation
decreasesinitiation efficiency at al three origins examined, but the strength of the effect varies.

Some of the Ofm mutants ar e sensitive to DNA damage: Many mutations that disrupt
aspects of DNA metabolism cause sensitivity to DNA damage (DEPAMPHILIS 2006). Therefore,
we examined whether our Ofm mutants were sensitive to a variety of DNA damaging agents

(Table5), including methyl methanesulfonate (MMS, alkylation of bases), UV light (pyrimidine
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dimer and 6-4 photo-product formation), phelomycin (double-strand break formation),
camptothecin (trapped topoisomerase |1 intermediates), and hydroxyurea (HU, depletion of dNTP
pools). The OFM1-1 mutant was dlightly sensitiveto MMS, while the ofm5 mutant was very
sensitive to both MM S and HU and somewhat sensitiveto UV. The ofm6 mutant was slightly
sensitiveto UV and HU. The ofm14 mutant was very sensitiveto UV light, while the ofm2 mutant
was somewhat sensitive. None of the mutants was sensitive to phleomycin or camptothecin.
DNA damage sensitivity can result either from an inability to repair the damaged DNA or
from afailure to activate the DNA damage checkpoint (WEINERT and HARTWELL 1990). In S.
cerevisiae, DNA damage activates a signal transduction cascade which resultsin the
phosphorylation of Rad53p, ahomolog of the mammalian effector kinase, Chk2p (SANCHEZ et al.
1996; SUN et al. 1996). To determineif the DNA damage checkpoint were intact, the
phosphorylation status of Rad53p was assessed in cells that were arrested in G1 with alpha-factor,
and then treated with the UV-mimetic, 4-nitroquinoline 1-oxide (4-NQO). Rad53p
phosphorylation is indicated by a decrease in the mobility of the protein on a Western blot. The
slower migrating form of Rad53p was detected after 15 minutes of 4-NQO treatment in wild-type
cellsand at all subsequent time points; the same was true of the OFM1-1, ofm2, ofm5, and ofm6
mutants, indicating that the signal transduction pathway leading to Rad53p activation isintact in
these mutants (Figure 6). However, the observation that no change in the mobility of Rad53p was
detected at any of the time pointsin the ofm14 mutant indicates that this mutant failed to activate
Rad53p under these conditions. Asacontrol, we also monitored the phosphorylation of Rad53p in
response to the replication stress checkpoint, which functions through a signal transduction
pathway that is partially redundant with the DNA damage checkpoint pathway. In thiscase, cells

were synchronized in G1 with alpha-factor, and then released them into medium containing the
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ribonucleotide reductase inhibitor, hydroxyurea. Rad53p was phosphorylated in the ofm14
mutant, asit wasin the wild-type strain and the other mutants, indicating that the replication stress
checkpoint was activated in response to HU (Figure 6).

ofml4isan allele of RAD9: Weinitially attempted to complement the sectoring
phenotype of the ofm14 mutant using ayeast genomic library. Thiswas unsuccessful because the
rate of mis-segregation of the 5ORIA fragment (acell with two copies of the fragment givesriseto
a colony with few sectors) was greater than the probability of obtaining a complementing clone
from thelibrary. The UV sensitivity of the ofm14 mutant was tightly linked to the Ofm sectoring
phenotype; the two phenotypes co-segregated in 20 tetrads dissected from a heterozygous diploid
strain. In order to identify the gene responsible for the ofm14 phenotype, we examined a number
of candidate genesfor their inability to complement the ofm14 UV sensitivity. A strong candidate
gene was RAD9 because it is known that Rad9p is required for Rad53p activation in response to
DNA damage but is dispensable for Rad53p activation in HU-treated cells (PELLICIOLI et al.
1999). The ofml4 mutant was crossed to a number of strains from the systematic deletion
collection (GIAEVER et al. 2002), and the resulting diploids were tested for UV sensitivity. The
ofml14/Aydr217c::KAN diploid was UV sensitive (Figure 7A), suggesting that ofm14 isan allele of
RAD9. This hypothesis was confirmed by showing that RAD9 is linked to ofm14, that the UV
sensitivity and the sectoring phenotype of the 174-kb 50RIA fragment of ofm14 can be
complemented by a plasmid carrying RAD9 (Figure 7B and 7C), and that the deletion of RAD9
causes an Ofm phenotype (Table 2). We cloned therad9°™* allele by gap-repair (ORR-WEAVER et
al. 1983) and sequenced it. The sequence showed asingle G to A transition at position 3191 of the
open reading frame, converting codon TRP-1064, within the BRCT repeats, to astop codon. This

premature stop codon appears to cause a null allele based on the observations that the mutant
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failed to phosphorylate Rad53p in Gl-arrested cellsin responseto the UV-mimetic, ANQO (Figure
6), that no Rad9p was detected by polyclonal antibodies on Western blots (data not shown), and
that the deletion allele showed similar UV sensitivity and SORIA fragment loss rate as the ofm14

alele (Figure 7B and Table 2).

DISCUSSION

We undertook a genetic approach to understanding the unanticipated mitotic stability of a
fragment of Chromosome I11 lacking all known efficient replicators. Weisolated 5 different
mutantsin our screen. Whileall the mutations destabilize the 174-kb SORIA fragment, they differ
in the extent to which they also destabilize the 174-kb OORIA fragment and, we infer, all
chromosomes. Three mutations preferentially destabilize the 5SORIA fragment, OFM1-1, ofm6,
and ofm14 (Table 2). Because the ofm14 mutant was sensitive to UV irradiation in addition to
destabilizing the 50RIA fragment, we were able to cross the ofm14 mutant to various strains
known to be UV -sensitive from the yeast knockout collection and score UV sensitivity, i.e.
non-complementation, in the resulting diploids. The rad94 (ydr217CA) failed to complement the
ofm14 mutation as shown by the UV-sensitivity of the diploid. Linkage analysis and
complementation of both the UV -sensitivity and 174-kb 5ORIA fragment |oss phenotypes of the
ofm14 mutant by a RAD9 plasmid confirmed that ofm14 isan allele of RAD9 (Figure 7 and Table
2).

How might rad9 mutations result in an Ofm phenotype? RAD9 is part of the DNA damage
response signal transduction pathway. RAD9 is required for the MECL/TEL 1-dependent
autophosphorylation of Rad53p in responseto DNA damage (GILBERT et al. 2001; MA et al. 2006;

SWEENEY et al. 2005). RAD53 ishomologousto the effector kinasesin the DNA damage response
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pathways of other organisms, e.g. CHK2 in humansand cdsl in S. pombe (reviewed by MELO and
Toczyskl 2002). Rad53p kinaseactivity isrequired for cell cyclearrest and theinduction of DNA
damage repair activities (ALLEN 1994; WEINERT et al. 1994). RAD53 is also required to stabilize
replication forks that encounter template damage (LOPES et al. 2001; SoGo et al. 2002) and to
delay the activation of late-firing or dormant origins in response to both DNA damage and
hydroxyurea-induced nucleotide depletion (SANTOCANALE and DIFFLEY 1998; SANTOCANALE €t
al. 1999; SHIRAHIGE et al. 1998).

One hypothesis that could account for the Ofm phenotype of the rad9°™* mutant is that
Rad9p stabilizes stalled forks or aids in the restart of collapsed forks. When areplication fork is
blocked upon encountering endogenous DNA damage, afork initiated at an adjacent origin can
complete replication of the region beyond the damage; as the number of active origins decreases,
the probability becomes low that there will be an active origin beyond the damage, making
DNA -damage-checkpoint-dependent fork stabilization and restart increasingly important for the
completion of replication. This mode is consistent with the observation that deletion of RAD9
caused destabilization of areplicator-deficient yeast artificial chromosome (VAN BRABANT €t al.
2001).

However, thissimple arrest/restart model does not explain oneimportant phenotype of the
ofml4 mutant. The arrest/restart model predicts that the 174-kb 50RIA fragment and the
full-length 50RIA chromosome should have similar loss rates because the originlessregion in the
full-length 50RIA chromosomeis slightly longer than the 174-kb 50ORIA fragment. In both cases,
the replication of aregion distal to a blocked fork would depend on afork initiated at the
inefficient/inactive ARS elements flanking HML or by some other mechanism. In contrast to this

expectation, the loss rate of the full-length 5ORIA chromosome in the ofm14 mutant was only
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4-fold higher than the loss rate of this chromosome in the wild-type strain (Table 2). Therefore,
even in the ofm14 mutant, it seemslikely that afork can successfully traverse the 225 kb from
ARS315, or the 192 kb from ARS313, to the left end of the chromosome. Thisfinding isalso
consistent with our failure to detect the phosphorylation-dependent mobility shift of Rad53p on
Western blots from awild-type strain carrying the 174-kb 5ORIA fragment (M. Lopes, M. Foiani
and C. Newlon, unpublished observations), although if Rad53p were activated only in those cells
that lose the fragment (1 10ss/700 cell divisions), it possible that the mobility shift could not have
been detected. A second inconsistency with the arrest/restart model is that Rad9p is not required
for activation of Rad53p in response to HU treatment, which inhibits ribonucleotide reductase and
iswidely used to inducereplication stress (PeLLICIOLI et al. 1999). Thisinconsistency dependson
the extent to which the slow moving forks induced by HU treatment actually mimic replication
forks stalled by physiological processes or DNA damage. It remains a possibility that the forks
initiated at an efficient origin like ARS315 are of better “quality” than thoseinitiated on the 5ORIA
fragment, i.e. they are less prone to collapse. This possibility could be tested by examining the
components moving with the replication fork by a ChlP-on-chip experiment utilizing a strain
carrying the 5ORIA fragment with a balancer Chromosome 111 from S. carlsbergensis.

In addition to its clearly defined role in activation of the DNA damage checkpoint, recent
work has strongly suggested arolefor Rad9p in the recombinational repair of double-strand breaks
during G2in S. cerevisiae (TOH et al. 2006). Thesefindings are consistent with experimentsin S,
pombethat indicate asimilar rolefor crb2, the ortholog of RAD9 (CASPARI et al. 2002). RAD52 is
required for homologous recombination in S, cerevisiae. Based on our finding that deletion of
rad52 had very little effect on the loss rate of the 174-kb 50ORIA fragment (DERSHOWITZ et al.

2007), itisunlikely that theloss of Rad9p activity in recombinational repair isthe basis of the Ofm

23



phenotype of the rad9°™ mutation.

We have not yet identified the mutant gene in either ofmé or OFM1-1. The defect in ofm6
appearsto bein fork progression. Thisconclusion isbased on the observation that the loss rate of
the full-length 5ORIA chromosome is only 3-fold lower than that of the 5ORIA fragment in the
ofm6 strain. The defect in OFM1-1 appears to be in an alternative initiation mechanism based on
the observation that wefailed to recover the 142-kb 50RIA fragment in this mutant (Table 2). We
have also shown by 2D gel analysisthat the OFM1-1 mutant has aslight initiation defect at normal
origins (Figure5). The defect appearsto be more severe at ARS315 than at ARS305. In addition,
the plasmid stability assay indicates an initiation defect at ARSL (Table 4). Becausethereisan
initiation defect in all 3 origins examined, we suggest that the OFM1-1 mutation confers a general
initiation defect at normal origins. As expected for an initiation defect, we found that an ARSL
plasmid carrying seven copies of ARS209 (HOGAN and KOSHLAND 1992) was stable in the mutant,
while a plasmid carrying seven copies of a mutant derivative of ARS209 was as unstable as a
plasmid carrying only ARSL (Table 4).

At this point, it is not clear what the relationship is between the defect in the alternative
initiation mechanism and the mild initiation defect at normal origins. It isinteresting to note,
however, that the orc2-1 mutant behaves similarly to the OFM1-1 mutant. At the permissive
temperature, orc2-1 strains show decreased stability of ARS1- and ARS209-based plasmids
(DeErsHOWITZ et al. 2007; DiLLIN and RINE 1997) and an initiation defect at ARSL (DiLLIN and
RINE 1997; Fox et al. 1995; LIANG et al. 1995). In addition, the loss rate of the 174-kb 5ORIA
fragment is elevated 5-fold in the orc2-1mutant, and the 142-kb SORIA fragment could not be
recovered (DERSHOWITZ et al. 2007). These observations are consistent with the hypothesis that

the normal replication machinery plays arole in the alternative initiation mechanism, though we
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can not at this point rule out the possibility that the elevated fragment loss rates in the orc2-1
mutant are due to ORC’ s role in cohesin-independent sister chromatid cohesion (SHIMADA and
GASSER 2007).

In summary, we have utilized a genetic screen to try to understand the replication of a
fragment of Chromosome |11 lacking known replicators. We isolated mutations in three different
genes that preferentially destabilize the 5ORIA fragment compared to the OORIA fragment,
OFM1-1, ofm6, and ofm14. Taking advantage of the UV sensitivity of the ofm14 mutant, we were
able to show that ofm14 is an allele of rad9, implicating the DNA damage checkpoint in the
maintenance of the 5ORIA fragment. Additional mutants in the DNA damage checkpoint
pathway also show an Ofm phenotype (manuscript in preparation). We are currently focusing on
identifying the genes mutated in the ofm6 and OFM1-1 strains. These mutations appear to affect
different aspects of fragment maintenance. The ofm6 mutation appearsto affect fork progression,
based on the similar loss rates for the 174-kb 50ORIA fragment and the full-length SORIA
chromosome. While the OFM1-1 mutation does increase the loss rate of the full-length 5ORIA
chromosome, it increases the loss rate of the 174-kb 5ORIA fragment much more dramatically.
We believe that further characterizing these mutants and the ‘originless' chromosome fragments
will lead to interesting insights into links between DNA replication and genome stability.
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Tablel

Y east strains used in this study

Strain name Genotype Source
YKN10 MATa HIA leu2-41

his4-280 LEU2 C2G:: SUP11-1 H9G:: TRP1 Tel 50RIA(305, 306, 307, 309, 310)

ura3-52 lys2-801 trp1-463 his3-4200 ade2-101 cyh2 canl kar1-415 ARO7 this work
F510 MATa his4-290 LEU2

his4-280 LEU2 C2G:: SUP11-1 H9G:: TRP1 Tel 50RIA(305, 306, 307, 309, 310)

ura3-52 trpl-463 ade2-101 Dershowitz?
F510-3-16 MATq hisA-290 LEU2

his4-280 LEU2 C2G:: SUP11-1 H9G:: TRP1 Tel 50RI4(305, 306, 307, 309, 310) this work

ura3-52 trpl-463 ade2-101
F013 MATa his4-290 LEU2

his4-280 LEU2 C2G::SUP11-1 H9G:: TRP1 Tel ura3-52 trpl-463 ade2-101 Dershowitz?
F013-1-24 MATa his4-290 LEU2

his4-280 LEU2 C2G::SUP11-1 H9G:: TRP1 Tel ura3-52 trpl-463 ade2-101 p° this work
YIC129 MATa his4-290 LEU2

MATe his4-280 LEU2 C2G:: SUP11-1 YCR102W-A:: TRP1 50RI4(305, 306, 307, 309, 310)

ura3-52 trpl-463 ade2-101 this work
YDN293 MATa his4-290 LEU2

B9G::URA3Ted his4-280 LEU2 C2G::SUP11-1 H9G:: TRP1 Tel 50RIA(305, 306, 307, 309, 310)

ura3-52 trpl-463 ade2-101 Dershowitz?
YDN108 MATo hisA-290 LEU2

B9G::URA3 Tel his4-280 LEU2 C2G:: UP11-1 H9G:: TRP1 Tel 50RIA4(305, 306, 307, 309, 310)

ura3-52 trpl-463 ade2-101 this work
F51004A1-4 MATe his4-290 LEU2

his4-280 LEU2 C2G:: ADE2 H9G:: TRP1 Tel 50RIA(305, 306, 307, 309, 310)

ura3-52 trpl-463 ade2-101 kar1-415 this work
F510a6A6 MATa his4-290 LEU2

his4-280 LEU2 C2G:: ADE2 H9G:: TRP1 Tel 50RIA(305, 306, 307, 309, 310)

ura3-52 trpl-463 ade2-101 kar1-415 this work
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F013uB2C-1C  MATa his4-290 LEU2
his4-280 LEU2 C2G::ADE2 H9G:: TRP1 Tel ura3-52 trpl-463 ade2-101 kar1-415 thiswork

YJT3 MAT« leu2-41 ura3-52 lys2-801 trpl-463 HIS3 ade2-101 cyh2 canl kar1-415

aro74::KAN this work
YJT123 MATa leu2-41 ura3-52 lys2-801 trpl-463 HIS3 ade2-101 cyh2 canl kar1-415

aro74::KAN OFM1-1 this work
YJT132 MATa leu2-41 ura3-52 lys2-801 trpl-463 his3-4200 ade2-101 cyh2 canl kar1-415

ARO7 OFM1-1 this work
YJT380 MATa LEU2/MAT«a LEU2

his4-280 LEU2 C2G:: ADE2 H9G:: TRP1 Tel 50RI4(305, 306, 307, 309, 310)

ura3-52/ura3-52 lys2-801/lys2-801 trpl-463/trpl-463 HI S3/his3-4200
ade2-101/ade2-101 cyh2/cyh2 canl/canl kar1-415/kar1-415 ARO7/aro74::KAN
OFM1/OFM1-1 this work

YJT436 MATA:NAT LEU2/MATa LEU2
his4-280 LEU2 C2G:: ADE2 H9G:: TRP1 Tel 50RIA(305, 306, 307, 309, 310)

ura3-52/ura3-52 lys2-801/1ys2-801 trpl-463/trpl-463 HI S3/his3-4200
ade?2-101/ade2-101 cyh2/cyh2 canl/canl kar1-415/kar1-415 ARO7/aro74::KAN
OFMY/OFM1-1 this work

YJT378 MATa LEU2/MATa LEU2
his4-280 LEU2 C2G:: ADE2 H9G:: TRP1 Tel 50RIA(305, 306, 307, 309, 310)

ura3-52/ura3-52 lys2-801/lys2-801 trpl-463/trpl-463 HI S3/his3-4200
ade2-101/ade2-101 cyh2/cyh2 canl/canl kar1-415/kar1-415 ARO7/aro74::KAN
OFM1-1/OFM1-1 thiswork

YJT380 MATA:NAT LEU2/MATa LEU2
his4-280 LEU2 C2G:: ADE2 H9G:: TRP1 Tel 50RIA(305, 306, 307, 309, 310)

ura3-52/ura3-52 lys2-801/1ys2-801 trpl-463/trpl-463 HIS3/his3-4200
ade2-101/ade2-101 cyh2/cyh2 canl/canl kar1-415/kar 1-415 ARO7/aro74::KAN

OFM1-1/OFM1-1 this work
Y JT446 MATa leu2-41 ura3-52 lys2-801 trpl-463 his3-4200 ade2-101 cyh2 canl kar1-415

ARO7 ofm2 this work
YJT142 MATa leu2-41 ura3-52 lys2-801 trpl-463 his3-4200 ade?-101 cyh2 canl kar1-415

ARO7 ofmb this work
YJT129 MATa leu2-41 ura3-52 lys2-801 trpl-463 his3-4200 ade2-101 cyh2 canl kar1-415

ARO7 ofm6 this work
YJr128 MATa leu2-41 ura3-52 lys2-801 trpl-463 HIS3 ade2-101 cyh2 canl kar1-415

aro74::KAN ofm6 this work



YIC117

YIC116

YJT90

YJT83

Y JT386

YJT384

YJT383

YIC120

Aydr217c

YJT117

MATa LEU2/MATa LEU2
his4-280 LEU2 C2G:: ADE2 H9G:: TRP1 Tel 50RIA(305, 306, 307, 309, 310)

ura3-52/ura3-52, lys2-801/1ys2-80, trpl-463/trpl-46, HIS3/his3-4200,
ade2-10V/ade2-10, cyh2/cyh, canl/canl, karl-415/karl-41, ARO7/aro74::KAN,
OFM6/0fm6

MATa LEU2/MAT«a LEU2
his4-280 LEU2 C2G:: ADE2 H9G:: TRP1 Tel 50RIA(305, 306, 307, 309, 310)

ura3-52/ura3-52 lys2-801/1ys2-801 trpl-463/trpl-463 HI S3/his3-4200
ade?2-101/ade2-101 cyh2/cyh2 canl/canl kar1-415/kar1-415 ARO7/aro74::KAN
ofm6/ofm6

MAT« leu2-41 ura3-52 lys2-801 trpl-463 his3-4200 ade2-101 cyh2 canl kar1-415
ARO7 rad9”™*

MATa leu2-41 ura3-52 lys2-801 trpl-463 HIS3 ade2-101 cyh2 canl kar1-415
aro74::KAN rad9°™*

MATa LEU2/MAT«a LEU2
his4-280 LEU2 C2G:: ADE2 H9G:: TRP1 Tel 50RIA(305, 306, 307, 309, 310)

ura3-52/ura3-52 lys2-801/1ys2-801 trpl-463/trpl-463 HI S3/his3-4200
ade?2-101/ade2-101 cyh2/cyh2 canl/canl kar1-415/kar1-415 ARO7/aro74::KAN
RAD9/rad9” ™4

MATa LEU2/MATa LEU2
his4-280 LEU2 C2G:: ADE2 H9G:: TRP1 Tel 50RIA(305, 306, 307, 309, 310)

ura3-52/ura3-52 lys2-801/1ys2-801 trpl-463/trpl-463 HI S3/his3-4200
ade2-101/ade2-101 cyh2/cyh2 canl/canl kar1-415/kar1-415 ARO7/aro74::KAN
r adgofml4 Ir adgofml4

MATa LEU2/MATa LEU2
his4-280 LEU2 C2G:: ADE2 H9G:: TRP1 Tel 50RI4(305, 306, 307, 309, 310)

ura3-52/ura3-52 lys2-801/1ys2-801 trpl-463/trpl-463 HI S3/his3-4200
ade2-101/ade2-101 cyh2/cyh2 canl/canl kar1-415/kar1-415 ARO7/aro74::KAN
RAD9/rad9”™* OFM6/0fmé6

MATa LEU2/MATa LEU2
his4-280 LEU2 C2G:: ADE2 H9G:: TRP1 Tel 50RIA(305, 306, 307, 309, 310)

ura3-52/ura3-52 lys2-801/1ys2-801 trpl-463/trpl-463 HIS3/his3-4200
ade2-101/ade2-101 cyh2/cyh2 canl/canl kar1-415/kar 1-415 ARO7/aro74::KAN

this work

thiswork

this work

this work

this work

this work

this work

this work

MATa his3-41 leu2-40 lys2-40 ura3-40 ydr217c(rad9)4:: KAN Open Biosystems

MATa leu2-41/MAT« leu2-40 ura3-52/ura3-40 lys2-801/lys2-40 ade2-101/ADE2

trpl-463/TRP1 HIS3/his3-41 canl/CANL1 cyh2/CYH2 kar 1-415/KARL aro74:: KAN/ARO7

ofml14/rad94::KAN
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YJT135 MAT« leu2-41 ura3-52 lys2-801 trpl-463 his3-4200 ade2-101 cyh2 canl kar1-415
ARO7 rad94::KAN this work

®Strain described by Dershowitz et al. (2007)

36



Table2
Loss rates of various test chromosomes in Ofm mutants

Strain Loss rate per generation + S.D. x 10°
174-kb 50RIA 174-kb OORIA 142-kb 50RIA Full-length
fragment® fragment” fragment® 50RIA
chromosome”

Wild-type 210+ 30 27+16 3800 + 600 99+3
OFM1-1 10000 + 1000 23+4 N.R.° 240 + 40
ofm2 6100 + 1500 1700 + 200 N.D. N.D.
ofmb 5000 + 1000 930+ 210 N.D. N.D.
ofm6 1400 + 100 42+12 7700 + 600 530+ 90
ofml4 1500 + 100 19+ 4 9600 + 800 39+11
radoA 2100 + 400 32+6 N.D. 53+9

& shown in Figure 2B; introduced by chromoduction from F510, F510-3-16, F51004A1-4, or
F510a6A

P shown in Figure 2A; introduced by chromoduction from FO13, FO13-1-24, or FO13aB2C-1C
¢shown in Figure 2C; introduced by chromoduction from YDN293 or YDN108

4 Full-length chromosome deleted for ARS305, ARS306, ARS307, ARS309, and ARS310;
introduced by chromoduction from Y1C129

® Not recovered; rare chromoductants were either Ura~ or Trp~, indicating chromosome

rearrangement, e.g. break-induced replication using the balancer chromosome to restore the
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sequences which had been removed by the fragmentation, or had restored an origin by gene
conversion.

"Not determined

38



Table3

Loss rates of the 174-kb 50RIA fragment in homozygous and heterozygous diploids

Strain Lossrate+ S.D. x 10°
Homozygous Heterozygous

Wild-type 300 + 60 N.A2

OFM1-1 ala N.D.? 870 + 130

OFM1-1 Ala. N.D.” 1800 + 300

ofm6 1700 + 300 390+ 70

ofml4 950 + 110 310+ 60
Doubly Heterozygous

ofm6 ofm14 280+ 50

@ Not applicable

P Not determined; while chromoductants were obtained, the loss rate was too high to determine a

reliable loss rate
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Table4

Plasmid stabilities®

Strain pDK?243 pDK412 pDK368-7 pDK398-7
(ARSL) (ARSL x 7) (ARSL + (ARSL +

ARS209 x 7) mut ARS209 x 7)

Wild Type 91+3 96 + 6 85+1 92+1

OFM1-1 31+6 76+7 96+ 3 31+1

&/ alues shown are the percentage of plasmid-bearing cells (mean + standard deviation) in a

log-phase culture grown under selection.
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Tableb

Sensitivities of Ofm Mutantsto DNA damaging agents®

Strain uv® MMS® HU! PHLEO® CPT'
Wild-type + + + + +
OFM1-1 + ++ + + +
ofm2 +++ + + ND? ND
ofmb +++ ++++ ++++ ND ND
ofmb6 ++ + ++ + +
ofml4 ++++ + + ND ND

#The number of +'sin thistable reflects a semi-quantitative summary of the sensitivities of the
different strainsto a series of doses for each agent as described in the Materials and Methods.
Increased sensitivity isindicated by an increased number of '+' signs.

PUltraviolet light

“‘Methyl methane sulfonate

YHydroxyurea

*Phleomycin

‘Camptothecin

9 Not determined
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FIGURE LEGENDS
Figure 1—Chromosome loss assay. Line diagrams of Chromosome Il derivatives carried by the
partialy disomic strain with the 174-kb Chromosome |11 fragment and the haploid strain

following loss of the fragment. Phenotypes of colonies produced by these strains are indicated.

Figure 2—Diagrams of Chromosome |11 fragments and their loss rates. Line diagrams of
fragments of Chromosome |11 are shown. The positions of ARS elements or their deletions are
indicated by vertical lines. Landmark genes are indicated by arrowheads. Loss rates were
determined in the CF4-16B33 strain background and taken from Dershowitz et al. (2007); they
differ dightly though not significantly from those measured in the Y KN10 background (see Table
2). A) 174-kb OORIA fragment; B) 174-kb 5ORIA fragment; C) 142-kb 50RIA fragment; D)

142-kb 60RIA fragment

Figure 3—Summary of the Ofm mutant screen.

Figure 4--Ofm phenotype. Cells from a single colony of the ofm14 mutant lacking the 174-kb
50RIA fragment were mated to donor strains carrying either the 174-kb SORIA or 174-kb OORIA
fragment. Individual chromoductants were selected then streaked on color assay plates to score
their sectoring phenotypes. Both fragments are marked with SUP11-1 which suppresses the
ade2-101 mutation carried by the strain. Chromosome |oss events were detected as red sectors on
awhite colony background. Representative colonies were photographed after 5 days of growth at

30° C. Notethehigh rate of sectoring with the 50RIA fragment compared to the OORIA fragment.
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Figure 5—2D gel analysis of ARS305 and ARS315 replication intermediates in the OFM1-1
mutant. The upper part of the figure shows 2D gels (BREWER and FANGMAN 1987) probed to
detect replication intermediates from ARS305 and ARS315. Abundant bubble-shaped
intermediates are detected from both ARS elementsin the wild-type and OFM1-1 strains. The
arrowheads point to small Y -shaped intermediates (filled arrowhead: ARS305; half-filled
arrowhead: ARS315). DNA isolated from the OFM1-1 strain has more small Y -shaped
intermediates than DNA from the wild-type strain, especialy for ARS315, indicating a slight
initiation defect. The bottom part of the figure shows diagrams, drawn to scale, of the EcoRI
fragments detected by the probes used; note that the ARS elements are near the center of each

fragment.

Figure 6—Western blots of Rad53p in Ofm mutants. Portions of Western blots probed to detect
Rad53p are shown. The hyperphosphorylation of Rad53p, indicating activation of the checkpoint,
is detected as a decrease in eectrophoretic mobility. For the blots shown in the left-hand panels
(labeled 4-NQO), log-phase cells were arrested in G1 with 20 ug/ml alpha-factor; after arrest, the
UV-mimetic, 4-nitroquinoline 1-oxide, was added to afinal concentration of 2 ug/ml, and samples
weretaken at 0, 15, 30, 45, and 60 minutes, FACS analysis confirmed that cellsremain blocked in
G1. Notethat only the ofm14 mutant failed to hyperphosphorylate Rad53p under these conditions,
indicating that the signal transduction cascadeis blocked prior to Rad53p activation. For the blots
shown in the right-hand panels (labeled HU), log-phase cells were first synchronized in G1 with
alpha-factor, then released from the G1 block into medium containing 0.2 M hydroxyurea, and
samples were taken at 0, 30, 60, 120, and 180 minutes, except for the ofm2 time course in which

samples were taken at 20, 40, 60, 90 and 120 minutes. Note that Rad53p was
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hyperphosphorylated by all the strains, indicating that the replication stress signal transduction

cascade is intact.

Figure 7—UV sensitivity of ofm14, rad94, and ofml14/rad94 strains, and complementation of
both the sectoring phenotype and UV sensitivity of ofml4 by pRS316RAD9. A. Serial 5-fold
dilutions of theindicated strains were spotted on Y PD plates. The wildtype and ofm14 strains are
in the YKN10 background, the rad9A strain is from the yeast deletion collection (S288C-related
background), and the diploid is the product of the mating the two. The plate on the right was
UV-irradiated whilethat on theleft was not. As seen in the second row, rad9A fails to complement
the UV-sensitivity of ofml4. B. Upper panels. Serial 5-fold dilutions of the haploid wildtype,
ofm14, and rad9A strainsin the YKN10 background. Plate on the right was UV -irradiated while
that on the left was not. Note that the ofm14 and rad94 mutants show similar UV sensitivities
when in the same strain background. Lower panels. Serial 5-fold dilutions of the ofm14 haploid
transformed with pRS316RAD9 or pR$416 alone. pR$416 is a derivative of pRS316 (SIKORSKI
and HIETER 1989) with minor modificationsin the polylinker and the lacZ gene (BRACHMANN et
al. 1998). C. Complementation of the ofml14 sectoring phenotype by pRS316RAD9.
Representative colonies of an ofm14 strain carrying the 174-kb 5ORIA fragment transformed with
pPRS316RAD9 or pR$416 were photographed after five days of growth at 30°C on —uracil limiting

adenine plates.
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Mutagenize WT strain carrying the 174-kb
SORIA fragment marked with SUP1I-1

Visually screen 142,000 colonies

45 strains with increased sectoring

Lose the fragment, then introduce AQ
and AS fragments by chromoduction

11 strains showing more sectoring with
SORIA fragment than with OORIA fragment
(Originless Fragment Maintenance mutants)



ofml4 + A5 fragment ofml4 + A0 fragment



Wild type

OFMI-1
ARS305
—f— | {——) )
LREI ~ 4PAl YCLOA9C YCLO4SI-A SPS22
ARS315

D a——
PWP2  TIHI TAHI YCROGIW



OFMi-1

ofin2

ofins

ofm6

ofinld

wildtype

4NQO
——-——

—————
—————
—m————

060 180
30120



A

ofinl4
ofnidirad9n
radva

wildiype

wildype
ofinid
rados
offnI#4pRADY
ofin141pRADO

i 4+pRS416

ofin14+pRADY ofinl4-pRS416



