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ABSTRACT
Budding yeast securin/Pdslp, an inhibitor of the anaphase activator separase/Esplp, is involved in
several checkpoint pathways and in promoting Esplp’s nuclear localization. Using a modified synthetic
genetic array (SGA) screen for genes that become essential in the absence of Pdslp, we uncovered roles
for uncharacterized genes in cell cycle processes, including Esplp activation.

HE fidelity of the cell division cycle is ensured, in

part, by conserved regulatory mechanisms known
as checkpoints that govern the timely execution of nu-
merous cell cycle processes. Distinct checkpoints are
activated in response to specific cellular defects, re-
sulting in a cell cycle delay that persists until the defect
is repaired. Thus, cells can compensate for certain intra-
cellular deficiencies by activating a checkpoint response;
conversely, in the absence of checkpoint pathways, in-
nocuous mutations may become deleterious. This no-
tion is the basis of the present study, in which we wished
to identify novel genes involved in key cell cycle pro-
cesses by sensitizing cells to internal damage through
checkpoint inactivation.

The separation of sister chromatids at the metaphase-
to-anaphase transition marks the commitment of cells
to the completion of mitosis. As a result, cellular defects
that could adversely affect chromosome segregation
must be dealt with before anaphase takes place.

Anaphase initiation occurs when securin (Pdslp in
budding yeast) is targeted for degradation by a ubiquitin
ligase, the anaphase promoting complex/cyclosome
(APC/C) (Figure 1; for review see PETERs 2002). Sec-
urin degradation leads to the activation of the protease
separase (Esplp in budding yeast), which is responsible
for inducing sister chromatid separation (reviewed in
UHLMANN 2003). Three checkpoint pathways are known
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to use the budding yeast Pds1p as a mediator of a mitotic
cell cycle delay (Figure 1): the spindle checkpoint path-
way, which is activated in the absence of proper kineto-
chore-spindle microtubule interactions (reviewed in LEw
and BURrkE 2003); the DNA damage checkpoint path-
way, which is activated in the presence of DNA damage
(reviewed in MELO and Toczyskr 2002); and the DNA
replication checkpoint pathway, which is activated in re-
sponse to stalled replication forks (reviewed in LONGHESE
et al. 2003). The checkpoint-induced cell cycle delay is
accomplished, at least in part, by the stabilization of
Pdslp, either by affecting APC/C activity [in the case
of the spindle checkpoint pathway (Yu 2002)] or by
modifying Pdslp itself [in the case of the DNA damage
checkpoint pathway (WANG et al. 2001; AGARWAL et al.
2003)]. Deletion of the PDSI gene results in the com-
plete ablation of the spindle checkpoint pathway and
the partial inactivation of the DNA damage and DNA
replication checkpoint pathways, for which there are
Pdslp-independent mechanisms for inducing a cell cy-
cle delay (MELO and Toczyskr 2002).

Pdslp is also required for promoting the nuclear lo-
calization of Esplp (Figure 1; JENSEN et al. 2001; AGAR-
wAL and CoHEN-F1x 2002) and, possibly, by analogy to
higher eukaryotes, for Esplp activation (JAGER et al. 2001;
JALLEPALLI ef al. 2001; ME1 et al. 2001). In the absence
of Pdslp, cells fail to grow at elevated temperatures
(>28°) due to a deficiency in Esplp activity (YAMAMOTO
et al. 1996; JENSEN et al. 2001). However, unlike Esplp,
Pdslp is not essential for viability. Thus, under permis-
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Frcure 1.—The role of Pdslp in mitotic regulation. Pds1p
is an inhibitor of the protease Esp1p that activates anaphase by
inducing sister chromatid separation. At the onset of anaphase,
Pdslp is degraded in a process that involves the APC/C. At least
three checkpoint pathways inhibit mitotic progression by af-
fecting the degradation of Pdslp. Pdslp not only inhibits
Esplp but also serves as its activator by promoting the nuclear
localization of Esplp (indicated by the curved arrow). See text
for more details.

sive conditions, the nuclear localization, and perhaps
activation, of Esplp in pdsIA strains is carried out by
Pdslp-independent mechanisms.

Given the involvement of Pdslp in several checkpoint
pathways, we reasoned that by inactivating Pdslp we
could uncover novel proteins involved in spindle func-
tion, DNA metabolism, or DNA replication. Mutations
in genes coding for these proteins may be tolerated in
an otherwise wild-type cell through the presence of one
or more checkpoint pathways. However, in a pdsIA back-
ground, where checkpoint responses are either abol-
ished or compromised, these mutations could cause a
severe growth inhibition or death. This type of genetic
interaction, known as synthetic lethality, has been tradi-
tionally used to identify proteins acting in redundant
pathways (HARTWELL 2004). Here, we used the synthetic
lethality scheme to uncover mutations whose harmful
affects are normally masked by regulatory pathways. We
also anticipated that this screen would lead to the identi-
fication of genes involved in Pdslp-independent mecha-
nisms for Esplp nuclear localization and/or activation.
In this case, a synthetic interaction is likely to reflect the
inactivation of pathways that are redundant or partially
overlapping with Pdslp function.

The screen for synthetic interactions with pdsIA was
carried out by a modified synthetic genetic array (SGA)
analysis (TONG et al. 2001; see legend to Figure 2). In
the original method, a strain carrying a mutation in a
query gene was mated with a collection of ~4700 strains,
each carrying a single deletion in a nonessential gene
(designated gene,A, where gene, is one of the ~4700
nonessential genes that is deleted). This array of hetero-
zygous diploids was induced to undergo meiosis, and
the inability to obtain a double mutant, namely a cell
with the queried mutation and the deleted gene from
the collection (gene,A), was evidence for a synthetic
lethal interaction. In this study we modified the SGA

method and incorporated a plasmid-based step. Briefly,
the queried mutation, in our case pdsIA, was combined
with mutations from the deletion collection in the pres-
ence of a centromeric plasmid, pPDS], coding for URA3
and a wild-type copy of the PDSI gene. Following meiosis
and germination, pdsIA gene,A double-mutant strains
carrying pPDS1 were tested for synthetic lethality by
examining their ability to survive without the plasmid
(Figure 2). The advantages of using a plasmid-based
assay were threefold:

1. It eliminated many false positives that arose from the
inability to obtain double mutants due procedural
reasons unrelated to synthetic interactions.

2. Itallowed us to circumvent synthetic interactions that
cause lethality not during growth per se but at the
time of spore germination, the requirements and
regulation of which are poorly understood but could
be significantly different from those for vegetative
growth.

3. Cells lacking Pdslp are prone, in and of themselves,
to high levels of chromosome instability and exhibit
poor growth even at the permissive temperature (23°).
Including a wild-type copy of the PDSI gene ensured
that cells were genetically stable throughout the ex-
periment, thus reducing the likelihood of suppres-
sion or exacerbation of a synthetic interaction due
to aneuploidy.

The modified SGA screen was carried out twice, re-
sulting in 260 putative synthetic interactions (e.g., syn-
thetic lethality or synthetic sickness), with only a 10%
overlap between the two screens. A total of 220 diploid
parents containing pPDS1 were subjected to tetrad anal-
ysis as described in the legend to Figure 2. Each gene,A
mutant strain was tested for growth by itself and in
combination with the pdsIA mutation with pPDS1 (on
YPD) or without pPDSI [on plates containing 5-fluoro-
orotic acid (5-FOA), which allows growth of cells that have
lost the URA3-containing plasmid; Figure 2]. To ensure
that the 5-FOA sensitivity reflected dependence on PDSI,
all double-mutant combinations carrying pPDS1 were fur-
ther tested for their ability to grow on 5-FOA when another
centromeric plasmid carrying PDSI and a selectable
marker other than URA3was introduced (see legend for
Figure 2). Under this condition, all strains with double-
mutant combinations that resulted in synthetic lethality
or sickness should be able to lose pPDS1 and grow on
5-FOA. On the basis of the growth phenotype, interac-
tions were classified as “synthetically lethal” (for exam-
ples, see Figure 2, cin8A and slk19A), “synthetically sick”
(Figure 2, chlIA and stiIA), or “noninteractors” (i.e., if
growth in the presence or absence of pPDSI were indistin-
guishable; not shown). The side-by-side analysis of the
gene,A mutant strain and the gene,A pdsIA double-
mutant strain allowed us to eliminate false positives that
resulted from a severe growth defect of the gene, A muta-
tion alone.
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and URA3 (pPDS1) was crossed
individually to ~4700 MATa
strains of the yeast deletion col-
lection, each containing a sin-
gle deletion of a nonessential
gene (designated gene,A). Fol-
lowing diploid selection, the strains were sporulated and selected for double mutants (pdsIA gene,A) containing pPDS1 (for
double-mutant selection procedure see TONG et al. 2001). Of the 4700 crosses, ~90% gave rise to double-mutant strains containing
the plasmid. Of those, 260 strains showed a putative synthetic interaction as scored by the inability to lose pPDSI (see below).
A total of 220 of these strains were further examined by tetrad analysis. For each of these strains, four double-mutant isolates
(pdsIA gene,A) and two single-mutant isolates (gene,A) were assayed by three 10-fold serial dilutions for their ability to survive
in the absence of Pdslp function by counterselecting for pPDS1 on 5-FOA media. Because 5-FOA is toxic to cells expressing
URA3, only cells that have spontaneously lost pPDS1 would be able to grow on the 5-FOA plates. The inability to grow on
5-FOA, indicative of a requirement for Pdslp for growth, was manifested by either synthetic lethality (for example, see ¢in8A or
slk19A) or severe synthetic sickness (see ¢hlIA or stiIA). Double-mutant combinations that were unable to grow on 5-FOA were
transformed with pOC78, a centromeric plasmid coding for PDSI LEU2 HIS3. If the inability of the gene,A pdsIA pPDSI strain
to grow on 5-FOA was due to a requirement for PDSI (and not due to the integration of the URA3 gene into the chromosome,
for example), then the presence of pOC78 should allow these cells to grow on 5-FOA. Of the 220 strains examined by tetrad
analysis, 21 showed a true synthetic interaction. The identity of the gene disruptions in these strains was verified by sequencing.
The high false-positive rate, which is in line with recent reports (TONG et al. 2004), may be due to technical challenges associated
with the automated procedure (TONG et al. 2001) that can be affected by various factors such as growth rate differences and
morphology effects on transfer efficiency.

In all, 21 of the 220 mutations tested were verified as end of Figure 2). As shown in Table 1, 11 mutants
having a bona fide synthetic interaction with pdsIA. The exhibited a synthetic interaction with at least 1 check-
full list of synthetic interactions is shown in Table 1. point mutant. As expected, mutations in most of the
These could be divided into five functional groups: mi- genes coding for microtubule-associated proteins showed
crotubule dynamics, chromosome segregation, cell cy- a synthetic interaction (lethality or sickness) with mad2A.
cle regulators, heat-shock proteins, and proteins of un- Moreover, among those that showed a synthetic interac-
known function. One gene identified in this screen that tion with any checkpoint mutant, most were with mad2A
was previously unnamed was designated as SWS2, for (8 of 11). This is consistent with the more prominent
sick without securin. Importantly, our screen was based role played by Pds1p in the spindle assembly checkpoint
on the premise that the absence of Pdslp function would than in the DNA replication or DNA damage checkpoint
uncover proteins involved in spindle- or DNA-related pathways. Interestingly, mutations in two genes coding
processes. This approach was validated by the isolation for proteins of unknown function, APQI2 and VPS64
of mutant strains defective in microtubule-associated pro- (also known as FARY), also exhibited synthetic interac-
teins (e.g., cin8A) that were known to require the spindle tions with mad2A, suggesting that the proteins encoded
checkpoint pathway for viability (GEISER et al. 1997). by these genes may play a role in kinetochore or spindle

Next, we wished to determine which of the synthetic function. Apql2p is an endoplasmic-reticulum-associated
interactions listed in Table 1 was due to checkpoint protein of unknown function (T. SLABY and O. COHEN-
failure. To this end, each of the single gene, A strains was F1x, unpublished results) and Vps64p/Far9p was pre-
crossed to a strain defective in the spindle checkpoint viously shown to have a role in the response to mating-
pathway (mad2A), the DNA damage checkpoint pathway pheromone-induced arrest (KEMp and SPRAGUE 2003).
(rad9A), or the DNA replication checkpoint pathway Thus, in both cases, a connection to the spindle check-
(mrcIA). In each case, the checkpoint mutant strain point pathway is intriguing. Likewise, a mutation in a
harbored a wild-type copy of the mutant checkpoint gene coding for another protein of unknown function,
gene (MAD2, RADY, or MRCI, respectively) on a CEN Dia2p, a predicted F-box protein, was synthetically lethal
URA3 plasmid. A synthetic interaction was evident by with rad9A. Mutation of DIA2 causes a mild invasive
the ability of the double mutant (i.e., gene,A with a growth phenotype (PALECEK et al. 2000) and a modest
checkpoint mutant) to grow in the presence, but not stabilization of ectopically expressed cyclin E (KOEPP et

in the absence, of the plasmid, as described above (leg- al. 2001). Intriguingly, both the pdsIA dia2A and the
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TABLE 1

Synthetic interaction results

Rescue of SI

Gene SI with SI with SI with SI with with pdsIA
ORF name Function’ pdsIA mad2-* rad9A“ mrcIAY by 2uESPI1¢
Microtubule dynamics
YMR198W CIK1 Kar3 kinesin-binding protein Lethal Lethal None Sick No
YOR349W CINI Tubulin-folding chaperone Lethal Lethal None None No
YPL241C CIN2 Tubulin-folding chaperone Lethal None None None No
YELO61C CINS Spindle-associated kinesin Lethal Lethal None None No
YML094W GIM>5 Tubulin folding Lethal Sick None None No
Chromosome segregation
YPLOOSW CHLI Helicase, sister chromatid cohesion Sick None None None No
YPRI35W CTH4 Associated with DNA pola Sick None None Lethal No
YRMO078C CTF18 Alternative RF-C subunit Lethal None None None No
YPLO18W CTFI19 Kinetochore protein Lethal Lethal None None No
YCLO16C DCCI Alternative RF-C subunit Lethal None None None No
YOR195W SLK19 Kinetochore and spindle associated Lethal None None None No
Cell cycle
YPRI119W CLB2 Mitotic cyclin Sick None None None No
YCRO65W HCM1 Transcription factor Sick Sick None None No
Heat Shock
YMRI186W HSCS82 Hsp90-type chaperone/heat shock Sick None None None Yes
YORO027W STI1 Hsp90 cochaperone Sick None None None Yes
YPL106C SSE1 Hsp70-type chaperone/heat shock Lethal None None None No
Unknown function
YOROS0OW DIA2 F-box protein Lethal None Lethal None No
YLR204W ORI5 Unknown Sick None None None No
YNLO81C SWS2 Unknown Sick None None None No
YILO40W APQI2 Unknown Lethal Lethal None None No
YDR200C VPS64 Mating-pheromone response Sick Lethal None None No

SI, synthetic interaction.

“Function is based on the gene ontology annotation of the Saccharomyces cerevisiae database (http:/www.yeastgenome.org/)

and references therein.
? pdsIA strain used was described in legend to Figure 2.

“Crosses to mad2A, rad9A, and mrcIA strains were done with single mutants (gene,A) that came out of the tetrad analysis done

in the cross with pdsIA.

‘Deletion of the MAD2 gene results in the inactivation of the spindle checkpoint pathway. The mad2A strain used was MATo
canIA leu2A his3A lys2A ura3A mfalA::MFApr-HIS3 mad2:NAT[pRL18] (pRL18: CEN URA3 MAD?2 plasmid). Strain and plasmid

were a gift from Dan Burke (University of Virginia).

‘Deletion of the RADY gene results in the inactivation of the DNA damage checkpoint pathway. The rad9A strain used was
MATa ura3A leu2A his3A met15A rad9:NAT [pRAD9] (pRADY: CEN URA3 RADY plasmid). pRAD9 was a gift from Steve Elledge

(Harvard Medical School).

/Deletion of the MRCI gene results in the inactivation of the DNA replication checkpoint pathway. The mrcIA strain used
was MATa wra3A leu2A his3A met15A mrcI:NAT [pMRC1] (pMRC1: CEN URA3 MRCI plasmid). pMRCI was a gift from Steve

Elledge (Harvard Medical School).

¢Plasmid 2uESP1 is a pRS426 (2uURA3)-based plasmid encoding for ESPI in which the URA3 gene was substituted for LYS2
by PCR-mediated recombination. This plasmid was transformed into pdsIA gene,A lys2 strains carrying pPDS1 that were isolated

in the original tetrad analysis.

rad9A dia2A synthetic lethal interactions were observed
onlyin crosses with dia2A cells that had been propagated
for numerous cell divisions, a finding that reflects the
progressive accumulation of DNA damage that occurs
in the absence of Dia2p (D. BLAKE and M. TYERS, un-
published results).

The synthetic lethality with pdsIA and mutations in

checkpoint genes suggested that in a checkpoint-profi-
cient background, several of the mutations isolated in
this screen might exhibit cell cycle delays, especially in
Gy/M, where the aforementioned checkpoint pathways
are known to act. This was of particular interest in the
case of apql2A, vps64A, and dia2A, mutations that were
previously uncharacterized with regards to cell cycle
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F1cure 3.—Cell cycle distribution of mutants that show a genetic interaction with pdsIA. Wild-type and mutant strains in A
and B were grown to early log phase, fixed in 70% ethanol, and analyzed by flow cytometry (A) and fluorescent microscopy (B)
for cell cycle distribution. (A) Only strains whose flow cytometry profiles are different from wild type are shown. Note the
relatively high fraction of cells with 2N DNA content in the mutants shown relative to wild type. (B) Histograms represent the
percentage of cells with a large bud and an undivided nucleus, indicative of a Gy/M phase. (C) Images of wild-type, dia2A,
vps64A, and apql2A cells. Bright white areas indicate DNA (DAPI staining).

profiles. To test this possibility, the cell cycle distribution
of unperturbed logarithmic-phase cultures of the single
mutants (i.e., a wild-type PDSI and checkpoint-profi-
cient background) was determined by flow cytometry
analysis (Figure 3A) and cell morphology analysis (Fig-
ure 3B). As expected, many of the mutations in processes
related to microtubule dynamics and chromosome seg-
regation (Table 1) exhibited a Gy/M accumulation ei-
ther by flow cytometry or by cell morphology (Figure
3, A and B). This was also true for dia2A, apql2A, and
ups64A, further supporting an involvement in DNA me-
tabolism (for Dia2p) or spindle/kinetochore function
(for Apql2p and Vps64p), as suggested by their genetic
interactions with the respective checkpoint pathway mu-

tations. Interestingly, the growth defect in dia2A, apql2A,
or ups64A was also manifested in their relatively large cell
size (Figure 3C), typical of cells that are experiencing
a cell cycle delay. Taken together, these results strongly
suggest that Dia2p, Apql2p, and Vps64p are involved
in processes that affect cell cycle progression.

While this manuscript was in preparation, TONG et al.
(2004) reported the results of an extensive SGA analysis
involving numerous checkpoint mutations. The ToNG
et al. (2004) screen, done without the plasmid loss step,
uncovered synthetic interactions between mad2A and
many of the gene disruptions reported here, but not
with apql2A, vps64A, or dia2A. Furthermore, the TonG
et al. (2004) screen reported synthetic interactions be-



1768

S. Sarin et al.

B 70
60 - I
w 50 I
]
s I T T |
: [
9301
: il F hohd
[
5 20T T e N
(=W
10““ H HH HHDH“HBHHU
0 - - - - - L -
¥ 9 99 949999999 9499<9<994949<44d
%EEE?@EE%EQEQQE%EE?%EQE F1GURE 3.—Continued.
SETESSEITETESTEEIESES
By
Microtubule Chromosome Cell Heat Unknown
dynamics segregation cycle  shock function
C

dia2A

Wild type

vps64A

tween double-mutant combinations involving check-
point genes that were viable in our hands, including
mad2A with chlIA, ctf18A, or decIA and rad9A with ctf18A
or decIA. There could be at least two reasons for these
differences:

1. Due to the temperature sensitivity of the pdsIA strain,
all of our analyses were done at 23°, whereas the
TONG et al. (2004) assays were done at 30°. We know
that at least one synthetic interaction, between apgl2A
and mad2A, is temperature dependent (T. SLaBy and
O. CoHEN-FIX, unpublished results).

2. The ToNG et al. (2004) analysis was done without a
plasmid carrying a wild-type copy of the queried gene,
and therefore it is possible that in some cases the ob-
served synthetic interaction stemmed from a require-
ment for germination rather than for viability per se. In
other words, certain double mutants may not have
displayed a synthetic lethal interaction during vegeta-
tive growth had they been able to pass the germina-
tion step.

In our screen, the inclusion of the plasmid circumvents
germination issues, as we were testing only double mu-
tants that have passed this stage. In this regard, during
tetrad analysis we observed that several double-mutant

apql2A

combinations displayed a higher-than-expected rate of
spore death that was not observed when the double-
mutant strain carried the plasmid.

The role of Pdslp in Esplp nuclear localization
prompted us to examine whether any of the genes iden-
tified in this study were associated with Esplp function.
In the absence of Pdslp, cells are unable to grow at
elevated temperatures due, at least in part, to Esplp’s
inability to enter the nucleus (JENSEN et al. 2001). This
phenotype could be partially suppressed by overexpress-
ing ESPI (JENSEN ef al. 2001), suggesting that high levels
of Esplp can compensate for defects in pathways in-
volved in Esplp activation. Therefore, we examined
whether elevated levels of Esplp expressed from a high-
copy plasmid (2WESPI) could rescue any of the syn-
thetic interactions between pdsIA and the mutants
isolated in our screen. Indeed, the synthetic sickness
between pdsIA and mutations in two heatshock genes,
HSCS82, encoding an Hsp90-type chaperone, and S771,
encoding a cochaperone of Hsc82p (CHANG and LIND-
QuisT 1994; CHANG el al. 1997), was suppressed by
2nESP1, as is evident by the ability of the pdsIA hsc82A
2ESPlor pdsIA stiIA 2uESP1 strains to survive in the
absence of pPDS1 (Figure 4A). Interestingly, the syn-
thetic interaction between pdsIA and a disruption in
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tions between pdsIA and mutants in
genes coding for Hsp90-type chaper-
ones reflect a role for the latter in
Esplp activity. (A) Double-mutant
strains (pdsIA gene,A) carrying pPDS1
were transformed with 2uESP1 (de-
scribed in Table 1) or with vector
alone and analyzed for their ability
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another heat-shock gene, sseIA, was not suppressed by
2uESP1 (data not shown).

The relatively mild sickness exhibited by the pdsIA
stiIA strain allowed us to test for further evidence in
support of an Esplp-related function for Stilp. Cells
compromised for Esplp function are defective in sister
chromatid separation, and Esplp null cells exit mitosis
in the complete absence of nuclear division, resulting
in the accumulation of cells lacking a nucleus (anucleate
cells; MCGREw et al. 1992). Thus, if Pdslp and Stilp
contribute independently to Esplp function, one would
expect that the pdsIA stilA double-mutant strain would
exhibit phenotypes reminiscent of loss of Esplp activity.
In keeping with this possibility, the pdsIA stiIA strain
showed levels of anucleate cells that were significantly
higher than those of wild-type cells or either of the single-
mutant strains alone (Figure 4B). These results suggest
that Pds1p and Stilp independently contribute to Esplp

pds1AstilA

| to survive in the absence of Pdslp by
growth on media containing 5-FOA.
The synthetic lethality of two double
mutants, hsc82A  pdsIA and stiIA
pdsIA, could be rescued by this ap-
proach. An example of a double mu-
tant that was not rescued (cinlIA
pdsIA) is also shown. (B) Percentage
of anucleate cells (i.e., cells without
a distinct DNA mass as determined
by DAPI staining) was determined as
described in Figure 3A. (C) An
hsc82A/HSCS82  espl-1/ESP1  diploid
strain was induced to undergo meio-
sis and form tetrads. The haploid
meiotic products (spores) were dis-
sected onto a rich media plate (YPD).
The growth of spores from seven such
tetrads is shown. The symbols denote
the genotypes of these spores as de-
termined subsequently. Open sym-
bols indicate the predicted genotypes
of spores that failed to germinate.
Similar results were obtained when
analyzing a stilA/STII espl-1/ESPI
diploid strain (data not shown).

activation and that in the absence of both proteins Esplp
activity is reduced, resulting in the appearance of anucle-
ate cells.

Finally, if Stilp and Hsc82p are involved in Esplp
function, one might expect that in their absence, the
phenotype of a compromised espl allele may become
more severe. To test this possibility, we crossed a stiIA
or hsc82A strain to an espl-I strain and the resulting
diploid strains were induced to undergo meiosis. Analysis
of the meiotic products revealed that the stiIA espI-1 or
hs¢82A espl-1 double-mutant combination was drasti-
cally underrepresented (Table 2), representing only 3
of 103 spores and 3 of 60 spores, respectively. In con-
trast, the other expected genotypes (wild type and each
of the single mutants) appeared in roughly equal num-
bers and accounted for >95% of the spores. In most
cases, the genotype of spores that failed to germinate
could be inferred to be stiIA espl-1 or hsc82A espl-1 (Fig-
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TABLE 2

Synthetic interactions between espI-1 and chaperone mutants

Spore genotype No. observed

A. hsc82A X espl-1

hsc82A 20
espl-1 20
hsc82A espl-1 3
Wild type 17
Total no. of spores 60

B. stilA X espl-1

stilA 36
espl-1 28
stiIA espl-1 3
Wild type 36
Total no. of spores 103

ure 4C and data not shown). Taken together, these results
suggest that the heatshock/chaperone proteins Stilp and
Hsc82p play a role in promoting Esplp function.

For four of the gene disruptions identified in our screen
(clb2A, sws2A, qri5A, and sselA) neither their putative
function nor our secondary screens (synthetic interac-
tions with checkpoint mutants or high-copy ESPI) shed
light on the cause for their synthetic lethality or sickness
with pdsIA. ClIb2p is one of the yeast mitotic cyclins and
the synthetic lethality between pdsIA and ¢lb2A has been
reported previously (Ross and Conen-Fix 2003). SWS2
and QRI5 encode mitochondria-associated proteins of
unknown function (HuH et al. 2003), and their genetic
interaction with PDSI suggests that mitochondria may
play a role in cell cycle regulation. Interestingly, flow
cytomerty analysis suggested that sws2A and ¢ri5A strains
accumulate early in the cell cycle (data not shown).
Finally, Sselp is a heat-shock/chaperone protein of the
Hsp70 family, and further studies are needed to deter-
mine how heat-shock proteins are involved in regulating
cell cycle progression.

Uncovering genetic interactions with a mutation that
confers genomic instability is challenging, as suppressors
that could mask a severe growth deficiency can readily
arise through aneuploidy. Nonetheless, our screen yielded
21 gene disruptions that showed genetic interactions
with pdsIA under very stringent conditions, namely tet-
rad analysis followed by a plasmid loss assay. A significant
number (eight genes) were not previously known to
have cell-cycle-related functions. We were able to iden-
tify new genes involved in spindle function or DNA
metabolism, and we uncovered a previously unknown
role for heatshock/chaperone proteins in Esplp func-
tion. Moreover, synthetic interactions with pdsIA that
were not mirrored by genetic interactions with other
checkpoint mutants or suppressed by high levels of
Esplp may reflect novel roles of Pdslp; Pdslp may be

involved in as-yet-uncharacterized checkpoint pathways
or it may have additional targets that require the pres-
ence of Pdslp to sustain viability. Future work aimed at
understanding these interactions at the molecular level
is likely to yield insights into key cell cycle processes,
such as spindle function and Esplp activation, and possi-
bly new roles for Pdslp in cell cycle regulation.
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