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ABSTRACT

Cdc25 phosphatase primes entry to mitosis by removing the inhibitory phosphate that is transferred to
mitosis promoting factor (MPF) by Weel related kinases. A positive feedback loop then boosts Cdc25 and
represses Weel activities to drive full-scale MPF activation and commitment to mitosis. Dominant mutations
in the Schizosaccharomyces pombe spindle pole body (SPB) component Cutl2 enable c¢dc25.22 mutants
to overcome a G2 arrest at 36° and enter mitosis. The recessive temperature-sensitive cutl 2. mutation results
in the formation of monopolar spindles in which the spindle pole marker Sadl is enriched on the
nonfunctional SPB at 36°. We identified mutations at five loci that suppressed the lethality of the recessive
cut12.1 mutation at 36° and conferred lethality at 20°. Three of the five mutations led to the formation of
monopolar spindles at restrictive temperatures, affected cell size at commitment to mitosis, and generated
multiple Sadl foci at nuclear periphery. The five loci, ¢fb2.vt1, ifb5.7t5, plal.rt3, rpl4301.7t4, and rot2.1,
and multicopy suppressors, including (/61" and dbp10*, are involved in transcription, translation, or RNA
processing, prompting us to establish that elevating Cdc25 levels with the dominant c¢dc25.d1 allele,
suppressed cutl12.1. Thus, rot mutants provide a further link between protein production and cell-cycle

progression.

ENETIC analysis of cell-cycle control in fission
yeast and biochemical approaches in Xenopus re-
vealed that commitment to mitosis is controlled by the
activity of a conserved protein kinase complex called
mitosis promoting factor (MPF) (Nursk 1990). MPF is
composed of a catalytic subunit, Cdc2 (known as Cdkl
in several systems), and a regulatory subunit, cyclin B,
thatis destroyed when cells enter anaphase (EvVANS et al.
1983). Cdc2 is activated only when the criteria for en-
trance to mitosis have been fulfilled. In fission yeast
these criteria include the attainment of a critical cell
volume and the provision of an appropriate nutrient
supply to ensure the completion of division (MITCHISON
2003). MPF is restrained in an inactive state as a result
of inhibitory phosphorylation by Weel-related kinases
until such criteria are fulfilled (RusseLL and NURSE
1987a; GouLp and NURSE 1989; FEATHERSTONE and
Russerl. 1991; PArRkeER and PiwnNicaAworms 1992;
McGowaN and RusseLL 1993). This phosphate is then
removed at the appropriate time by Cdc25 phosphatase

'Present address: Swiss Institute of Bioinformatics (SIB), CH-1211
Geneva 4, Switzerland.

?Present address: Matrix Science, London W1H 1PP, United Kingdom.

*Corresponding author: CRUK Cell Division Group, Paterson Institute for
Cancer Research, Wilmslow Rd., Manchester M20 4BX, United Kingdom.
E-mail: ihagan@picr.man.ac.uk

Genetics 176: 73-83 (May 2007)

to promote entrance into mitosis (RUSSELL and NURSE
1986). Thus the timing of entrance into mitosis is gov-
erned by the balance of Weel and Cdc25 activities
(FanTES 1983; NURSE 1990).

The activation of a priming level of MPF promotes a
positive feedback loop that boosts the activity of Cdc25 and
inhibits the activity of Weel-related kinases (HOFFMANN
et al. 1993). Studies of MPF activation in Xenopus ex-
tracts indicated that, while MPF itself comprised an
important part of this positive feedback loop, Cdc25
could still be activated in MPF primed extracts from
which all Cdc2 and the related Cdk2 kinase had been
depleted and that mutation of MPF consensus phos-
phorylation sites on Cdc25 did not block activation
(Izumr and MALLER 1993, 1995). The search for the
feedback loop, Cdc25 activating, kinase identified Xen-
opus polo kinase (Kumacar and Dunpeay 1996). Sub-
sequent work consolidated the view that polo kinase
constitutes a critical part of the loop in Xenopus extracts
(ABRIEU et al. 1998; KARAISKOU et al. 1999, 2004). Fur-
thermore, phosphorylation of cyclin B by polo kinase is
one of the earliest aspects of MPF activation noted in
human cells to date (JACKMAN et al. 2003) and injection
of antibodies against polo kinase blocks entrance to
mitosis in nontransformed human cell lines (LANE and
Ni1cG 1996). Less is known of Weel’s role in feedback
loop activation; however, it is heavily phosphorylated
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upon mitotic commitment in a range of systems (TANG
et al. 1993; MUELLER et al. 1995; WATANABE et al. 2004)
and budding yeast Weel, Swel, has been proposed to
interact with and be inhibited by the polo kinase Cdcb
(BARTHOLOMEW et al. 2001; SAKCHAISRI et al. 2004).
Recent data suggest that Greatwall kinase works along-
side polo as part of the positive feedback loop in Xe-
nopus extracts (YU et al. 2006).

In S. pombe, the activation of bulk Cdc25 activity requires
prior activation of MPF, indicating that it also employs a
positive feedback to promote mitosis (KOVELMAN and
RusseLL 1996). A screen for extragenic suppressors of
the conditional ¢dc25.22 mutation identified three dom-
inant mutations in the stfI" gene (suppressor of 25) that
enabled cells from which ¢dc25" had been deleted to
proliferate (HUuDSON et al. 1990, 1991). The same gene
was identified in a screen for mutants that increased
ploidy after a generation at 36° (BRIDGE et al. 1998). As
the mutant identified in this screen exhibited the “cut”
phenotype (HIRANO et al. 1986), it was called cutl2".
Because the conditional lethal cut/2.1 mutation was a
recessive mutation and sifl.I] dominant, the gene is
referred to as cut12" and the stfl.1 mutation as cutl2.s11.

cutl2* encodes an essential component of the spindle
pole body (SPB) (BRIDGE et al. 1998). In cutl2. 1 mutants
one of the two SPBs fails to nucleate microtubules and
the SPB-associated protein Sadl (HAGAN and YANAGIDA
1995) becomes asymmetric, associating primarily with
the inactive SPB. Deletion of the cutl2" gene also blocks
spindle formation, but in this case Sadl shows equal
affinity for either SPB (BRIDGE et al. 1998). In contrast
spindle formation and function are unaffected in the
cdc25.22-suppressing cutl2.s11 allele. Fission yeast polo
kinase Plol normally associates with the mitotic but not
interphase SPBs; however; in cutl2.s11 cells Plol is pre-
maturely recruited to interphase SPBs (MULVIHILL ef al.
1999). Furthermore the cut12.s11 mutation boosts Plo1
kinase activity over wild-type levels, whereas cut12. 1 blocks
the mitotic activation of Plol (MACIVER et al. 2003).
Genetic analyses support a functional link between
Cutl2 and Plol activity because the ability of cutl2.s11
to suppress cdc25.22 requires a fully functional Plol
kinase and activation of Plol independently of any
change in Cutl2 status mimics cutl2.s11 in suppressing
cdc25.22 (MACIVER et al. 2003). Because inactivation of
Weel overcomes the requirement for Cdc25 (FANTES
1979) and Schizosaccharomyces pombe utilizes a positive
feedback loop to promote mitosis (KOVELMAN and
RusseLL 1996), we proposed that cutl2.s11 suppresses
defective Cdc25 function by inappropriately promoting
Plo1 activity to drive the feedback loop to suppress Weel
activity. Implicit in this model is a role for Cutl2 in
the normal controls that regulate mitotic commitment
(MACIVER et al. 2003).

The ability of the cutl12.s11 allele to promote mitosis
in ¢dc25.22 cells and the premature recruitment of
Plol to the SPB both depend upon the activities of the

fission yeast NIMA-related kinase, Finl, and the p38
equivalent stress response pathway (SRP) kinase Spcl/
Styl (GRALLERT and HAGAN 2002; PETERSEN and HAGAN
2005). Because the amplitude of SRP signaling is greater
in minimal than in rich medium (SH10ZAKI and RUSSELL
1995), Cutl2, Plo1, and the SRP coordinate cell division
with the nutrient status of the immediate environment.

A further level of control over the timing of commit-
ment to mitosis in fission yeast is provided by modula-
tion of the level of the mitotic inducers. Both Cdc25 and
Cdcl3/cyclin B accumulate during interphase to peak
in mitosis (BooHER and BracH 1988; CREANOR and
MitcHISON 1994). Furthermore, both Cdc25 and the
two B-type cyclins, Cdcl3 and Cig2, are subject to strict
translational control (DAGA and JIMENEZ 1999; GRALLERT
et al. 2000). A sudden reduction in the competence to
translate proteins leads to a precipitous drop in cyclin B
levels leading to a rapid block of division upon nutrient
limitation (GRALLERT et al. 2000). Similar mechanisms
may be employed during checkpoint responses to DNA
damage as a DEAD box helicase that has been associated
with translational control was identified by a number of
groups in a screen of elements that cooperated with
Cdc25 to block division when DNA integrity is compro-
mised (FOrRBES et al. 1998; GRALLERT et al. 2000) and in
a screen for multicopy suppressors of a cold-sensitive,
loss-of-function mutant of ¢dc2 (L1uU et al. 2002).

We describe mutations in five loci that both suppress
cutl2.1lethality at 36° and confer a cold-sensitive growth
defect in their own right. These loci are involved in
transcription/translation control. The intimate link be-
tween Cdc25 and Cutl2 and translational control of
Cdc25 (DAGA and JIMENEZ 1999) led us to establish that
mutations that elevate Cdc25 levels by removing pseudo-
ORFs from the ¢dc25 5-UTR (DAcA and JIMENEZ 1999)
suppresses cutl2.1.

MATERIALS AND METHODS

Strains, cell culture, and molecular biology: Strains are
listed in Table 1. Standard fission yeast and molecular biology
approaches were used throughout (MORENO et al. 1991). For
spot tests, cells were grown to midlog phase and serial fivefold
dilutions were plated on solid medium. rotx-suppressing plas-
mids were cloned from a genomic library (BARBET et al. 1992).
To generate the cdc25.d1::leul strain, the Pstl-Sacl fragment
from the plasmid pRep3x:cdc25-d1 (DAGA and JIMENEZ 1999)
was cloned into pJK148 integrative plasmid (KeEnEy and
Bokkk 1994) to generate pJKcdc25-d1. The new plasmid was
linearized into the lewl" marker at the Nrul site and trans-
formed into leul-32, ura4—dI8 strain. Leu+ colonies were
selected and checked by PCR and crossing to a leul ::ura4+
strain (0% leu+ ura+) for integration into leu! locus (strain
TH4625).

Cell biology: Cells were processed for Western blotting with
AP9.2 (anti-Sadl), anti-Cut12, anti-Cdc2 (PN24), or 9E.10 anti-
myc epitope monoclonal antibody (EVAN et al. 1985; SIMANIS
and NURSE 1986; HacAaN and YANAGIDA 1995; BRIDGE et al.
1998) according to MACIVER et al. (2003). Standard fluores-
cence procedures that used AP9.2 (anti-Sadl) and TAT1 (anti-o
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TABLE 1

List of strains

Strain Genotype Origin
IH 163 972 h~ Lab stock
IH 365 leul.32 ura4.d18 - Lab stock
IH 366 lewl.32 ura4.d18 his2 h* Lab stock
IH 3589 ifb2.rtl lewl.32 ura4.d18 h~ This study
IH 3968 i2.7t1 ura4.d18 lewl.32 ade6-M210 h* This study
IH 3979 U2.1t1/tfb2" meil™ /meil . 102 ade6.M210/ade6.M216 This study
IH 693 io2.rtl cutl2.1 ura4.d18 leul .32 h~ This study
IH 4050 i2.7t1 ura4.d18 lewl.32 cde25" pRep3Xcde25.d1 h* This study
IH 4051 i2.rt1ura4.d18 leul. 32 pREP3X ded It h* This study
IH 3735 rot2.1 ura4.d18 leul . 32 h* This study
IH 3969 rot2.1 leul.32 ade6-M210 h This study
IH 3980 rot2.1/rot2" meil* /meil. 102 ade6.M210/ade6.M216 This study
IH 3536 rot2.1 cutl2.1 ura4.d18 leul.32 h* This study
IH 2024 plal.rt3 cutl2.1 his2 leul.32 wra4.d18 h* This study
IH 3970 plal.rt3 leul.32 ade6-M210 h~ This study
IH 3981 plal.rt3/plal* meil™ /meil. 102 ade6.M210/ade6.M216 This study
IH 4060 plal.rt3 ura4.d18 leul.32 cdc25" pRep3Xcede25.d1 b~ This study
IH 4061 plal.rt3 ura4.d18 leul.32 pRep3Xdedl™ h~ This study
IH 3537 rpl4301.vt4 cutl2.1 ura4.d18 leul.32 h* This study
IH 3290 rpl4301.7t4 ura4.d18 leul. 32 b~ This study
IH 3291 rpl4301.vt4 ura4.d18 lewl . 32 h* This study
IH 3982 rpl4301.7t4/rpl4301" meil* /meil. 102 ade6.M210/ade6.M216 This study
IH 3292 ib5.1t5 ura4.d18 leul.32 h~ This study
IH 3293 io5.7t5 wra4.d18 leul .32 his2 h* This study
IH 3538 io5.rt5 cutl2.1 ura4.d18 leul.32 h* This study
IH 4035 ib5.115/rot5" meil™ /meil. 102 ade6.M210/ade6.M216 This study
IH 3604 ib5.715 ¢dc25.22 ura4.d18 leul.32 his2 h~ This study
IH 4070 i5.1t5 ura4.d18 lewl.32 cde25" pRep3Xcde25.d1 h This study
IH 4071 io5.715 ura4.d18 lewl.32 pRep3Xdedl* h~ This study
IH 596 cutl12.1 leul.32 wra4.d18 h~ BRIDGE et al. (1998)
IH 661 cutl2.1 ade6.704 wra4.d18 leul.32 his2 h* BRIDGE et al. (1998)
IH 3496 ded1-61 leul.32 h~ GRALLERT et al. (2000)
IH 3497 dedI-78 leul .32 - GRALLERT et al. (2000)
IH 3541 dedI-1D5 wra4.d18 leul .32 h* GRALLERT et al. (2000)
IH 5464 cutl2.1 dedl-1D5 h~ This study
IH 5466 cutl2.1 dedl-78 h~ This study
IH 4626 lewl ::cde25.d1 cde25" cutl2.1 h~ This study
IH 4625 lewl ::cdc25.d1 cde25" B* This study
IH 634 cdc25.22 ura4.d18 leul.32 his2 h* Lab stock
IH 565 cdc25.22 wra4.d18 leul. 32 I Lab stock
IH 333 gt 1" :LEU2" leul .32 h~ This study
IH3029 h* cde25:12myc:ura4” ura4.D18 leul.32 LopPEz-GIRONA et al. (1999)
1H4461 h™ fp2.0t1 cde25:12myc:ura4™ ura4.D18 leul 32 This study
1H4394 k= rot2.1 cdc25:12myc:ura4” ura4.D18 leul .32 This study
IH4395 = plal.rt3 cdc25:12myc:ura4™ wra4.D18 leul.32 This study
1H4396 = rpld301.7t4 cdc25:12myc:urad4” wra4.D18 leul.32 This study
TH3598 h* ifo5.rt5 cdc25:12myc:ura4” ura4.D18 lewl. 32 This study
tubulin) antibodies were as described previously (Woobs et al. RESULTS

1989; HAGAN and YANAGIDA 1995). Images were obtained using
either a Deltavision Spectris system or an inverted Zeiss axioplan
II with a coolsnap camera (Photometrics) driven by the Meta-
morph (Universal Imaging). Metamorph was used to measure
cell lengths. For Figure 4, E and D, and Figure 6C a series of
10-12 X 0.3-wm slices of a single field was captured on the
deltavision imaging platform to generate a series of images in
the Zaxis that was compressed to give the maximal projections
shown in Figure 4, E and D, and Figure 6C.

Isolation of revertants of cut twelve mutants: To
identify genes that displayed genetic interactions with
cut12*, 1000 spontaneous mutants that enabled cut/2.1
cells to form colonies at 36° were isolated and streaked
at 20° to identify 45 strains that were unable to grow at
the lower temperature. Five mutants displayed a strong
cold-sensitive phenotype when crossed away from cut12.1
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tfb2.rt1

F1GUre 1.—Cold-sensitive rof- mutants suppress the cutl2.1
deficiency at 36°. The indicated strains were streaked (A and
B) or spotted as serial dilutions (C) onto rich YES medium at
the indicated temperatures.

into a cut12* background (FigurelA). After two further
backcrosses, linkage analysis established that the mu-
tants fell into five separate complementation groups,
rot1-5 (revertant of iwelve). The mutations were reintro-
duced into the cutl2.1 background to confirm that the
cold-sensitive mutation did indeed compensate for the
cutl2.1defect (Figure 1B). Generation of stable cut12.1/
cutl2.1 ade6.M210/ade6.M216 matl.102/h- rotx.1/rotx*
heterozygous diploids established that all alleles se-
lected for further characterization were recessive with
respect to both suppression of cutl/2.1 and cold sensi-
tivity (data not shown).

Cloning of rot genes: With the exception of rot5*,
all 7ot genes were cloned by complementation of the
cold-sensitive growth defect of rot alleles. As attempts to
clone rot5" by complementation of rot5.1 isolated the
same DEAD box helicase gene dbpl0" as a multicopy
suppressor in 98 separate transformants, we employed
a strategy to generate a genomic library that lacked
this gene. The pURB2 library (BARBET et al. 1992) was
amplified in Escherichia coli, to generate around 5000
colonies on each of 44 plates. DNA was prepared sep-
arately from each plate and PCRidentified 27 pools that
contained the dbpl0* ORF. The remaining 17 pools
were combined to create a library with a complexity
of 85,000 [the complexity of the original library was

105,000 clones (BARBET et al. 1992)]. Transformation
of this selected library into rot5.1 cells generated two
colonies at restrictive temperature that contained the
ORF SPBC32F12.15. Sequences adjacent to the gtbl"/
tugl” locus that lies 16.7 kb from ORF SPBC32F12.15
were used to integrate the LEU2" gene adjacent to the
gtb1" /tugl* locus and subsequent crossing to rot5.1 estab-
lished tightlinkage (8.6 cM). Crossing rot5. I to this LEU2+
marker gave no recombinants in over 200 random spores
Sequencing the SPBC32FI12.15 ORF identified a substitu-
tion of proline for alanine in the the fourth codon of
the protein indicating that SPBC32F12.15 is indeed 10t5".

rot" genes encode molecules that modulate protein
production: The rot" genes and corresponding multi-
copy suppressors were predicted to encode molecules
implicated in the control of protein production at the
level of transcription, translation, or RNA processing
(Table 2). The rot1/tfb2" and rot5*/tfb5" genes and a
suppressor of rot4.1 (1fb1") encoded conserved compo-
nents of the TFIIH complex that plays a critical role in
promoting cell-cycle-dependent transcription of a sub-
set of S. pombe genes (LEE et al. 2005). This predicted
functional relationship was supported by genetic inter-
actions as rotl.1 (hereafter referred to as ¢fb2.rt1) dis-
played synthetic lethality with rot5.1 (hereafter referred
to as {fb5.rt5) and the introduction of a multicopy
plasmid harboring the /05" gene was able to comple-
ment the cold sensitivity of ¢fb2.rt1 (Figure 1C). rot3"/
plal* encodes the essential nuclear poly(A) polymerase
(OHNACKER ¢t al. 1996; DING et al. 2000; STEVENSON and
NoORBURY 2006). rot4* encoded the Rpl4301 component
of the 60S ribosomal complex. A second 1l4302" gene
that differs by just four amino acids was isolated as a
multicopy suppressor of rot4.1 (hereafter referred to as
1pl4301.7t4). The rot2" gene and multicopy suppressors
of rot2.1 and tfb5.rt5 encode DEAD/DEAH box helicases.

rot mutations alter size at division and spindle pole
function: Because cutl2 alleles exhibit cell-cycle and
spindle formation phenotypes, the microtubule cyto-
skeleton and length at division of 7o/ mutants was as-
sessed. With the exception of the rpl4301.7t4 mutant
that showed no deviation from wild type after two gen-
erations at restrictive temperature, all 7o/ mutations
altered the number of cells in mitosis at any one time,
the size at which cells committed to mitosis and in-
creased the size and number of Sad1 foci at the nuclear
periphery and the appearance of Sadl foci at some dis-
tance from the chromatin. Importantly, three phenocop-
ied cutl2.1 in forming monopolar rather than bipolar
spindles (Table 3 and Figures 2—4).

Monopolar spindles were associated with chromosome
segregation errors in both TFIIH components identified
in the screen; ¢fb2.7¢1 cells had monopolar spindles at 20°,
while ¢fb5.7¢5 phenocopied the cutl2.1 monopolar phe-
notype at the semipermissive temperature of 30° but not
at the restrictive 20° (Figures 2B, 3B, and 3C; Table 3). At
the permissive temperature of 36° ¢/b5.rt5 cells exhibited
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TABLE 2

Suppressors of rof mutants encode transcription and translation factors

Mutant Gene Product Biological function
ifb2.rt1 1fb2* Transcription factor TFIIH complex Transcription (E)
rot2.1 rot2* DEAD/DEAH box helicase RNA export (P)
plal.rt3 plal* Poly(A) polymerase RNA poly-adenylation (E)
rpl4301.rt4 rpl4301 60S ribosomal protein Translation (P)
io5.15 5" Transcription factor TFIIH complex Transcription (P)
Mutant aa identity to human homologs (%) Multicopy suppressors
ib2.rt1 45 NF
rot2.1 47, 35, 29 DEAD/DEAH box helicase SPBC13G1.10c
Pseudo C-terminal DNA helicase SPAC212.06¢
plal.ri3 47, 47, 46 NF
rpl4301. rt4 58 ifo1* (TFIIH complex)
rpl4302°
io5.r5 25 dbp10* (DEAD/DEAH box helicase)

P, predicted by sequence; E, experimental; NF, not found.

a range of morphogenetic defects including cell bend-
ing to generate the ban™ phenotype (Figure 3A) (VERDE
et al. 1995).

The proportion of the population of rot2.1 cells that
formed monopolar spindles was also influenced by the
culture temperature as 5% of all mitoses at 36° had
monopolar spindles whereas 38 % have monopolar spin-
dles at 18° (Figure 4, A, C, and D; Table 3). The rot2.1 mu-
tation had a further impact upon spindle architecture as
there was a marked proliferation of Sadl foci around
the periphery nuclei and some dots seen away from the
chromatin of r0t2.1 cells at both the restrictive and

permissive temperature (Figure 4, A-D, data notshown).
This alteration in Sadl distribution was not always asso-
ciated with the formation of a monopolar spindle (Figure
4, A and B). Furthermore, the distribution of the core
SPB components Cutl2 and Sid4 was not affected by the
rot2.1 mutation (Figure 4, E and F, data not shown).
Thus the excess Sad1 foci neither acted as spindle poles
nor contained all SPB components. The radical changes
in Sadl distribution were not mirrored by a significant
enhancement of protein levels (Figure 4G), suggesting
that the r0t2.1 mutation affected the recruitment of
Sad1 protein to sites on the nuclear envelope. rot2. I cells

TABLE 3

rot mutants phenotypes

Mislocalization of Sadl

Length at mitosis (um) Interphase Mitosis
Mutant 36° 20° 36° 20° 36° 20°
ib2.rt1 11.7 £ 0.9 15.8 = 1.6 Yes No No No
rot2.1 11.7 = 2.6 12.4 = 3.5 Yes Yes Yes Yes
plal.rt3 9.3 £ 15 11.0 = 1.5 No Yes No No
rpl4301.rt4 13.4 = 1.7 14.0 = 1.1 No No No No
ib5.rt5 140 = 14 17.0 = 2.3 Yes Yes No Yes
dedl-61 15.0 = 1.2 171 = 1.5 No Yes No No
wt 13.9 = 0.96 14.6 = 1.5 No No No No

Cells in mitosis (%) Monopolar spindles (%) PAAs (%)
Mutant 36° 20° 36° 20° 36° 20°
ib2.rt1 6 22 No 10 21 25
rot2.1 8 16 5 38 8 34
plal.rt3 6 2 No No 35 15
rpl4301.r14 8 7 No No 15 14
ib5.0t5 7 15 14 30 3 15
wt 8 7 No No 14 15

PAAs, post-anaphase arrays. n = 200.
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FIGURE 2.—ifb2.rt] mutants form monopolar spindles at
the restrictive temperature. #fb2.rtIcells were grown to early
log phase at 36° (A) before the temperature of the medium
was changed to 20° (B). Immediately before and 24 hr after
the shift cells were processed for indirect immunofluores-
cence to reveal the distribution of microtubules (left), Sadl
protein (middle), and the relative location of the chromatin
(right). Arrows indicate the two SPBs of a late mitotic spindle
in a cell that is just forming a post-anaphase array even though
chromosome segregation has not occurred. Bar, 10 um.

divided at reduced cell size and had alterations in the
control of the final stages of cytokinesis because there
were fewer cells with two separated nuclei and post-
anaphase arrays of microtubules at the permissive tem-
perature (8% vs. 15% for wild-type control), yet more at
the restrictive (34% vs. 14% for wild-type control; Table 3).

plal.rt3 mutant phenotype resembled that of rot2.1
except that cells did not form monopolar spindles. Cell
length at division was decreased, and there was a pro-
liferation of Sadl foci without an obvious increase in
Sadl protein levels (Figures 5 and 4G) and an accumu-
lation of cells with post-anaphase microtubule arrays
(35% at permissive; Table 3). While the figure of 15%
post-anaphase arrays seen at the restrictive is reminis-
cent of the wild-type value of 14%, the proportion of
cells in the preceding phase of the cell cycle (those with
mitotic spindles) was radically reduced (2% vs. 7%)
(Table 3; Figure 5). As a reduction in the numbers of
spindles should similarly reduce the number of cells in
subsequent stages of the cell cycle, the data suggest that
plal.rt3 also delays the completion of cell fission at the
restrictive temperature.

Similarities between dedl/sum3~ and rot” pheno-
types: As the current screen established that DEAD box
helicases exhibited genetic interactions with a cdc25.22
suppressor, and the DEAD box helicase Ded1/Sum3 has

1: cdc25.22

F1Gure 3.—The {fb5.7t5 mutation compromises spindle for-
mation at 30°, increases the number of Sad1 foci on interphase
nuclei at 20°, and compensates for the ¢dc25.22 growth defect
at 34°. (A—C) tfb5.rt5 cells were grown to early log phase at 36°
before the temperature of the medium was changed to 30° or
20°. Immediately before (A) and 12 hr after the shift to 30° (B)
and 20 hr after the shift to 20° (C) cells were processed for in-
direct immunofluorescence to reveal the distribution of micro-
tubules (left), Sad1l protein (middle), and the relative location
of the chromatin (right). Arrows in B indicate monopolar spin-
dles, while arrowheads in C point to multiple Sad1 foci on an
interphase nucleus. We assume that the largest of these foci is
the SPB. Bar, 10 pm. (D) Spot tests of serial dilutions show that
the fb5.15 cdc25.22 strain grows more efficiently than either
single mutant at 34° or 25°, respectively.

been linked to Cdc25 and Cdc2 function in mitotic
control (FORBES et al. 1998; GRALLERT et al. 2000; Liu
et al. 2002), we assessed the status of the microtubule
cytoskeleton in dedl.61 cells. These cold-sensitive cells
were incubated at 18° for 12 hr before processing to
reveal the microtubule cytoskeleton and chromatin.
The length at which cells entered mitosis increased
(Table 3) and multiple Sadl foci accumulated around
the interphase nuclei and away from the chromatin of
bent cells in which microtubules curled around cell tips
(Figure 6). The increase in the number of Sad1 foci was
not accompanied by a radical change in Sadl levels
(Figure 4G). The similarity of these phenotypes to those
of the rotmutants prompted us to ask whether multicopy
levels of dedI™ could mimic the DEAD/DEAH box heli-
cases identified in this study in suppressing cutl2.1;
however, it could not. Second we asked whether the
incorporation of dedl.61 alongside cutl2.1 in the same
cell mimicked the rot mutants in suppressing the le-
thality of cut12.1 at 36°; however, the double mutant was
synthetically lethal at both 30° and 36°. A potential
overlap between dedI" and rot genes was revealed by the
inviability of ¢fb5.7t5 ded1.61 double mutants at 36° that
is normally permissive for either mutant.



Extragenic suppression of S. pombe cutl2.1 79

G 36°C 20°C

FIGURE 4.—r0t2.]1 mutants form monopolar
spindles and multiple Sad1 foci around their nu-
clear periphery. (A-D) rot2.1 cells were grown to
early log phase at 36° before the temperature of
the medium was changed to 20°. Immediately be-
fore (A and B) and 15 hr after (C and D) the shift
cells were processed for indirect immunofluores-
cence to reveal the distribution of microtubules
(left), Sadl protein (middle), and the relative lo-
cation of the chromatin (right). Arrowheads in A,
B, and D indicate the additional spots of Sadl
staining seen on the nuclear periphery while ar-
rows in C and D identify monopolar spindles.
Bars, 10 wm; bar in inset, 5 pm. (E and F) Live
cell imaging of rot2.1 cutl12.NEGIP cells stained
with Hoescht 33342 to reveal Cutl2 (green)
alongside chromatin (red) and brightfield im-
ages of cell outlines. While Sadl forms multiple
foci (A-D) the Cutl2.GFP signal is still a single
discrete dot, indicating that the extra dots of
Sadl seen in rot2.1 cells do not contain Cutl2. Im-
aging cells expressing Sid4.Tdtom also gave sin-
gle dots at all temperatures (data not shown).
(G) Western blots of cell extracts from the indi-
cated strains probed with either AP9.2 anti-Sad1
antibody (top) or TAT1 anti-tubulin (bottom).
The altered migration of the tubulin bands was
seen in multiple independent experiments. We
have not established the nature of the modi-
fication that underlies this change in protein

wt  tfb2.rt1 rot2.1 plal.nt3 tth5.t5 ded1.61 wt tfb2.nt1 rot2.1 plal.n3 tfbs.n5 ded1.61

cdc25.d1 suppresses cutl2.1: One model to account
for the identification of molecules that have the po-
tential to modulate the abundance of proteins in a
screen for cutl2.1 suppressors is that they altered the
levels of molecules related to Cutl2 function and so en-
abled the compromised version of Cutl2.1 to perform
the essential function executed by the wild-type mole-
cule sufficiently well for the cells to survive. As Cutl2
modulates pathways that control entrance to mitosis and
both Cdc25 and B-type cyclins are exquisitely sensitive to
changes in translational control (DAGA and JIMENEZ
1999; GRALLERT et al. 2000), we asked whether elevating
the levels of Cdc25 or the major B-type cyclin (FISHER
and NURSE 1996), Cdcl3, would suppress cutl2.1.

Cdcl3 levels were elevated by inducing the gene on a
multicopy plasmid while Cdc25 levels were enhanced by
integrating the cdc25.d1 allele at the lewllocus under the
control of the nmtl* promoter. The removal of three
pseudo-ORFs in the 5’ region of the ¢de25" UTR greatly
increases the amount of the phosphatase that is produced
from the mutant ¢dc25.d1 gene (DAGA and JIMENEZ 1999).
Increasing cdc13" dosage did not suppress cutl2.1; how-

migration.

1 Sad1

Tubulin

ever, the introduction of the c¢dc25.d1 allele did (Figure
7A). In time lapse microscopy of strains harboring the
tubulin—-GFP fusion gene ath2.GIP, only 4 of 31 cutl2.1
cells formed bipolar mitotic spindles and completed
division (Figure 7B), while 29 of 37 cut12.1 cdc25.d1
mutants successfully completed mitosis (Figure 7C).

A further link between the cutl2 and c¢dec25 emerged
when we asked whether any of the rot genes exhibited a
genetic interaction with ¢dc25.22 as tbf5.rt52 ¢dc25.22
double mutants were healthier at 25° than 70t5.2 and
healthier at 34° than ¢dc25.22 (Figure 3D).

rot mutations reduce the levels of Cdc25 and Cutl2:
The finding that alteration of the levels of a key mitotic
inducer suppressed the conditional lethality of cut12.1
prompted us to ask whether this formed the basis of
the suppression of cutl2.1by these mutations. We there-
fore generated strains that combined the c¢dc25.myc al-
lele (LOPEZ-GIRONA et al. 1999) alongside each rot mutant
and blotted extracts to relate the amount of Cdc25.myc
to a standard loading control, Cdc2 (S1MANIS and NURSE
1986) (Figure 8A). The relative levels of Cdc25.myc
were reduced below those seen in wild-type cells in all rot
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FIGURE 5.—plal.rt3 mutants display multiple Sadl foci
around their nuclear periphery. plal.ri3 cells were grown to
early log phase at 36° (A) before the temperature of the me-
dium was changed to 20° (B). Immediately before and 12 hr
after the shift cells were processed for indirect immunofluo-
rescence to reveal the distribution of microtubules (left),
Sadl protein (middle), and the relative location of the chro-
matin (right). Bar, 10 pm.

mutant backgrounds at either the permissive tempera-
ture of 36°, which suppresses cut12.1 (¢fb5.7t5), or at 20°,
which is restrictive for the function of the respective
Rot molecules (rot2.1, plal.rt3) or at both (rpl4301.7t4,
ifo2.rtl) (Figure 8A). Similarly, the relative levels of
Cutl2 were reduced below those of wild-type cells in
all rot mutants at 36° and in {fb2.rt1, plal.rt3, and {fb5.rt5
at 20° (Figure 8B). Thus, while elevation of a mitotic
inducer is sufficient to suppress Cutl2, the suppression
in the different rof mutant backgrounds does not ap-
pear to involve elevation of either Cdc25 or Cutl2 levels.

FIGURE 6.—ded1.61 cells exhibit a “ban~” phenotype with
multiple Sadl foci around their nuclear periphery at 20°.
(A—C) dedl.61 cells were grown to early log phase at 36° before
the temperature of the medium was changed to 20°. Fifteen
hours after the shift, cells were processed for indirect immuno-
fluorescence to reveal the distribution of microtubules (left),
Sadl protein (middle), and the relative location of the chroma-
tin (right). Arrows highlight multiple Sadl foci. (A and B) In-
terphase, (C) mitosis. Bars, 10 wm.

cdec25.d1

cut12.1

cut12.1,
cdc25.d1

FIGURE 7.—cdc25.d1 suppresses cut12.1 (A) Spot tests of serial
dilutions of the indicated strains on rich YES medium at the in-
dicated temperatures. (B and C) Frames from movies of cut12.1
atb2.gfpand cdc25.d1 cutl2.1 atb2.gfp cells undergoing the typical
monopolar defective mitoses of cut12.1 cells (B), or bipolar di-
visions of cut12.1 cells in which the mitotic defect is compen-
sated for by the inclusion of the c¢dc25.d] mutation. The
hyperactivity conferred by the enhanced translation of the
cde25.d1 allele accelerates mitotic commitment and so reduces
cell length at commitment to mitosis (DAGA and JIMENEZ 1999).

DISCUSSION

We have used a genetic approach to identify molecules
whose function can be altered to compensate for the loss
of Cutl2 function in the cut/2.1 mutant. To facilitate
the subsequent phenotypic analyses of these mutants we
selected those in which the mutation both suppressed the
cutl2.1 temperature sensitivity and blocked growth at
20°. All five loci encoded molecules that are likely to
influence protein levels. While it is possible that sup-
pression arises simply from the production of more of
a defective cutl2.1 protein or by readthrough of the pre-
mature stop codon in the cutl2.1 allele (BRIDGE et al.
1998), the monopolar spindle phenotypes arising from
mutation of three of the five 1ot genes favor an intimate
involvement of rot gene products in commitment to
mitosis.

In testing the simple hypothesis that the rot mutants
suppressed cutl2.1 because they altered the balance of
mitotic inducers we found that elevation of Cdc25 levels
suppressed the temperature sensitivity of cutl/2.1. Thus,
not only do ¢dec25.22 mutations exacerbate the spindle
formation defect of cutl2.1 (BRIDGE et al. 1998) and hy-
peractivating cutl2.s11 mutations suppress deletion of
cdc25" (HupsON et al. 1990, 1991), but also hyperac-
tivating mutations in c¢dc25" suppress loss-of-function
mutations in cutl2". Such reciprocal relationships stron-
gly suggest that the spindle formation defect of cutl2.1
arises from a defect in cell-cycle control rather than an
error in the nucleation of microtubules or some other
physical aspect of spindle architecture.
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F1GUre 8.—Cdc25 and Cutl2 levels decrease in 7ot mutants.
Wild-type and single rof mutants (B) or rof mutants that also
harbored the ¢dc25.myc allele (A) were grown to midlog phase
at the permissive temperature of 36° or to early log phase and
shifted to 20° for 15 hr as indicated before extracts were pre-
pared and blotted with the 9E10 monoclonal antibody that
recognized the myc epitope on Cdc25.myc or polyclonal anti-
bodies that recognized Cutl2 or Cdc2 proteins. As Cdc2 mi-
grated lower down each respective gel the blots are from the
same gels as the top panels and act as loading controls. The
intensity of the bands was quantified and the Cdc25.myc and
Cutl2 bands were normalized to the relevant Cdc2 loading
control to give the relative levels that are shown in the graphs
above the blots.

This notion that a monopolar spindle phenotype can
be indicative of a weak attempt at mitotic commitment
would explain the impact of mutation of weel upon fre-
quency of monopolar spindles in conditional finl mu-
tants. Finl kinase plays a critical role in regulating
mitotic commitment that is related to Cutl2 and Cdc25
function. The finl.A5 mutation results in monopolar
spindles in which only one of two SPB functions in 80%
of cells at the 37° (GRALLERT and HacaN 2002). Signif-
icantly the number of monopolar, defective, mitoses is
halved by simply reducing the constraints for mitotic
entry by abolishing Weel function (GRALLERT and
Hacan 2002). Given that genetic evidence argues that
the only function of the “weel cdc25 switch” is to con-
trol the timing of MPF activation by modulating the
phosphorylation status of tyrosine 15 of Cdc2 (FANTES
1979; RusskLL and NuURsE 1987a; GouLp and NURSE
1989), these data strongly support the notion that the

finl monopolar phenotype (like that of cutl2.1) arises
from defective activation of MPF during mitotic
commitment.

If a monopolar spindle phenotype is indicative of a
compromised commitment to mitosis, it could explain
why monopolar spindles occur as a consequence of com-
promised TFIIH function as it was recently established
that TFIIH modulates the cell-cycle levels of transcripts
of mitotic inducers prior to mitosis (LEE et al. 2005).
Compromising TFIIH activity would reduce the ability
to regulate mitotic inducers to promote an efficient en-
trance to mitosis. Similar arguments could account for
why a compromised poly(A) polymerase could reduce
the ability to accumulate sufficient transcripts to get
into mitosis. It is currently unclear which of the many
candidate cell-cycle regulators could be altered to en-
gender the suppression of cut/2.1 in the rof mutants.
Cdc25 and Cutl?2 levels are actually reduced by muta-
tion of rot mutants, making these unlikely candidates;
however, it is distinctly possible that the levels of the
range of inhibitory regulators including Niml/Cdrl
or Weel (RusseLL and NURsSe 1987a,b; YouNG and
FaNTES 1987) may be reduced or that mitotic inducers
other than Cdc25 or Cutl2, such as components of the
stress response pathway (SH10ZAKI and RUSSELL 1995;
PETERSEN and HAGAN 2005), or molecules that impinge
upon the stress response pathway, may be elevated. The
identification of candidate molecules requires whole
proteome analyses that are beyond the scope of
the current study; however, the principle established
by this study that overproduction of a mitotic inducer
suppresses the monopolar spindle formation pheno-
type of cutl2.1 extends our understanding of mitotic
control.

While the intimate relationship between cutl2 and
cde25 indicates that Cutl?2 is a key cell-cycle regulator,
the impact of the cut12. I mutation upon SPB function is
unilateral rather than bilateral as one becomes active
while the other lies dormant or is defective. This indi-
cates that while Cutl2 can influence the global decision
to commit to mitosis, it must also act at a local level to
activate individual SPBs and that the two SPBs differ in
their ability to respond to this second, local, function.
Such disparity could arise because SPB duplication is con-
servative (GRALLERT et al. 2004) and the SPB that forms
in the cell cycle after the shift to the restrictive temperature
is nonfunctional. Alternatively, mitotic commitment could
resemble the controls of the septum initiation network
(SIN) in which the SIN is activated on the new and not
the old SPB during anaphase B (SOHRMANN et al. 1998;
GRALLERT et al. 2004). In this scenario only one of the
two SPBs in a cut12. I mutant can become active because
itis the only one that is mature enough to do so. In the
same vein the reason that the spindle defect in Finl mu-
tants is halved by abolishing Weel function (GRALLERT
and HacaN 2002) may also lie in a quantum difference in
the response of one SPB over the other.
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An interesting feature of SPB structure and function
that has been revealed by the rot and dedl mutations is
the proliferation of Sad1 foci. This increase in Sad1 foci
is not a general feature of all SPB components in these
mutants as both core SPB components Cutl2 and Sid4
(BRIDGE et al. 1998; CHANG and GouLD 2000) remained
as the single or double foci expected of SPB markers
while Sadl foci proliferated. This suggests that Sadl
plays a more peripheral role in SPB function that would
be in line with the function of other members of SUN
domain family proteins in higher eukaryotes where
these molecules anchor centrosomes to the nuclear
envelope (Tzur et al. 2006). A peripheral role in SPB
function is also consistent with inability of excess wild-
type Sadl to alter spindle function (HAGAN and YANA-
GIDA 1995). Furthermore, in the monopolar spindles of
both Finl and Cutl2 mutants Sad1 is often missing from
the active SPB but accumulates on the nonfunctional
SPB (BRIDGE et al. 1998; GRALLERT and HacaNn 2002).
Thus, Sadl appears to be a peripheral SPB component
that has an affinity for elements within the nuclear
envelope and some level of control normally limits the
amount of Sadl incorporated into the nuclear envelope
alongside the SPB. The precise nature of this control
remains obscure; however, it may simply be a case of
provision of the right amount of a docking protein be-
cause changes in diverse molecules that modulate trans-
cription and translation we describe here all enhance the
number of Sad1 foci on the nuclear periphery, while not
causing gross alterations the levels of Sad1 itself.

While translational control and cell-cycle control
have been linked at a variety of levels and it is well es-
tablished that the abundance of a number of molecules
oscillates as cells progress through the cell cycle, we still
know relatively little about how the large number of fluc-
tuations that have been recorded combine to determine
the timing of cell-cycle transitions (MrtcHisoN 2003).
Extensive work in many systems, but principally bud-
ding yeast, have established that in all eukaryotes, sig-
naling from the TOR pathway ensures the appropriate
coupling between nutrient supply, growth, and the tran-
sition of key cell-cycle transitions (WULLSCHLEGER ¢t al.
2006). In fission yeast the stress-response pathway also
plays a critical role in coupling cell-cycle and differen-
tiation decisions to nutritional status (SHIOZAKI and
RussiLL 1995; PETERSEN and HAGAN 2005). In addition
a number of genetic screens designed to identify genes
that would influence cell-cycle transitions in, for exam-
ple, our current study, have identified mutations in
molecules that modulate protein levels (FORBES el al.
1998; DaGA and JIMENEZ 1999; GRALLERT et al. 2000; L1u
et al. 2002) . The frequency with which these screens and
those for mitotic mutants in Drosophila (GirpHAM and
GLOVER 1991; LEONARD et al. 2003) identify DEAD box
helicases highlight the critical roles that RNA processing/
translational control plays in modulating cell-cycle pro-
gression (CORDIN et al. 2005).
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