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Introduction

For accurate segregation of chromosomes, sister kinetochores 
must attach to microtubules emanating from opposite spindle 
poles (amphitelic attachment).1-3 Merotelic kinetochore orienta-
tion is an error in which a single kinetochore binds microtubules 
emanating from both spindle poles.4,5 Merotelic attachments 
frequently occur in the early stages of mitosis, but most are 
corrected before anaphase onset.6,7 However, because mero-
telic attachments are not detected by the mitotic checkpoint,7,8 
they can persist until anaphase, causing chromatids to lag on 
the mitotic spindle and hindering their poleward segregation.6,9 
Thus, despite correction mechanisms, merotelic kinetochore ori-
entation represents a major mechanism of aneuploidy in mitotic 
mammalian cells.9,10 Moreover, recent studies have shown that 
merotely is the primary mechanism of chromosome instability 
(CIN) in cancer cells.11-15 Our previous work implicated Pcs1/
Mde4 complex and Clr4/Swi6-dependent centromeric hetero-
chromatin in preventing merotelic attachments.16,17 We pro-
posed that Pcs1 and Mde4 may prevent merotelic kinetochore 
orientation by clamping together (or cross-linking) microtubule 
attachment sites. This model makes two important predictions. 

In order to segregate chromosomes properly, the cell must prevent merotelic kinetochore attachment, an error that 
occurs when a single kinetochore is attached to microtubules emanating from both spindle poles. Merotelic kinetochore 
orientation represents a major mechanism of aneuploidy in mitotic mammalian cells and it is the primary mechanism 
of chromosome instability in cancer cells. Fission yeast mutants defective in putative microtubule-site clamp Pcs1/
Mde4 or Clr4/Swi6-dependent centromeric heterochromatin display high frequencies of lagging chromosomes during 
anaphase. Here, we developed an assay based on laser microsurgery to show that the stretched morphology of lagging 
kinetochores in pcs1Δ and clr4Δ mutant cells is due to merotelic attachment. We further show that Mde4 is regulated by 
Cdc2 and that Cdc2 activity prevents precocious localization of Mde4 to the metaphase spindle. Finally, we show that 
Pcs1/Mde4 complex shares similar features with the conserved kinetochore complex Spc24/Spc25 suggesting that these 
two complexes may occupy a similar functional niche.
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First, lagging kinetochores in cells lacking Pcs1 or Mde4 should 
be merotelically attached and second, Pcs1 and Mde4 should 
localize to kinetochores at the time when stable kinetochore-
microtubule attachments are formed. Here, we use laser micro-
surgery to show that lagging kinetochores in pcs1Δ and clr4Δ 
mutant cells are merotelically attached and we use in situ chro-
matin binding assay and chromatin immunoprecipitation to 
show that Pcs1 is localized to kinetochores in metaphase-like 
cells. Our further analysis shows that Cdc2-dependent phos-
phorylation of Mde4 is important for its proper localization 
during metaphase and that Pcs1/Mde4 complex shares similar 
features with Spc24/Spc25, a conserved family of eukaryotic 
kinetochore proteins.

Results and Discussion

Laser microsurgery shows that lagging kinetochores in pcs1- and 
clr4- mutants are merotelically attached. Our recent observation 
that lagging chromosomes in pcs1Δ, mde4Δ and clr4Δ mutants 
have stretched kinetochores16 is consistent with the notion that 
these kinetochores are merotelically attached. However, we could 
not exclude the possibility that chromosomes in these mutants 
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morphology.9,16,18,19 We argued that 
if we sever microtubules attached 
to a stretched merotelic kinetochore 
on one side, the kinetochore should 
resume normal globular shape and 
move to the spindle pole with intact 
microtubules (Fig. 1A). On the other 
hand, if the stretched kinetochore 
morphology was not due to merotelic 
attachment, severing of microtu-
bules should not affect kinetochore 
morphology. We used Nuf2-GFP 
to label kinetochores and mCherry-
tubulin to visualize the spindle. A 
picosecond pulsed laser coupled to a 
laser scanning confocal microscope 
was used to sever microtubules in 
pcs1Δ and clr4Δ mutant cells. After 
laser severing, spindle poles moved 
toward one another suggesting that 
spindles were efficiently cut, as previ-
ously reported.20-23 Importantly, the 
lagging kinetochores recoiled and 
resumed their normal globular shape 
shortly after laser ablation (Fig. 1B 
and C) and invariably joined the 
opposite spindle pole with intact 
microtubules. In the control experi-
ment, ablating a spot next to the 
spindle did not affect the stretched 
appearance of lagging kinetochore. 
During the course of this work, a 
similar strategy has been used to 
analyze mutants defective in sister-
chromatid cohesion.24

Thus, our observation that the 
intra-kinetochore stretching in pcs1Δ 
and clr4Δ mutant cells was abolished 
by laser severing of spindle microtu-
bules demonstrates that stretching 
of lagging kinetochores is mediated 
by forces exerted by spindle micro-
tubules. Importantly, it excludes 
the possibility that chromosomes in 
these mutants are lagging because 
they are not attached to microtu-
bules, or attached only weakly and 
provides the best evidence so far 

that kinetochores of lagging chromosomes in cells lacking Pcs1/
Mde4-dependent clamps and in cells with defective centromeric 
heterochromatin are merotelically attached.

Importantly, we have developed an assay which is not only a 
tool to detect merotely, but it also provides a possibility to study 
structural and mechanical properties of the kinetochore in live 
cells. Mounting evidence suggests that the mechanical properties 
of the kinetochore make fundamental contributions to faithful 

are lagging because they are not attached to microtubules and 
the stretched appearance of lagging kinetochores is caused by 
other means than pulling forces of microtubules. We therefore 
decided to develop an assay that would allow us to distinguish 
between these two possibilities. Pulling forces of microtubules 
emanating from opposite spindle poles induce lateral stretch-
ing of merotelically attached kinetochores. Therefore, one of the 
characteristic features of merotelic kinetochores is their stretched 

Figure 1. Stretched shape of lagging kinetochores is lost after severing microtubules on one side. (A) 
A scheme of the experiment. Pulling forces of microtubules emanating from opposite spindle poles 
induce lateral stretching of merotelically attached kinetochores. After severing microtubules attached 
to a stretched merotelic kinetochore on one side, the kinetochore should resume normal globular 
shape. (B) pcs1Δ mutant cells expressing mCherry-tubulin and Nuf2-GFP to label spindle microtubules 
and kinetochores respectively, were imaged before and after laser ablation. The laser ablated area is 
indicated by a yellow dot. In the control experiment on the right, laser was focused outside the spindle. 
(C) The loss of stretched shape of lagging kinetochores after laser ablation was quanti#ed in pcs1Δ and 
clr4Δ mutant cells.
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Mass-spectrometry analysis revealed that Mde4 associated with 
Pcs1 as well as with other proteins such as Net1/Cfi1-related 
protein Dnt1,35 and TRiC/CCT chaperonin complex36 (Fig. 
S1A). In addition, Mde4 co-purified with Pcs1-TAP isolated 
from nda3-arrested cells (Fig. S1A). While only four residues 
were phosphorylated on Mde4 purified from cycling cells, Mde4 
was phosphorylated on 16 residues and Pcs1 was phosphorylated 
on serine 47 when purified from nda3-arrested cells (Fig. S1B). 
Five of the Mde4 phosphorylation sites have been identified dur-
ing the course of this work.37-39 Western-blot analysis revealed 
slower-migrating forms of Mde4-GFP in nda3-arrested cells, 
which likely represent hyper-phosphorylated Mde4-GFP (Fig. 
3A). Upon release from the nda3-arrest, when cells underwent 
anaphase, slower-migrating forms of Mde4 quickly decreased. 
We conclude that both Pcs1 and Mde4 are phosphorylated and 
interact with each other in metaphase-like cells.

Cdc2 activity prevents precocious localization of Mde4 to 
the metaphase spindle. Interestingly, eleven of the 16 residues 
phosphorylated on Mde4 are potential Cdk1 phosphorylation 
sites (SP or TP). To test whether Mde4 phosphorylation depends 
on the Cdk1 activity, we constructed conditional analog-sensi-
tive allele of the fission yeast cyclin-dependent kinase Cdc2 40,41 
(Fig. S2). Slower-migrating forms of Mde4 rapidly disappeared 
upon inactivation of the Cdc2-as in nda3-arrested cells, suggest-
ing that Cdc2 activity is necessary for Mde4 phosphorylation 
during mitosis (Fig. 3B). Previous observation that Cdc2 was 
able to phosphorylate bacterially expressed 6His-Mde4 suggests 
that Cdc2 may directly phosphorylate Mde4.37 Interestingly, 

segregation of chromosomes.25-29 However, such 
kinetochore properties have not been experimen-
tally analyzed. Our observation that stretched 
kinetochores resumed their normal globular shape 
shortly after severing of the spindle suggests that 
the kinetochore region labeled by the Nuf2-GFP 
has elastic properties and paves the way for the 
future analysis of mechanical properties of the 
kinetochore in live cells.

Pcs1 localizes to the central region of centro-
meres and forms a complex with Mde4 in nda3-
arrested cells. We have recently proposed that 
Pcs1 and Mde4 may clamp together microtubule 
attachment sites.16,17 If Pcs1 and Mde4 prevent 
merotelic kinetochore orientation by clamping 
together microtubule attachment sites, they should 
localize to kinetochores around metaphase, when 
stable kinetochore-microtubule attachments are 
formed. Both Pcs1 and Mde4 localize to kineto-
chores during most of the cell cycle as evidenced 
by co-localization of GFP-tagged Pcs1 or Mde4 
with known kinetochore proteins. However, the 
kinetochore localization was difficult to address 
during early mitosis because Pcs1-GFP and Mde4-
GFP signals are dispersed all over the nucleus.16,30 
In order to remove the soluble fraction of Pcs1-
GFP which may prevent detection of kinetochore-
bound Pcs1-GFP, we used an in situ chromatin 
binding assay.31 Detergent extraction successfully removed soluble 
Pcs1-GFP from nuclei and revealed Pcs1-GFP foci in metaphase/
anaphase cells. Some of the Pcs1-GFP foci co-localized with the 
kinetochore protein Mis6 (Fig. 2A). Interestingly, we observed 
co-localization of Pcs1-GFP with Mis6-HA in 90% of early ana-
phase cells, but only in 59% of late anaphase cells. This suggests 
that Pcs1 localization at kinetochores decreases during anaphase.

To determine more precisely the centromeric region to which 
Pcs1 binds, we arrested cells in a metaphase-like stage using a 
cold-sensitive tubulin allele (nda3-KM311)32 and analyzed the 
localization of Pcs1-GFP by chromatin immunoprecipitation. 
In nda3-arrested cells, Sgo2-GFP was enriched at the outer cen-
tromeric repeats, as previously reported,33 while Pcs1-GFP was 
enriched at the central centromeric region (Fig. 2B, t = 0). Eight 
minutes after release from the nda3-arrest, when 60% of cells 
were in anaphase, Pcs1-GFP was still enriched at the central cen-
tromeric region (Fig. 2B, t = 8), although the enrichment was 
lower as compared to nda3-arrested cells. We conclude that Pcs1 
localizes to central region of centromeres in metaphase-like cells, 
and its centromeric enrichment is progressively reduced as cells 
undergo anaphase.

We have previously shown that Pcs1 forms a complex with 
Mde4 in extracts prepared from cycling cells.16 However, it 
is not known whether Pcs1 interacts with Mde4 during meta-
phase, when they are required to ensure proper attachment of 
kinetochores to microtubules. We used a tandem affinity puri-
fication (TAP) protocol34 to isolate Mde4-TAP together with 
associated proteins from both cycling and nda3-arrested cells. 

Figure 2. Analysis of Pcs1 localization. (A) Cells expressing Pcs1-GFP and Mis6-HA 
(JG15031) were permeabilized by zymolyase digestion, extracted with detergent, #xed 
and stained with antibodies against HA and GFP. Nuclei were visualized by Hoechst 
staining. (B) Untagged cells (JG12013) or cells carrying Pcs1-GFP (JG14985) or Sgo2-GFP 
(JG12239) were harvested at the indicated time-points (0 and 8 minutes) after release 
from nda3-KM311-arrest. Chromatin binding of the GFP-tagged proteins was analyzed 
by chromatin-immunoprecipitation followed by quantitative PCR using oligonucleotide 
primers speci#c for the centromeric central region (cnt2), outer centromere (dgII) and 
chromosome arm (top1).
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prevent merotelic attachment. However, it is not clear 
if higher eukaryotes employ a complex similar to Pcs1/
Mde4 to prevent merotelic attachment, since Pcs1 and 
Mde4 orthologs have only been identified in yeast spe-
cies.16 Interestingly, we noticed that PfamA Spindle_
Spc25 domain was found in Pcs1 proteins (Pfam release 
23.0, see Material and Methods for detailed analysis).47 
Spindle_Spc25 domain is characteristic for Spc25 pro-
teins, a conserved family of eukaryotic kinetochore pro-
teins. Spc25 forms a dimer with Spc24 and interacts with 
Ndc80/Nuf2 dimer to form a four-subunit Ndc80 com-
plex.48-54 A closer analysis revealed several lines of evidence 
suggesting that Pcs1/Mde4 complex is similar to Spc24/
Spc25 complex. All four proteins share similar architec-
ture, namely N-terminal coiled-coil domain followed by 
a globular domain. The globular part of Pcs1 and Spc25 
proteins is combined in the Spindle_Spc25 domain, 
which aligns conserved secondary structure elements of 
Pcs1 to structural elements of Spc25 determined by X-ray 
crystallography and NMR55 (Fig. 5A). Mutating the three 
most conserved residues in the Spindle_Spc25 domain 
(L140A, F154A, F154D, F212A, F212D) diminished the 
Pcs1 function (Fig. 5B). Similarly as Spc24, which binds 
tightly to Spc25, Mde4 binds tightly to Pcs1.16,54 All four 
proteins localize to kinetochores, their kinetochore bind-
ing is interdependent (Fig. S3 and reviewed in ref. 37 and 
50) and CENP-C is required for kinetochore binding of 
both Pcs1 and components of the Ndc80 complex.56-58 In 

addition, both Mde4 and Spc24 are phosphorylated during mito-
sis (Fig. S1B and reviewed in ref. 59).

Collectively, this provides evidence that Pcs1/Mde4 complex 
shares similar features with the Spc24/Spc25 complex. Although 
a phylogenetic relationship could not be detected with sequence 
statistical methods, it is possible that Pcs1 and Mde4 originated 
by a gene duplication event in the yeast lineage, but not in higher 
eukaryotes. This may explain why we failed to identify orthologs 
of Pcs1 and Mde4 in higher eukaryotes. Alternatively, Pcs1 and 
Mde4 orthologs in higher eukaryotes diverged to such extend 
that we are not able to identify them by sequence homology. 
Importantly, the common features shared by Pcs1/Mde4 and 
Spc24/Spc25 complexes suggest that the molecular mechanism 
how these complexes function and their regulation may be similar.

Materials and Methods

Laser scanning confocal microscopy and laser ablation. The 
strains JG15161 and JG15351 were cultured in liquid EMM with 
appropriate supplements at 25°C. The expression of mCherry was 
partially repressed by the addition of 2 μM thiamine. A cover slip 
was coated with 2 mg/ml Lectin and glued to the round open-
ing in the bottom of a microwell dish. Cells were mounted on 
the lectin spot and covered with EMM plus supplements. The 
microwell dish was placed in a Bachhoffer chamber to keep a 
constant temperature of 25°C.

Imagining of the cells was performed on an Olympus 
FV-1000 laser scanning confocal system. GFP and mCherry were 

Lrs4,16,17,42 which is the budding yeast ortholog of Mde4, was also 
found to be phosphorylated by Cdk1.43

In wild-type cells, Mde4 is hyper-phosphorylated during 
metaphase, whereas inactivation of the Cdc2-as in nda3-arrested 
cells creates a situation where Mde4 is hypo-phosphorylated in 
metaphase-like cells. We shifted nda3-arrested cells with inac-
tivated Cdc2-as to permissive temperature to allow formation 
of spindles and analyzed localization of Mde4-GFP (Fig. 4A). 
While in wild-type cells, Mde4 localizes to spindles only in late 
anaphase,37,44 hypo-phosphorylated Mde4 localized to short 
metaphase spindles in 83% of cells (Fig. 4B). A similar phenom-
enon has been described in budding yeast where preventing phos-
phorylation of Cdk substrates such as Fin1 and Sli15/INCENP 
also leads to precocious localization to metaphase spindle.45,46 
Chromatin immunoprecipitation showed that both hyper-phos-
phorylated and hypo-phosphorylated Mde4 were enriched at the 
central centromeric region (Fig. 4C). During the course of this 
work, Choi et al. showed that mutant allele of Mde4 with 12 
predicted phosphorylation sites mutated to alanine (Mde4-12A) 
failed to localize to kinetochores and localized to metaphase spin-
dles.37 While the premature localization of Mde4-12A to spindles 
is consistent with our observations (Fig. 4B), further experiments 
are needed to establish the role of Mde4 phosphorylation in its 
kinetochore localization. Thus, we conclude that Cdc2 activity 
prevents precocious localization of Mde4 to the metaphase spindle.

Pcs1/Mde4 complex shares similar features with Spc24/
Spc25 complex. As in fission yeast, kinetochores in higher 
eukaryotes bind multiple microtubules and therefore must 

Figure 3. Inactivation of Cdc2 inhibits phosphorylation of Mde4. (A) nda3-
KM311 cells expressing Mde4-GFP (JG15033) were grown at permissive tem-
perature of 34°C (cycling cells) or arrested at non-permissive temperature of 
18°C for 8 hours and subsequently released to permissive temperature. Samples 
were taken at the indicated time-points after the release and Mde4-GFP was 
analyzed by western blot analysis. (B) nda3-KM311 cdc2-as cells expressing 
Mde4-GFP (JG15356) were grown at permissive temperature of 34°C (cycling 
cells) or arrested at non-permissive temperature of 18°C for 8 hours. Cdc2-as 
was subsequently inactivated by adding 5 μM 1-NM-PP1. Samples were taken 
at the indicated time-points after adding 5 μM 1-NM-PP1 and Mde4-GFP was 
analyzed by western blot analysis.
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reflected onto the objective by a long pass dichroic mirror LP450 
(cut on wavelength 450 nm). The laser exposure time was 4 sec-
onds. The system was driven by Fluoview Application Software 
version 1.6a (Olympus).60

Chromatin immunoprecipitation. nda3-311 mutant cells 
were grown in YPD medium to an OD600 of 0.2–0.4 at 30°C and 
subsequently shifted to 18°C for 8-10 hours. Chromatin immu-
noprecipiation was performed essentially as described before.61-63 
2.5 x 108 cells were fixed with 3% Paraformaldehyde and treated 
with 0.4 mg/ml Zymolyase T100. DNA was sonicated to frag-
ments of 400 bp average size. Immunoprecipitation was per-
formed using an anti-GFP antibody (Roche) in conjunction with 
ProteinA Dynabeads (Invitrogen).

Real-time PCR was performed using the IQ SYBR Green 
Mix (BIO-RAD) and an IQ5 Cycler (BIO-RAD). The following 
primers were used for qRT-PCR of S. pombe chromosome 2 loci:

excited at 488 nm and 561 nm, respectively, with a multi-line 
Argon laser (Melles Griot Bensheim, Germany). A dichroic mir-
ror DM405/488/561/633 and a UPLSAPO 60x/1.35 oil LSM 
objective (Olympus) were used. Emission was detected at 500–
600 nm for GFP and 600–700 nm for mCherry. During laser 
ablation single-plane images were taken at a free-run mode with 
2 μs/pixel scanning speed. After ablation of the mitotic spindle 
single-plane pictures were taken using the free-run mode and 
Kalman filter line 2. All images have a xy-pixel size of 40 nm.

The laser setup for ablation consists of a PDL 800-B pico-
seconds pulsed diode laser with a LDH-P-C.405B laser head 
(PicoQuant, Berlin, Germany) emitting 70 picosecond pulses at 
40 MHz. The laser is coupled to the bleaching port (SIM scan-
ner) of the Olympus FV-1000 laser scanning microscope via 
an optical fibre. The light path of the cutting laser is different 
from the path of the imaging lasers. The cutting laser light is 

Figure 4. Hypo-phosphorylated Mde4 localizes to metaphase spindles and kinetochores. (A) A scheme of experimental procedure. Hypo-phosphor-
ylated Mde4 and hyper-phosphorylated Mde4 indicate experimental stages, which are referred to in other parts of the Figure. (B) nda3-KM311 cdc2-as 
cells expressing Mde4-GFP (JG15356) were harvested at stages indicated in the (A), #xed and stained with antibodies against tubulin and GFP. Nuclei 
were visualized by Hoechst staining. (C) Untagged nda3-KM311 cells (JG12013) or nda3-KM311 cdc2-as cells expressing Mde4-GFP (JG15356) were 
harvested at stages indicated in the (A). Chromatin binding of the Mde4-GFP was analyzed by chromatin immunoprecipitation followed by quantita-
tive PCR using oligonucleotide primers speci#c for the centromeric central region (cnt2), innermost centromeric repeats (imr2), outer centromere (dgII) 
and chromosome arm (top1).
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and one animal sequence (sea anemone Nematostella vectensis) 
applying significant E-values below 0.01,69 (see Fig. 5A). The 
same approach was performed to collect the Spc25 sequence 
family. No significant sequence homology between Pcs1 and 
the Spc25 protein families could be detected and no phyloge-
netic relationship can be inferred. However, sequence similar-
ity between Pcs1 and Spc25 was reported in the PfamA domain 
Spindle_Spc25 (PF08234, release 23.0),47 where the globular 
domains of both protein families were aligned. The incorpora-
tion of Pcs1 sequences into the Spindle_Spc25 domain is based 
on sequence searches that could not be reproduced with the latest 
databases. In the current Pfam release (24.0) the Pcs1 protein 
family is represented by the Csm1 domain (PF12539) and the 
Spindle_Spc25 domain contains solely sequences of the Spc25 
protein family.

Cnt2-fw AGC GCT AAC TCG TTT AAG TGA A, Cnt2-
rev GGC GTG GAA AGT CAT CTG TA, Imr2-fw CTT CGG 
CGA CGT GAT ATA AG, Imr2-rev TTT GCA ACG ATT 
ACC GGT TT, DgII-fw TGC TCT GAC TTG GCT TGT CT, 
DgII-rev TTG CAC TCG GTT TCA GCT AT, top1-fw AGG 
GTT ATT TCG TGG TCG AG, top1-rev TGC CAA CCA 
GGT CAC TGT AT.

Strains, media and growth conditions. Media and growth 
conditions were as described in.17,64,65

Tandem affinity purification. Tandem affinity purifica-
tions and mass spectrometry were performed as previously 
described.66-68

Sequence analysis. Iterative PSI-BLAST searches with the 
conserved protein sequence domain of Pcs1 family members 
could identify homologs in various phyla of the fungi kingdom 

Figure 5. Pcs1 and Spc25 proteins share sequence similarity. (A) Sequence alignment of the Spindle_Spc25 domain of Pcs1 and Spc25 proteins. 
Mutated Pcs1 residues described in the (B) are indicated. A selected set of Pcs1 and Spc25 protein family sequences, covering a coiled coil region (the 
#rst helix shown) and the globular sequence domain, were aligned with T-co!ee (default parameters, reviewed in ref. 70). The sequences used are 
derived from the NCBI RefSeq database71 with the following accessions for the Pcs1 sequence family: S.cer. (Saccharomyces cerevisiae, NP_010009.1), 
C.alb. (Candida albicans, XP_719422.1), A.nid. (Aspergillus nidulans, XP_664652.1), G.zea. (Gibberella zeae, XP_382110.1), P.chr. (Penicillium chrysogenum, 
XP_002559041.1), S.pom. (Schizosaccharomyces pombe, NP_001018298.1), C.neo. (Cryptococcus neoformans, XP_571257.1), C.cin. (Coprinopsis cine-
rea, XP_001833086.1), E.cun. (Encephalitozoon cuniculi, NP_585824.1), N.vec. (Nematostella vectensis, XP_001632729.1); the Spc25 protein family was 
represented by S.cer. (NP_010934.1), S.pom. (NP_588208.1), C.neo. (XP_570912.1), E.cun. (NP_586429.1), N.vec. (XP_001635865.1), S.man. (Schistosoma 
mansoni, XP_002580161.1), I.sca. (Ixodes scapularis, XP_002434782.1), S.pur. (Strongylocentrotus purpuratus, XP_797276.1), B.!o. (Branchiostoma !oridae, 
XP_002592012.1), H.sap. (Homo sapiens, NP_065726.1), A.tha. (Arabidopsis thaliana, NP_566900.1), C.rei. (Chlamydomonas reinhardtii, XP_001697914.1). 
Stretches of unaligned sequence have been removed and the number of deleted residues is indicated in brackets. The top two lines of the alignment 
indicate predicted secondary structure and corresponding con#dence values of S. pombe Pcs1 calculated with PSIPRED.72 The bottom line shows the 
secondary structure of S. cerevisiae Spc25 derived from X-ray crystallography (2FTX) as depicted from Wei et al. 2006.55 (B) Serial dilutions of wild-
type cells (wt) (JG15414), pcs1Δ mutant cells (JG14821) and cells carrying the indicated pcs1 mutations pcs1(L140A) (JG15549), pcs1(F154A) (JG15550), 
pcs1(F154D) (JG15551), pcs1(F212A) (JG15552), pcs1(F212D) (JG15553) were spotted on YES medium or YES medium containing 15 mg/ml of thiabenda-
zole (TBZ) and grown for 2 days at 32°C.
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