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The Mitotic Checkpoint or Spindle Assembly Checkpoint (SAC) is a surveillance 

mechanism that contributes to the preservation of genomic stability by delaying the 

timing of mitotic exit until all chromosomes are properly attached to the mitotic spindle 

apparatus. A defective SAC results in embryonic lethality and premature ageing in 

mouse models. In human cell culture, a defective SAC leads to a drastic increase in the 

appearance of aneuploidy. During cancer evolution, aneuploidies are thought to allow 

the clonal expansion of those tumour cells with chromosome combinations that provide 

increased proliferation potential, invasiveness as well as drug resistance among others.  

In this thesis, using the fission yeast as a model organism, we have explored a 

mechanism by which Mitogen-Activated Protein kinase (MAPK) pathways might 

regulate the activity of the SAC. MAPK pathways are evolutionary conserved signalling 

pathways that allow eukaryotic cells to adapt to changes in the physiological 

conditions. We have found that cells defective in any of the two fission yeast MAPKs 

operating during proliferation, the stress activated protein kinase (SAPK) and the cell 

integrity pathway (CIP), were hypersensitive to microtubule poison, and defective in 

maintaining a metaphase arrest induced by the cold-sensitive tubulin mutant nda3-

KM311 at the restrictive temperature. A careful analysis of SAC components 

localization by video microscopy and epistasis analyses between deletion of the 

effector kinases of both pathways (sty1 and pmk1) and deletion of SAC signalling 

components, suggested that the SAPK and the CIP MAPKs were not required for SAC 

activation but for SAC maintenance. Strikingly, both pmk1Δ and sty1Δ strains showed 

up to 1.8-fold increased levels of Slp1Cdc20, the Anaphase Promoting Complex (APC/C) 

activator. We further demonstrate that Pmk1 and Sty1 physically bind to APC/C, from 

where, at least Pmk1 physically interacts with Slp1 N-terminus through a canonical 

MAPK Docking site. We hypothesise that these MAPKs regulate the steady state levels 

of APC/C activator Slp1Cdc20 in unperturbed cell cycles, and this function becomes 

essential for cell survival when the process of chromosome capture is compromised by 

interfering the function of the mitotic spindle. In this condition, an excess of Slp1Cdc20 

would make the SAC more fragile leading to chromosome loss and a drop in yeast cell 

viability. 

More importantly, a change in the osmotic condition induced in cells undergoing 

mitosis, leads to a rapid SAPK and CIP MAPKs activation, and to the degradation of a 

Slp1Cdc20 protein pool. This Slp1Cdc20 degradation seems to be occurring in a MAPK- 

Mad3- and proteasome-dependent manner, and provides cells with an extra time to 

fulfil the SAC and prevent chromosome loss under stress conditions. 
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However, this thesis leaves open the question on whether the regulation of 

Slp1Cdc20 stability by MAPKs occurs through its direct phosphorylation or binding; or 

alternatively, by modulating the activity of any APC/C subunits such as Apc14 or 

Apc15, which are known regulators of Slp1Cdc20 turnover, or even through other 

unknown SAC or APC/C component. 

In higher eukaryotes there are some evidences of a possible regulation of the 

SAC by MAPKs, however the mechanism of action is not yet understood. Thus, our 

work might contribute to the better understanding of how eukaryotic cells maintain 

genome stability in stress conditions by regulating the timing of mitotic progression. 
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APC/C: Anaphase Promoting Complex/Cyclosome 

APS: Ammonium persulfate 

Ark1: Aurora-related kinase 1 

as: analog-sensitive 

ATP: Adenosine triphosphate 

bp: Base pair 

BSA: Bovine serum albumin 

Bub: Budding uninhibited by Benzimidazole 

BubR1: Bub1-related protein 1 

Cdc: Cell division cycle 

CDK: Cyclin-dependent kinase 

cDNA: complementary DNA 

C. elegans: Caenorhabditis elegans 

CENP: Centromere associated protein 

CIP: Cell Integrity Pathway 

Co-IP: co-Immunoprecipitation 

CPC: Chromosomal Passenger Complex 

Ct: cycle threshold 

DAPI: 4',6-diamidino-2-phenylindole 

DMSO: Dimethyl sulfoxide 

DNA: Deoxyribonucleic acid 

DNase: Deoxyribonuclease 

DNB: Dynabead 

DS: Docking site 

DTT: Dithiothreitol 

E. coli: Escherichia coli 

EDTA: Ethylenediaminetetraacetic acid 

EMM: Edinburgh minimal medium 

EM: Electron microscopy 

ERKs: Extracellular Signals Regulated Kinases 

FITC: Fluorescein isothiocyanate 

GFP: Green fluorescent protein 
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GST: Glutathione S-transferase 

GTPase: Guanosine Triphosphatase 

H2O2: Hydrogen peroxide 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

Hygr: Hygromycin resistance 

hrs: hours 

HU: Hydroxyurea 

IB: Immunoblotting 

IP: Immunoprecipitation 

IPTG: Isopropyl-β-D-thiogalactoside 

JNK: c-Jun N-terminal Kinases 

KanMX: Kanamycin (resistance casette) 

KCl: Potassium chloride 

KDa: Kilo Dalton 

KMN: KNL1 / Mis12 complex / Ndc80 complex 

LB: Luria Bertani E. coli medium 

Mad: Mitotic arrest deficient 

MAPK: Mitogen Activated Protein Kinase 

MAPKK: Mitogen Activated Protein Kinase Kinase 

MAPKKK: Mitogen Activated Protein Kinase Kinase Kinase 

Mb: Megabases 

MBC: Carbendazim, methyl-2-benizimidazole carbamate 

MCC: Mitotic checkpoint complex 

mg: Milligram 

µg: Microgram 

MgCl2: Magnesium chloride 

Milli-Q water: ultrapure water 

mV: Millivolts 

Min: Minutes 

ml: Milliliter 

mM: Millimolar 

μL: Microliter 
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μM: Micromolar 

μm: Micrometer 

Mps: Monopolar spindle 

mRNA: Messenger Ribonucleotic Acid 

MT: Microtubule 

MTOCs: Microtubule Organizing Centers 

NaCl: Sodium Chloride 

NaF: Sodium Fluoride 

NatMX: Nourseothricin N-acetyl transferase (resistance casette) 

n: Sample size 

nda3-KM311; nda3 to short: cold sensitive tubulin mutant 

nm: Nanometer 

NP40: Nonidet P-40 

n.s.: non-significant  

OD: Optical Density 

PBS: Phosphate Buffered Saline 

PBST: Phosphate Buffered Saline Tween-20 

PCR: Polymerase Chain Reaction 

PMSF: Phenylmethylsulfonyl fluoride 

RNA: Ribonucleotic Acid 

rpm: Revolutions per minute 

RT-qPCR: Quantitative PCR 

RQ: Relative Quantification  

SAC: Spindle assembly checkpoint 

SAPK: Stress Activated Protein Kinase 

S. cerevisiae: Saccharomyces cerevisiae (S.c.) 

SD: Standard deviation 

SDS: Sodium dodecyl sulphate 

SDS-PAGE: Sodium dodecyl sulphate Polyacrylamide Gel Electrophoresis 

Ser: Serine 

SIN: Septation Initiation Network 
Slp1: Sleepy homolog 1 
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SPB: Spindle pole body 

S. pombe: Schizosaccharomyces pombe (S.p.) 

TAP: Tandem Affinity Purification 

TBH: Terc-buthyl hydroperoxide 

TBST: Tris Buffered Saline Tween-20 

TEMED: N,N,N',N'-tetramethylethane-1,2-diamine 

Thr: Threonine 

Tyr: Tyrosine 

wt: Wild type 

YES: Yeast extract with supplementation 

ZnCl2: Zinc chloride 
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1.  THE CELL CYCLE 
 

Cell division is the process by which a cell becomes two allowing the 

multiplication of asexually reproducing organisms, as well as the formation, 

reproduction and tissue renewal of multi-cellular organisms. During cell division, cells 

have to provide each daughter cell with an exact copy of their genetic material. For 

that, cells must accurately duplicate their genetic information during S-phase and 

equally segregate that information between daughter cells during mitosis (M phase). 

These two phases are separated by temporal GAPs (G1 and G2). G1 is the period 

from mitosis to the initiation of replication, whereas G2 temporally separates the 

replication and segregation processes. During these temporal GAPs, cells grow in size 

and prepare themselves for the following cell cycle task. After chromosome 

segregation in mitosis, cell division is completed by the physical partitioning of the 

mother into two daughter cells, a process termed as cytokinesis (Cooper, 2000).  

The proper temporal order of the cell cycle phases is extremely well regulated; for 

instance, chromosome segregation cannot occur without the previous DNA replication, 

in the same way that cytokinesis cannot proceed until mitosis is completed. In order to 

ensure the proper timing and temporal coordination of the cell cycle phases, eukaryotic 

cells have evolved control mechanisms that supervise the transitions between phases. 

These control systems, termed “checkpoints” prevent the initiation of a particular cell 

cycle phase when the previous one has not been completed, thus provoking 

dependency between the cell cycle events (Hartwell and Weinert, 1989). Apart from 

coordinating cell cycle transitions, checkpoints provide cells with extra time to complete 

a task before moving to the next. For instance, DNA damage and replication 

checkpoints delay the entry into mitosis when DNA is being replicated or repaired, 

meanwhile the mitotic checkpoint delays the metaphase to anaphase transition even 

when just a single chromosome has not yet been attached to the spindle apparatus. A 

scheme showing the checkpoints and their requirements is shown in Fig. 1. 

Thus, in addition to the high efficiency and accuracy of the own replication and 

segregation processes, these checkpoints provide further layers of robustness to cell 

division. 
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At the molecular level, cyclin-dependent protein kinases (CDKs) are responsible 

for the proper timing and coordination of cell cycle events. As its name suggests, the 

activation of CDK requires the action of a cyclin (Morgan, 1995; Norbury and Nurse, 

1991). Cyclin binding to CDK leads to the activation of the kinase and drives CDK to 

the appropiated target substrates. Cyclins are normally at a low level but dramatically 

increase at the time point when are required for CDKs activation. There are specific 

cyclins operating at each cell cycle phase. Most eukaryotes have four types of cyclins: 

G1 cyclins, G1/S cyclins, S cyclins and M cyclins (Morgan, 1997). For example, Cdk1 

bound to G1/S cyclins triggers DNA replication whereas bound to M cyclins leads to the 

onset of mitosis (Cooper, 2000). Once a particular phase is completed, the cyclin is 

destroyed by the proteasome, resetting cyclin level in preparation for the next cell 

cycle. For instance, at the end of mitosis cyclin B is rapidly degraded by the ubiquitin-

dependent proteolysis (Glotzer et al., 1991; Hershko et al., 1991). The multi-subunit E3 

ubiquitin ligase, termed as the Anaphase Promoting Complex/Cyclosome (APC/C), is 

the ubiquitin ligase responsible for this degradation (Irniger et al., 1995; Sudakin et al., 

1995). The destruction of mitotic cyclins leads to mitotic exit and this, is followed by the 

assembly of Cdk1 with G1 cyclins, which allows cells to progress into the next cell 

cycle phase.  

Cyclins are critical cell cycle regulators, nevertheless, CDK function during cell 

cycle progression requires extra layers of regulation that involve phosphorylation and 

Figure 1. The eukaryotic cell cycle.  
A simplified scheme of eukaryotic cell cycle phases is shown along with G1/S, G2/M and metaphase 
to anaphase transitions where cell cycle checkpoints operate. 
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dephosphorylation events, as well as inhibition by Cdk inhibitory subunits (CKIs) 

(Morgan, 1997). Phosphorylation and dephosphorylation events occurs at every 

checkpoint; for instance, under DNA damage, the kinase Chk1 phosphorylates G2/M 

regulators, like Cdc25 and Wee1, to delay G2/ M transition until the damage is repaired 

(Furnari et al., 1997; Perry and Kornbluth, 2007). CKIs also operate in higher 

eukaryotes to inhibit G1/S transition in condition of DNA damage during G1 (Chang and 

Herskowitz, 1990).  

Thus, the precise control of CDK-Cyclin complexes by synthesis and 

degradation, by phosphorylation and dephosphorylation as well as by CKI-dependent 

allosteric inhibition, allow cells to adjust cell cycle timing to their specific requirements 

and maintain genome homeostasis through the process of cell division. Fig. 2 

represents the major CDK-cyclins complexes involved in cell cycle control. 

      

 

 
 

2.  FISSION YEAST AS A MODEL ORGANISM FOR THE 
STUDY OF THE CELL CYCLE 

 

The fission yeast, Schizosaccharomyces pombe, has been extensively used in 

the last half a century as a model organism to study the eukaryotic cell division cycle. 

This yeast is mostly haploid, which provides the possibility of performing genetic 

analyses. This advantage not only has allowed to discover genes involved in cell cycle 

Start                                                                                          G2/M      Metaphase to Anaphase 

Figure 2. Cyclins and cell cycle regulation. 
Major Cdk-cyclin complexes involved in cell cycle control. Cyclins determine CDK activity and, 
therefore, lead to the proper cell cycle timing. Mitotic cyclin degradation by the Anaphase Promoting 
complex (APC/C) marks the metaphase to anaphase transition as well as CDK inactivation so as to 
reinitiate the system. Image adapted from (Morgan, 2007).	  

cyclin 

G1/S-CDK     S-CDK                                                                M-CDK                  APC 
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regulation, but also to study their functional relationship and the assembly of genetic 

pathways at every cell cycle transition. In addition to its genetic virtues, fission yeast 

shows short generation times between 2 and 4 hours depending on the growth 

temperature and medium and it is easy and inexpensive to grow and manipulate fission 

yeast cells in the laboratory; moreover several molecular biology tools for its genetic 

manipulation are available (Sabatinos and Forsburg, 2010). S. pombe genome was 

sequenced and annotated in 2002 (Wood et al., 2002). 

S. pombe has indeed played a crucial role in the study of cell cycle; one reason 

for that was Murdoch Mitchison’s interest about the increase of cellular mass and the 

rate of protein synthesis during the cell cycle (Mitchison, 1971). However, the major 

discovery related to cell cycle in fission yeast was the identification by Murdoch’s 

disciple, Paul Nurse, of genes driving the process of division (Nurse, 1975; Nurse et al., 

1976). Fission yeast cells are rod-shaped and grow by tip extension maintaining 

constant the cellular diameter. So the fission yeast shape and growth pattern allowed 

the isolation of cell cycle conditional mutants, as they were easily identified by their 

long phenotytpes known as cdc- (cell division cycle). These early studies led to the 

cloning of the S. pombe CDK cdc2 (Beach et al., 1982) and the demonstration that the 

human cdc2 orthologue rescued a S. pombe cdc2 termosensitive strain (Lee and 

Nurse, 1987). This experiment that represents a milestone in the field of cell cycle 

research, revealed for the first time the highly degree of conservation in the cell cycle 

machinery among eukaryotes.  

The discovery of CDKs in fission yeast by Paul Nurse, the discovery of 

checkpoints mechanisms coordinating cell cycle phases in budding yeast by Leland H. 

Hartwell, and the discovery of cyclins in sea urchin eggs by Tim Hunt, led to the Nobel 

Prize in Physiology or Medicine in 2001 to the three scientists.  

Nowadays, almost 50 years after the first cell cycle genetic screenings and the in 

vitro biochemical early approximations that led to the discovery of CDKs and cyclins as 

master regulators of the cell cycle (MPF in Xenopus laevis eggs) (Lohka et al., 1988; 

Lohka and Masui, 1983; Masui and Markert, 1971), we have a great understanding of 

overall genetic pathways architecture controlling cell cycle transitions. However, we are 

still far from understanding how the cell cycle operates as a whole, how the cell cycle 

progression is adjusted according to environmental or physiological conditions, how 

growth and proliferation are coordinated, or how fine tune regulatory mechanisms 

operate to provide robustness to cell cycle transitions.  
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The constant emergency of new and more efficient molecular biology tools, as 

well the development of technology including sequencing, protein purification and 

microscopy will allow to fill the gaps in our understanding of cell proliferation. 

 

3.  MITOSIS 
 

The first descriptions of cell division in animals was given by Flemming in 1874; 

he coined the term mitosis, that comes from the Greek word “mitos” that means 

“thread”, as he identified the “thread-like” structure formed by cells prior to cell division 

corresponding to the chromatin condensation (Paweletz, 2001).  

During mitosis, the genetic material that has been duplicated during S-phase, is 

segregated to the two daughter cells. At the beginning of mitosis, chromatin fibers 

condense into chromosomes and, at the same time, the mitotic spindle starts to form 

by the action of the microtubule organizing centers (MTOCs), termed as centrosomes 

or spindle pole bodies (SPBs) in yeasts (Pereira and Schiebel, 1997). In higher 

eukaryotes, the nuclear envelope (NE) breaks down during early mitosis (open mitosis) 

to allow microtubules (MTs) of the mitotic spindle to reach the chomosomes (De Souza 

and Osmani, 2007). Remarkably, S. pombe, as other yeasts and fungi undergo a 

“closed mitosis” where the NE is not disassembled, but locally remodeled underneath 

the SPBs to allow the nucleation of spindle MTs inside the nucleus (De Souza and 

Osmani, 2007; Tallada et al., 2009). 

Once the mitotic spindle is formed, the “chromosome-search” process starts. This 

is an stochastic process based on MTs “dynamic instability” (Odde, 2005), in which 

MTs are constantly growing from and shrinking to the spindle poles or centrosomes. 

This dynamic behaviour allows spindle MTs to randomly search the cellular or nuclear 

volume and capture the chromosomes (Gay et al., 2012; Odde, 2005). Chromosome 

capture by the spindle MTs occurs through the kinetochore, a multiprotein complex 

assembled at centromeres for that purpose (Kops et al., 2010; Schrader, 1939). At this 

mitotic stage, known as metaphase, all the chromosomes must be bioriented; so that, 

for each chromosome, one sister chromatid must have attached to MTs from one pole, 

meanwhile the other must have attached to the opposite one (O'Connell and 

Khodjakov, 2007). In spite of the stochastic nature of the chromosome capture 

process, chromosome segregation is highly efficient in all organisms (Odde, 2005). 

One of the reasons for this is that cells have a surveillance mechanism that prevents 

the exit from mitosis until all the chromosomes have been properly attached by the 



 
INTRODUCTION 
	  

	  44 

mitotic spindle. This surveillance mechanism is known as the mitotic checkpoint or the 

Spindle Assembly Checkpoint (SAC) (Musacchio and Salmon, 2007). In the presence 

of a defective SAC, the faulty kinetochore-MT attachments lead to chromosome 

missegregation and aneuploidy (Cimini et al., 2002; Godek et al., 2015; Gregan et al., 

2011) that in mammals correlate with tumour malignancy (Bakhoum et al., 2009; 

Ganem et al., 2009).  

Once the mitotic checkpoint is satisfied, mitotic substrates securin and Cyclin B, 

are degraded by the proteasome during anaphase A. Securin degradation leads to 

separase activation which drives the degradation of the cohesin ring that keeps sister 

chromatids together, thus promoting the loss of the sister-chromatid cohesion and their 

separation by the spindle apparatus (Shirayama et al., 1998; Sudakin et al., 1995). 

Cyclin B degradation causes the inactivation of the mitotic kinase CDK1, thus initiating 

the mitotic-exit program (King et al., 1995; Sudakin et al., 1995). Anaphase A, is 

followed by anaphase B, in which the mitotic spindle elongates by the action of motor 

proteins at the central spindle (Fu et al., 2009) to provoke the further separation of the 

disjoined sister chromatids (and the nuclei in closed mitosis) increasing the fidelity of 

chromosome segregation (Varberg and Jaspersen, 2018).  

Telophase is the final phase of mitosis. During this stage, daughter cells revert to 

pre-mitotic stage: the mitotic spindle is disassembled, chromosomes decondense to 

interphase state and the nuclear envelope is reassembled in organisms with open 

mitosis (Cooper, 2000). 

The cell cycle is completed by the process of cytokinesis where the cytoplasm of 

the progenitor cell divides into the two daughter cells (Guertin et al., 2002). In S. 

pombe, the Septation Initiation Network (SIN) is the pathway that regulates the timing 

of cytokinesis. The SIN pathway signals the constriction of the actomyosin ring once 

the process of chromosome segregation is completed (Guertin et al., 2002). SIN 

signalling originates at both SPBs at the beginning of mitosis and to one SPB only (the 

new one), during anaphase B (Sohrmann et al., 1998). Although this fact is not fully 

understood yet, the asymmetric localisation of some SIN proteins to one of the two 

SPBs during mitosis seems to be important for proper cytokinesis timing and execution 

(Simanis, 2015). During interphase, the SIN pathway remains inactive by the action of 

the GTPases Activating Proteins (GAPs) Byr4/Cdc16, which negatively regulate the 

GTPase state of Spg1, an upstream regulator of the SIN pathway (Schmidt et al., 

1997). In early mitosis, Plo1 kinase localizes to the SPBs in a Sid4-dependent manner 

and excludes Byr4/Cdc16, leading to the activation of Spg1 (Johnson and Gould, 
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2011). This initial Spg1 activation is required for the sequential recruitment to the SPB, 

and activation of SIN downstream kinases Cdc7, Sid1, and Sid2 (Guertin et al., 2000; 

Sohrmann et al., 1998; Sparks et al., 1999). In late mitosis, the active SIN becomes 

asymmetrically localized to one SPB by feedback loops mechanisms (Johnson and 

Gould, 2011; Simanis, 2015). Finally, in early anaphase B when the kinase activity 

decays, the SIN reaches an activation threshold and releases a signal to the 

actomyosin ring through the Sid2-Mob1 kinase complex which accumulates at the 

division site just prior to cytokinesis (Guertin et al., 2000) along with Etd1, a 

cytoplasmic and plasma membrane bound Rho1 activator. Rho1 activation by Etd1 

eventually regulates the activity of the β-glucan synthase promoting the synthesis of 

the division septum, a process coupled to the constriction of the actomyosin ring 

(Alcaide-Gavilan et al., 2014; JC et al., 2018).  

It is noteworthy that mitotic exit and cytokinesis must be accurately coupled in 

order to achieve proper chromosome segregation. At this respect, Dma1 plays a key 

role in SIN signalling as in the presence of unattached kinetochores, Dma1 

concentrates in the SPBs and ubiquitinates Sid4. Sid4 ubiquitination prevents Plo1 

localization to SPBs and the further activation of the GTPase Spg1 which eventually 

leads to a delay in cytokinesis (Johnson and Gould, 2011). 

 

                      
 

 
Figure 3. The cell cycle. An insight into mitosis and its phases in eukaryotic cells. 
A schematic view of the different stages of mitosis is shown: prophase, prometaphase, metaphase, 
anaphase, telophase and cytokinesis. Note that the figure represents a higher eukaryote mitosis 
where the NE breakdown is observed (open mitosis). Image adapted from (Campbell, 2008).  
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4.  OVERVIEW OF THE SPINDLE ASSEMBLY CHECKPOINT 
(SAC).  

 

How cells segregate their chromosomes during mitosis with high fidelity is a 

biological problem subjected to profound studies in current cell biology. Aneuploidies, 

which result from erroneous chromosome segregations, have direct implications in 

cancer evolution to malignancy as they lead to cells with chromosome sets that make 

them highly competitive in terms of proliferation as well as highly refractory to 

anticancer treatments (Bakhoum et al., 2009; Duijf et al., 2013; Fang and Zhang, 

2011).  

The first evidences of the existence of a system controlling the fidelity of 

chromosome segregation dates back to 1995; one study from Rieder’s lab showed that 

the disruption (by laser ablation), at a single kinetochore-MT attachment, promoted a 

delay in the anaphase onset. This elegant experiment suggested the existence of a 

checkpoint mechanism, monitoring the chromosome segregation process and 

signalling that information to the cell cycle machinery in order to regulate the temporal 

progression through mitosis (Rieder et al., 1995). As previously mentioned, the process 

of chromosome capture has an stochastic nature; due to this, incorrect MT-kinetochore 

interactions are quite common during the early stages of mitosis (Fig. 4) (Cimini et al., 

2002).  

 

 

 

 

 

 

 

Figure 4. The kinetochore-MT attachment has an stochastic nature.   
Proper kinetochore-microtubule attachment enables the bi-oriented chromosome position that allows 
the proper chromosome segregation (amphitelic attachment). However, mono-orientation can occur if 
either one or both sister kinetochores are captured by MTs emanating from one pole resulting in 
monotelic or syntelic attachment, respectively. In the case of a merotelically oriented chromosome, a 
kinetochore is captured by MTs coming from opposite poles. Merotelic orientation, mostly corrected by 
Aurora B kinase, can provoke missegregation and the consequent aneuploidy. Image from (Yamagishi 
et al., 2014) 
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The identification and correction of erroneous MT-kinetochore interactions is vital 

for the fidelity of chromosome segregation and the prevention of aneuploidies (Cimini et 

al., 2004; Cimini et al., 2003). The “Spindle Assembly Checkpoint” (SAC) or mitotic 

checkpoint is the cell cycle safeguard mechanism operating at the meptaphase to 

anaphase transition that delays chromosome segregation in response to unattached or 

“tension-less” kinetochores (Foley, 2013; Musacchio and Salmon, 2007). The SAC 

seems to operate as a rheostat rather than as a toggle switch (Collin et al., 2013) 

meaning that the more severe is the condition that generates SAC activation; the 

stronger is the consequent checkpoint response. The SAC is activated in the early 

mitosis of every cell cycle, when no chromosomes have been yet captured by the 

mitotic spindle. This situation is normal and not pathological; however, the SAC also 

detects other abnormal situations that may arise from mutations that compromise the 

functions of the mitotic spindle or the structure of kinetochores or centromeric 

chromatin among others. Thus, the function of SAC is vital to preserve the integrity of 

eukaryotic genomes during cell proliferation (Rieder and Maiato, 2004; Spencer and 

Hieter, 1992; Wang and Burke, 1995).  

 

5.  THE SPINDLE ASSEMBLY CHECKPOINT. A MOLECULAR 
INSIGHT  

 

The SAC comprises several steps that occur in an ordered manner. Firstly, 

unattached kinetochores must recruit the SAC machinery in order to “raise the alarm”. 

This signal, generated at unattached kinetochores has to be amplified and maintained 

during the time period that this situation lasts (Musacchio and Salmon, 2007). 

Eventually, when the last kinetochore has been properly captured, the system has to 

be “switched off” in order to allow mitotic progression. Signalling the MT-kinetochore 

status requires protein-protein interactions, the dynamic assembly of protein 

complexes, conformational changes, as well as the post-translational modifications of 

several SAC components. 

The SAC function has been extensively studied all over the years with different 

approaches such as microscopy, crystallography, biochemistry and genetics; and in 

different organisms, going from metazoans to human cells; these studies have led to 

an emerging understanding of how this “wait-signal” prevents chromosome 

missegregation at the molecular level. 

 



 
INTRODUCTION 
	  

	  48 

5.1  KINETOCHORES AS THE PLATFORM FOR SAC SIGNALLING 
 

An important milestone in the study of the SAC was the discovery of the 

kinetochores not only providing a structural platform for chromosomes to be captured 

by the spindle MTs; but also, as the region where the “wait-signal” is produced and 

from where it is propagated (Foley, 2013; Rieder et al., 1995). A still pending question 

in the field is how the SAC distinguishes between attached and unattached 

kinetochores. Some studies have evidenced two main hypotheses. The major 

microtubule receptor at the kinetochore, the nuclear division cycle 80 complex 

(Ndc80C), controls the recruitment of the checkpoint proteins. The checkpoint protein 

kinase Mps1, a key SAC component that participates in SAC machinery recruitment, 

directly binds Ndc80C by two different interactions. These interactions are abrogated in 

the presence of MTs. Thus, this “occupancy” model states that the competition for 

Ndc80C binding site between Mps1 and MTs is a direct mechanism for the detection of 

unattached kinetochores (Hiruma et al., 2015; Ji et al., 2015). On the other hand, in 

budding yeast, it has been proposed that Mps1 binds another component of the outer 

kinetochore, Spc105 (KNL1 orthologue) that is in close proximity with Ndc80C, even 

when the kinetochore is attached to spindle MTs. This Mps1-Spc105 interaction would 

be enough to allow SAC signalling. In S. cerevisiae, it has been proposed that before 

the proper kinetochore-MT capture, close physical proximity between the CH-domains 

of Ndc80C and the phosphodomain of Spc105 would allow Mps1 to phosphorylate 

Spc105. However, the stable MT attachment to the kinetochore would distance the 

phosphodomain of Spc105, restraining it to the inner kinetochore and therefore, 

impeding its phosphorylation by Mps1 (Aravamudhan et al., 2015). 

 

5.2  TENSION OR NOT, THIS IS THE QUESTION 
 

Proper chromosome segregation requires accurate regulated interactions 

between kinetochores and MTs. Whereas the presence in eukaryotic cells of a 

mechanism signalling lack of kinetochore-MT interaction is well accepted, the tension 

factor has generated extensive debates over the years and it is still an open question in 

the field. During the process of chromosome capture, MTs emanating from opposite 

poles attached to sister kinetochores generate pulling forces between sister 

chromatids. For instance, merotelic or syntelic attachments (see Fig. 4), would satisfy 

the SAC as both kinetochores have been captured, however they would segregate 

erroneously leading to aneuploidy if not detected and corrected. Although there are 
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authors proposing that these wrong, tension-less, MT-kinetochore attachments are not 

detected by the cells; others propose the opposite. In this tension branch of the SAC, 

Aurora kinase B has been proposed to achieve error-correction of these interactions by 

decreasing affinity for MTs of the main MT-binding complex KMN at kinetochores, 

through multi-site phosphorylations (Welburn et al., 2010). Nevertheless, formation of 

stable kinetochore–MT attachments (by hampering Aurora B activity), independently of 

kinetochore orientation and stretching, is sufficient to satisfy the SAC in human cells 

(Etemad et al., 2015); this interpretation cannot be extrapolated to all eukaryotes, since 

distance between Mps1 and Spc105 generated by pulling forces has been proposed as 

a mechanism for SAC silencing in S. cerevisiae (Aravamudhan et al., 2015). In S. 

pombe cells, MT-induced tension over kinetochores has been proposed to determine 

the balance between Aurora B homolog (Ark1) kinase activity maintaining checkpoint 

arrest through the phosphorylation of SAC components (presumably Bub1 and Mad3), 

and the role of PP1Dis2 phosphatase, leading to the reversal of these phosphorylations 

and to checkpoint silencing (Vanoosthuyse and Hardwick, 2009) as illustrated below 

(Fig. 5). 

 

                    
 

 

 

Figure 5. Simplified view of S. pombe “tension” model. 
In fission yeast it has been proposed that Ark1 kinase, which localizes to inner kinetochores, is able to 
efficiently phosphorylate kinetochore-localized checkpoint components. However, upon sister 
chromatid biorientation, the tension established on kinetochores prevents further phosphorylation of 
these components, which are then rapidly dephosphorylated by PP1 (Vanoosthuyse and Hardwick, 
2009).  
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5.3  SAC SIGNALLING CASCADE 
 

At the beginning of mitosis, SAC proteins become recruited to the kinetochores in 

an ordered and hierarchical manner (Cleveland et al., 2003; Musacchio and Salmon, 

2007). The kinetochore, and in particular, the KMN network, formed by the Knl1 

complex, the Mis12 complex, and the Ndc80 complex, is the kinetochore outer layer 

responsible for the MT binding that also acts as the SAC platform (Cheeseman et al., 

2008; Varma and Salmon, 2012).  

The protein kinase Mps1 is the master SAC regulator, and is recruited to the 

kinetochores by Aurora B, just at the onset of mitosis (Vigneron et al., 2004). Once that 

Mps1 localizes to the kinetochores, it phosphorylates KNL1 in the so-called MELT 

sequences (Yamagishi et al., 2012). This phosphorylation is recognized by Bub3 

(Primorac et al., 2013) that forms a complex with Bub1 bringing it to the kinetochores. 

The kinase Bub1 then leads to the further recruitment of the Mad1:Mad2 complex to 

the kinetochores (Gillett et al., 2004; Sharp-Baker and Chen, 2001). Mad2 can adopt 

two different topologies known as open and closed Mad2 (O-Mad2 and C-Mad2). The 

C-Mad2 configuration is achieved when O-Mad2 binds to Mad1 (Mapelli and 

Musacchio, 2007). The complex Mad1:C-Mad2 at the kinetochores is able to further 

recruit soluble O-Mad2 molecules, promoting their conformational change to a closed 

and activated conformer able to bind Cdc20; the APC/C activator during mitosis (see 

below). This phenomenon is known as the “template model” (De Antoni et al., 2005; 

DeAntoni et al., 2005). Once that the resulting C-Mad2:Cdc20 complex is formed, 

Mad3/BubR1 joins the complex through its KEN domain leading to the formation of the 

Mitotic Checkpoint Complex or MCC that in some organisms including humans also 

contains Bub3 that bind the Mad2:Cdc20 complex in a BubR1 dependent manner 

(Hardwick et al., 2000; Izawa and Pines, 2015; Lara-Gonzalez et al., 2011; Musacchio 

and Hardwick, 2002; Musacchio and Salmon, 2007). Thus, unattached kinetochores 

act as a “catalytic platform” that transform O-Mad2 into C-Mad leading to the formation 

of the MCC that in turn, prevents the onset of anaphase by sequestering Cdc20, the 

activator of the metaphase to anaphase transition (Fraschini et al., 2001; Hardwick et 

al., 2000; Sudakin et al., 2001). This template model explains how unattached 

kinetochores raise the alarm and this molecular signal is amplified. Fig. 6 summarises 

SAC recruitment cascade in fission yeast. 
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So, in a situation where there are unattached kinetochores, the SAC promotes a 

delay in the anaphase onset by signalling the sequestration of Cdc20. The metaphase 

to anaphase transition relies on the proteasomal degradation of mitotic substrates and 

is therefore ubiquitin mediated (Yamashita et al., 1999). Polyubiquitin chains are added 

to securin by an E3 ubiquitin ligase known as the anaphase-promoting complex or 

cyclosome (APC/C) (Peters, 2006). Among APC/C substrates are cyclin B and securin, 

whose degradation respectively lead to a drop in Cdk1 kinase activity, with the 

consequent activation of cytokinesis, and cohesin destruction, which releases the 

connections between sister chromatids, thus allowing their physical separation by the 

mitotic apparatus (Primorac and Musacchio, 2013). The MCC is therefore a pseudo-

substrate inhibitor of the APC/C and the Cdc20 sequestering complex that impede the 

direct Cdc20-APC/C activation with mitotic substrates (see bellow) (Musacchio, 2015). 

The existence of free Cdc20 molecules result in a failure in the mitotic arrest, which 

suggests that Cdc20 inhibition by the MCC is vital for proper SAC activity and mitotic 

arrest (Lau and Murray, 2012). This is also evidenced by the existence of specific 

mutations disrupting Cdc20 interaction with Mad2 that cause an impaired SAC function 

(Kim et al., 1998). Moreover, in S. cerevisiae it has been recently demonstrated that 
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Figure 6. The Spindle Assembly Checkpoint signalling cascade in S. pombe.  
Unattached kinetochores promote the recruitment of checkpoint proteins S. pombe Mps1 homolog, 
Mph1 (regulated by Ark1) and Bub1-3. Mad1:C-Mad2 promotes the O-Mad2 conformational change 
(“Mad2 template model”), leading to Slp1 (Cdc20) sequestration. Mad3 binds to the C-Mad2:Slp1 
complex leading to the formation of the MCC. 
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the artificial tethering between Mad2 and Cdc20 (Mad2-Cdc20) provokes a robust 

mitotic block (Lau and Murray, 2012).  

In addition, recent studies done in yeast and humans cells have revealed an 

extra layer of regulation that is critical for SAC robustness. The proposed new level of 

regulation is founded in the observation that the MCC can bind a second Cdc20 

molecule (Izawa and Pines, 2015; May et al., 2017; Sewart and Hauf, 2017). How this 

complex is formed is still controversial but the available data suggests that it can be 

reached either by the binding of the MCC containing two Cdc20 molecules to the 

APC/C, or by the binding of the MCC containing just one Cdc20 molecule to the 

APC/C-Cdc20 complex as represented in Fig. 7. Moreover, a combination of both 

processes constitutes a feasible mechanism (Gross et al., 2018; May et al., 2017). 

What it seems to be clear is that the interaction with the second Cdc20 molecule relies 

on the C-terminal domain of Mad3, specifically in a second KEN box (KEN2) and in the 

nearby ABBA motifs (Di Fiore et al., 2016; Lara-Gonzalez et al., 2011; May et al., 2017; 

Sewart and Hauf, 2017). 

 

                       

 

 

 

 

 

 

 

 

 

 

                        

 

Figure 7. MCC dependent inhibition of the APC/C-Cdc20. 
In this schematic representation MCC binds the APC-Cdc20 complex depriving its catalytic activity. 
Note that two Cdc20 molecules are found in the APC/C during MCC inhibition, the already present 
APC/C-Cdc20 (Cdc20A), as well as the Cdc20 molecule bound to the MCC (Cdc20MCC). Note that 
MCC binding promotes Cdc20 ubiquitination in an APC/C-dependent manner, a process that will be 
later described. Adapted from (May et al., 2017)  
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5.4  SAC ELEMENTS HIERARCHICAL RECRUITMENT AND DEPENDENCIES 
 

Several studies have shown the dependencies between the elements of the SAC 

signalling cascade. In fission yeast, the activity of Aurora kinase (Ark1) is responsible 

for Mph1 kinetochore localization conforming the most upstream hierarchy level 

(Vigneron et al., 2004) (Fig. 8). The second level would be occupied by Bub1 and 

Bub3; these two proteins depend on each other for their kinetochore localization 

(Heinrich et al., 2012). Both of them direct the kinetochore recruitment of Mad1, Mad2 

and Mad3 (Fig. 8) (Millband and Hardwick, 2002; Windecker et al., 2009). However, 

cells deleted for Bub1 or Bub3 do not prevent Ark1 or Mph1 kinetochore localization 

(Heinrich et al., 2012), exemplifying the cascade of sequential recruitment of SAC 

elements. In the third layer of regulation are Mad1, Mad2 and Mad3. Mad3 kinetochore 

localization is independent of Mad1 and Mad2 (Millband and Hardwick, 2002), whereas 

deletion of mad3 slightly affects Mad1 and Mad2 recruitment (Heinrich et al., 2012). 

Moreover, Mad1 is required for Mad2 kinetochore localization but not in reverse, 

suggesting that Mad2 is located in the last layer of SAC hierarchy (Heinrich et al., 

2012). 

This hierarchical model of recruitment of SAC components to kinetochores 

seems to be quite conserved among eukaryotes, being Aurora B and Mps1 at the top 

of the “pyramid” (Santaguida et al., 2010; Vigneron et al., 2004) and required for the 

kinetochore recruitment of the rest of SAC components. Bub1 upstream regulation over 

Mad1 and Mad2 has also proven to be conserved in Xenopus laevis (Sharp-Baker and 

Chen, 2001), budding yeast (Gillett et al., 2004) and human cells (Meraldi et al., 2004). 

Nevertheless, BubR1/Mad3 appears as the most variable element with regard to its 

role in SAC function and its hierarchy within the system probably due to its evolutionary 

divergence among species (Musacchio and Salmon, 2007).  
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5.5  CDC20 TURNOVER AND SAC MAINTENANCE 
 

Control of APC/CCdc20 activity in response to the mitotic spindle status includes 

adjustable cycles of Cdc20 synthesis and degradation, MCC assembly and 

disassembly, and APC/CCdc20-MCC association and dissociation (Foley, 2013; Foster 

and Morgan, 2012; King et al., 2007; Lara-Gonzalez et al., 2011; Mansfeld et al., 2011; 

Musacchio, 2015; Pan and Chen, 2004; Primorac and Musacchio, 2013). Therefore, 

Cdc20 turnover is an important part of SAC regulation. 

Cdc20 accumulates during M phase and is then rapidly degraded during the late 

stage of anaphase once the SAC has been fulfilled (Primorac et al., 2013; Prinz et al., 

1998; Shirayama et al., 1998). During mitosis, Cdc20 is constantly being synthetized 

and degraded in a proteasome-dependent manner. This fact has been clearly proved in 

human cells where adding the proteasome inhibitor MG132 during a mitotic block led to 

an uncommon Cdc20 accumulation whereas blocking protein synthesis with 

cycloheximide abrogated this increase (Nilsson et al., 2008).  

The APC/C subunit Apc15 has been shown to have an important role in Cdc20 

turnover during mitosis. Studies done in budding yeast, as well as human in vitro 

analyses, have determined that the APC/C subunit Apc15 is required for the adecuate 

Cdc20 ubiquitination (Foster and Morgan, 2012; Mansfeld et al., 2011; May et al., 

2017; Sewart and Hauf, 2017). In human cells, Apc15 promotes a configuration shift in 

APC/CCdc20-MCC that favors Cdc20 ubiquitination which leads to its degradation 

(Yamaguchi et al., 2016). 

Figure 8. The Spindle Assembly Checkpoint proteins hierarchy.  
Left pannel. Black arrows indicate a dependency, dashed arrows a partial dependency and gray 
arrows the absence of dependency. Right pannel: heat map for SAC proteins dependencies. For some 
cases, relationship has not been determined (n.d.). From (Heinrich et al., 2012). 
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In S. pombe, deletion of apc15 causes a premature entry into anaphase that has 

been attributed to a reduced association between the MCC and the APC/C in this 

mutant (May et al., 2017; Sewart and Hauf, 2017).  

In addition to the APC/C subunit Apc15 in stabilizing the interaction of MCC with 

APC/C necessary for the effective Cdc20/Slp1 ubiquitination and degradation during 

mitosis (May et al., 2017), the MCC component Mad3, through its KEN2 domain, also 

contribute to stabilise the interaction between MCC and APC/C, thus favoring 

Cdc20/Slp1 degradation (King et al., 2007; May et al., 2017; Sewart and Hauf, 2017). 

Thus, Cdc20 levels are controlled during mitosis through the APC/C-dependent 

degradation (Yamaguchi et al., 2016), which contribute to SAC robustness. 

In the fission yeast, another APC/C subunit, Apc14, counteracts Apc15 (and 

Mad3) and favors MCC-APC/C dissociation. Thus, whereas Apc15 promotes the 

APC/C-MCC binding, and consequently, a mitotic block, Apc14 promotes SAC 

silencing and exit from mitosis (May et al., 2017). In this manner, Cdc20 levels are 

controlled during mitosis through the APC/C-dependent degradation (Yamaguchi et al., 

2016) which contributes to SAC robustness. 

The balance of activities of these two APC regulators controlling the MCC-APC/C 

binding, and, therefore, Cdc20 stability, is emerging as a new layer of SAC regulation 

that is required not only to maintain proper levels of Cdc20 to avoid premature mitotic 

exit, but also to allow the rapid onset of anaphase once the SAC had been satisfied 

(Izawa and Pines, 2015; Mansfeld et al., 2011; May et al., 2017). How cells are able to 

“silence” the SAC after the proper chromosome capture and exit mitosis is described 

below. 

 

5.6  SAC SILENCING AND APC/C ACTIVATION 
 

Once the last kinetochore has been captured by the mitotic spindle, there is a 

SAC “switch off” and cells proceed to exit mitosis (Fig. 9) (Musacchio and Salmon, 

2007). In general terms, SAC silencing has been suggested to happen in two steps; 

first, kinetochore attachment by MTs would decrease SAC activity due to the 

“occupancy model”, previously discussed in 5.1, (Hiruma et al., 2015; Ji et al., 2015), 

leading to the cease in the “wait-signal” mediated by MCC. Secondly, the tension 

between sister chromatids after the bipolar attachment would trigger a cascade that 

would end up in the dephosphorylation of a number of SAC and kinetochore proteins 

(Wang et al., 2014). 
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During the first step of SAC silencing, de novo formation of MCC stops, and pre-

assembled MCC-APC/C complexes start to disassemble (Liu and Zhang, 2016). In 

human cells, p31comet is considered a checkpoint antagonist, as it negatively regulates 

the SAC by extracting Mad2 from the MCC (Westhorpe et al., 2011). In yeast, where no 

p31comet homolog exists, the APC/C subunit Apc14 seems to be taking part in SAC 

silencing, although the exact mechanism has not been elucidated yet, cells deleted for 

apc14 showed a clear delay in cyclin B degradation indicative of a SAC silencing defect 

(May et al., 2017).  

In addition to the cease in the MCC formation, the removal of SAC components 

from the kinetochores is also needed. The minus-end directed motor protein dynein 

was proposed as the key to understand the stripping of the SAC elements from the 

kinetochores. Dynein localizes to non-attached kinetochores through a complex known 

as RZZ (Rod/Zw10/Zwilch) that directly binds Ndc80C with the help of the protein 

Spindly (Cheerambathur et al., 2013). Previous studies highlighted the importance of 

dynein for Mad1 and Mad2 removal from the kinetochores and its deletion proved to be 

deficient in promoting the anaphase onset (Howell et al., 2001). The importance of 

dynein, RZZ and Spindly is clear in higher eukaryotes; however, lower eukaryotes, like 

yeasts, lacks RZZ and Spindly protein; dynein, a priori, a good candidate to perform 

that role, is not required for Mad2 clearance from bi-oriented chromosomes in S. 

Figure 9. APC/C inhibition, a matter of MCC dynamics.  
At the beginning of mitosis, total MCC level produced at the kinetochores are high, however, MCC 
production decreases as kinetochore are attached by the microtubules. MCC production is finally 
stopped once that all the chromosomes have been captured. Adapted from (Sacristan and Kops, 
2015). 
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pombe. It is possible that higher eukaryotes, that contain much larger kinetochores, 

might have evolved further levels of SAC silencing regulation (Courtheoux et al., 2007).  

Therefore, the stripping from the kinetochores of SAC elements is necessary for 

SAC silencing but this is not the only requirement; in addition, the dephosphorylation of 

substrates that were activated by phosphorylation at the beginning of mitosis is crucial 

to revert the SAC activation state and promotes its silencing. A key player in this 

process is the protein phosphatase 1 (PP1). As previously mentioned, Mps1 

phosphorylates the kinetochore protein Spc105/Knl1 to promote the recruitment of the 

SAC machinery (Shepperd et al., 2012; Yamagishi et al., 2012); PP1 is required for the 

reversal of Mps1 phosphorylation (London et al., 2012). In budding yeast, the 

kinetochore protein Spc105 recruits this phosphatase where its role is also essential for 

SAC silencing (Rosenberg et al., 2011). Increasing PP1 levels leads to a premature 

SAC silencing and exit from mitosis in both, budding and fission yeast (Pinsky et al., 

2009; Vanoosthuyse and Hardwick, 2009).  

Besides, it has been reported that Aurora B phosphorylation, that is required to 

initiate and maintain SAC function, depends on the distance to its substrates at the 

inner kinetochore. In budding yeast Ipl1 (Aurora B homolog), phosphorylates the 

kinetochore protein Dam1. Upon sister chromatid biorientation, the tension-induced by 

kinetochore stretching, distances Ipl1 kinase from Dam1, compromising its 

phosphorylation and triggering the checkpoint silencing (Liu et al., 2009). It has been 

proposed that this reduced phosphorylation is due to the inability of Aurora B to reach 

its substrates rather than to a reduced catalytic activity of this kinase (Lampson and 

Cheeseman, 2011), also described in fission yeast (Vanoosthuyse and Hardwick, 

2009). 

To summarize, upon all kinetochore-MT attachment have been properly 

produced, SAC silencing is driven by the conjunction of several processes: the cease 

of the MCC production, the disassembly of MCC and other SAC components from the 

kinetochores, the action of phosphatases, and the cease of Aurora B phosphorylation 

of its kinetochore targets. It is important to note that SAC silencing is as important for 

cell viability as SAC activation, and consequently, it requires the spatio-temporal 

coordination of all these events, similar to SAC activation but in a reverse way. 

As above-mentioned, once that all the kinetochores have been properly captured 

by the mitotic spindle; the de novo production of MCC is stopped and the existing MCC 

dissociates from the APC/C. At that moment, MCC inhibitory sequestration over Cdc20 

finishes and Cdc20 is now able to activate the APC/C. This activation provokes 
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polyubiquitylation of anaphase substrates such as securin and Cyclin B, which lead to 

their proteolytic degradation by the proteasome. Securin degradation leads to separase 

activation which targets for degradation the cohesin ring that keeps sister chromatids 

together, thus promoting the loss of the sister-chromatid cohesion and their separation 

by the spindle apparatus. Cyclin B degradation causes the inactivation of the mitotic 

kinase CDK1, thus initiating the mitotic-exit program and the activation of cytokinesis 

(Musacchio and Salmon, 2007). 

 

6.  SAC ROBUSTNESS: A MATTER OF STOICHIOMETRY 
 

As we have seen, the SAC must be exquisitely regulated in order to emit a wait-

signal to ultimately promote the correct chromosome segregation; all the protein post-

translational modifications, complex formations and protein interactions must occur in a 

orchestrated manner. Moreover, the system needs to be finely regulated so as to be 

able to promote a modulated inhibitory signal according with the number of unattached 

kinetochores (Collin et al., 2013) and a quick SAC silencing once that chromosomes 

have been successfully captured. For that, the concentration of proteins involved in the 

checkpoint response has to be finely regulated. This has been highlighted in higher 

eukaryotes and in budding and fission yeast, where variations in those levels cause 

severe checkpoint defects (Nilsson et al., 2008; Poddar et al., 2005). For instance, in 

Xenopus laevis eggs extract, Mad1 overexpression leads to a defective SAC since 

Mad2 free pool is totally sequestered by Mad1, thus leading to a less efficient MCC 

formation and provoking a non-responsive system that can only be counteracted by 

increasing Mad2 level (Chung and Chen, 2002). Conversely, lowering SAC proteins 

concentration also promotes a destabilization in the checkpoint system. The decrease 

of Mad2 and BubR1 protein levels in human cells results in the loss of genome integrity 

due to a defective SAC function (Michel et al., 2001). In mice, the abrogation of the 

SAC leads to embryonic lethality whereas heterozigotes deficient for several SAC 

components leads to aneuploidy and to the consequent increase in the development of 
spontaneous tumors and premature ageing (Dai et al., 2004; Michel et al., 2001).  

In fission yeast, a study by Heinrich et al. (2013), has shed light on how the 

proper stoichiometry between SAC elements is required for a fine-tune regulation of the 

metaphase to anaphase transition. This study revealed how accurate the system is, as 

well as how Slp1/Cdc20 stoichiometric inhibition by the MCC seems to be responsible 

for this little tolerance upon small changes in protein abundance (Heinrich et al., 2013). 
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For the MCC protein level regulation, it has been reported that a 40% reduction of 

Mad2 protein levels completely abolishes SAC function. Consistent with previous 

studies in Xenopus (Chung and Chen, 2002), Mad1 overexpression to 300% in S. 

pombe cells damages the checkpoint signalling as decreases the amount of free Mad2 

pool. Overexpression of Mad2 up to 150% of the wild type level is enough to restore 

SAC activity; highlighting the importance of the right Mad1-Mad2 balance (Heinrich et 

al., 2013).  

Slp1/Cdc20 is an important determinant of SAC robustness as it is the ultimate 

APC/C activator for the metaphase to anaphase transition. Indeed, Slp1 protein 

abundance turned out to be crucial: a reduction in Slp1 protein levels up to 40% 

completely rescued the defective checkpoint found in strains expressing either 40% of 

Mad2, or 30% of Mad3. Strinkingly, a mutant expressing 40% of Mad2 wild type levels 

and 30% of Mad3, has a functional SAC as long as Slp1 concentration is reduced to 

40% (Heinrich et al., 2013). Conversely, increasing Slp1 levels provokes a defective 

SAC in a wild type background that is further impaired when Mad2 and Mad3 levels 

were reduced (Heinrich et al., 2013). This has also been shown in budding yeast where 

triplicating Cdc20 levels leads to a defective SAC function (Pan and Chen, 2004).   

Thus, the reliability of the mitotic checkpoint mechanism is strongly affected by 

the relative amount of its signalling components. 

The Human Protein Atlas (https://www.proteinatlas.org/), has been used to detect 

alterations in SAC proteins in different tissues, either in their expression or protein 

abundance. These alterations have been observed in cancer cells (Oncomine 

database) confirming the relevance of the stoichiometry in SAC response and its 

consequences in maintaining genome integrity. 

 

7.  MITOGEN ACTIVATED PROTEIN KINASE (MAPK) 
PATHWAYS  

 

Cells are continuously exposed to changing environmental or physiological 

conditions. To maintain homeostasis and survival under these conditions cells posses 

cellular sensors that detect these changes, as well as signal transduction pathways 

that promote specific adaptative responses. In eukaryotes, the Mitogen Activated 

Protein Kinase (MAPK) pathways exert a critical role in the transduction of several 

extracellular signals to orchestrate different specific cellular responses (Marshall, 1995; 

Pelech and Sanghera, 1992). The MAPKs signalling operate through three distinct 

modules. Firstly, a sensor that specifically detects a particular type of stimuli. Secondly, 
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a signal transmission system that includes a three-tiered kinase cascade comprising a 

MAPK kinase kinase (MAPKKK), that phosphorylates and activates a MAPK kinase 

(MAPKK), that, in turn, activate a MAPK by phosphorylating it in two conserved 

tyrosine and threonine residues (Fig. 10) (Marshall, 1995; Qi and Elion, 2005). Finally, 

the active MAPK promotes a response by phosphorylating transcription factors, RNA-

binding proteins, cytoplasmic susbtrates and cell cycle regulators (Perez and Cansado, 

2010). These MAPK-dependent phosphorylations lead to changes in gene expression 

and the activation of certain biochemical activities. Also MAPKs promote cell cycle 

readjustments according with the new physiological condition. In general, the intensity 

and kinetics of this MAPK activation strongly depend on the type and the degree of the 

physical or chemical perturbation (Perez and Cansado, 2010). 

MAPKs are highly evolutionary conserved pathways and are present in genomes 

from yeast to human (Errede and Levin, 1993). In mammalian cells there are several 

MAPK pathways that have been classified in three categories: ERK, p38 and JNK; 

meanwhile ERK and p38 present orthologs in yeasts; JNK has only been described in 

mammals. ERK1 and ERK2 have a role in proliferation and differentiation, while p38 

and JNK have been involved in stress response signalling and are known as Stress 

Activated Protein Kinases (SAPK) (Perez and Cansado, 2010).  

In S. cerevisiae five MAPK pathways have been characterised; four of them, 

Fus3, Kss1, Hog1 and Slt2/Mpk1, operates during its vegetative cell cycle playing a 

role in conjugation and response to pheromones, filamentation and invasivity, growth in 

high osmolarity, and in cell integrity. The remaining pathway, the Smk1 MAPK kinase- 

dependent, is required for the spore wall assembly (Gustin et al., 1998). 

In S. pombe three MAPK pathways have been characterised: the Cell Integrity 

Pathway (CIP), the Stress Activated Pathway (SAPK) and the pheromone signalling 

pathway. Two of these MAPK pathways operate during fission yeast vegetative growth: 

the CIP and the SAPK. The SAPK pathway is orthologous to mammalian p38 and 

budding yeast HOG1, meanwhile the CIP pathway is a structural homolog of the 

extracellular signal-regulated kinases ERK1/2 in mammals and the SLT2/MPK1 of S. 

cerevisiae (Roux and Blenis, 2004; Schaeffer and Weber, 1999). The third MAPKs 

pathway, the pheromone signalling pathway with its effector kinase Spk1, operates 

during nitrogen deprivation where cells activate mating. In nitrogen starvation 

conditions, cells stop the mitotic cycle and start to synthesize and secrete mating 

pheromones. Pheromones are the activating stimuli for this pathway that eventually 
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triggers the genetic program to undergo conjugation and meiosis (Yamamoto et al., 

2004). 

The CIP and SAPK, that are objects of study on this thesis will be described in 

more detail in the next section. 

 

 

 
7.1  THE FISSION YEAST SAPK PATHWAY 

 

The SAPK signalling cascade is critical for cell survival under several stress 

conditions. Mutants of the SAPK cascade show striking growth defects upon a wide 

range of stressing conditions such as, high and low temperature, osmotic stress, UV 

irradiation and oxidative stress among others (George et al., 2007; Millar et al., 1995; 

Shiozaki and Russell, 1995; Soto et al., 2002; Warbrick and Fantes, 1991). In addition, 

deletion in any of the SAPK pathway elements provokes deleterious effects in S. 

pombe growth such as: poor cell viability upon stationary phase, impaired sexual 

differentiation after nitrogen deprivation, and defective G2/M transition, that provokes 

elongated cell morphology (Shiozaki and Russell, 1995; Wilkinson et al., 1996). 

SAPK pathway contains two MAPKKKs: Wak1 and Win1 that are required to get 

the maximum activation of the pathway; nevertheless depending on the specific stress, 
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Figure 10. A simplified view of MAPK pathways and modules in S. pombe.  
MAPK pathways core module is composed of three kinases: MAPKKK, MAPKK and MAPK that are 
sequentially activated in presence of different stimuli. Adapted from (Perez and Cansado, 2010). 
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one of them can have a more relevant role than the other whereas, sometimes, they 

can substitute each other (Perez and Cansado, 2010). Stressing situations provokes 

Mcs4 binding to Wak1 and Win1 (the MAPKKKs), leading to their activation (Samejima 

et al., 1998; Shieh et al., 1997). This MAPKKKs activation promotes the activation of 

the next kinase of the module in the SAPK cascade, the MAPKK Wis1. This kinase will, 

in turn, activate the MAPK effector kinase Sty1 (Samejima et al., 1997; Shieh et al., 

1997). Mcs4 stabilises the heterodimeric complex formed with MAPKKKs, favoring the 

physical interaction with MAPKK Wis1 and leading to the phosphorylation and 

activation of Sty1 MAPK. Based on that, the heterodimeric complex Mcs4-MAPKKKs 

has been proposed to act as a stabilising platform for a proper SAPK signalling under 

stress conditions (Morigasaki and Shiozaki, 2013). 

Sty1 becomes activated in a Wis1-dependent manner by the phosphorylation of 

residues Thr171 and Tyr173 upon multiple of the stressing above-mentioned conditions 

(Fig. 11). Curiously, heat stress as well as the exposure of cells to arsenite, trigger a 

Sty1 activation which is independent of the Wak1/Win1 and Wis1 signalling cascade 

(Nguyen and Shiozaki, 1999; Rodriguez-Gabriel and Russell, 2005). 

During unperturbed conditions, Sty1 localizes to the cytoplasm. However, upon 

stress-induced MAPK activation Sty1 locates to the nucleus where it associates with its 

targets (Gaits et al., 1998). 

In general terms, cells deleted for Sty1 are more severely affected upon stress 

conditions than cells lacking the other MAPK, Pmk1, suggesting that the SAPK 

pathway is the main system involved in stress response. However, the activation of the 

CIP pathway is also required in several stress conditions to fully maintain cell survival 

(Perez and Cansado, 2010). 

Despite all the studies done in the SAPK pathway in the last decades, little is 

known about the sensor system controlling the detection and initial activation of this 

MAPK pathway. The only known mechanism of this MAPK activation relies on the 

transduction of oxidative stress by hydrogen peroxide. For this case, a phosphorelay 

system; a variation of the bacterial two-component system, drives the transduction of 

the signal. The two homologous sensor histidine kinases, Mak2 and Mak3 exert their 

effect together with the phosphotransfer protein Mpr1/Spy1 and the response regulator 

Msc4 that will, ultimately, regulates the MAPK pathway through the activation of the 

MAPKKKs (Aoyama et al., 2000; Buck et al., 2001; Nguyen et al., 2000). Apart from 

this sensor system, no other specific sensor has been characterised so far for the 

detection and activation of the SAPK pathway in response to other stresses. To date, 
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Mcs4 has been proven to be required for Sty1 phosphorylation in response to all the 

well-known SAPK stressors (Shieh et al., 1997). 

 

                              
 

 
 

Sty1 activation leads to a wide range of cellular responses. One of the most 

relevant Sty1 target is the transcription factor Atf1, which contains a bZIP binding 

domain to CRE motifs (cAMP-Response Element). Atf1 is most closely related to 

human ATF-2 (Shiozaki and Russell, 1996). Once the MAPK pathway is activated, 

Sty1 translocates into the nucleus, where it binds and phosphorylates Atf1 to promote 

its activation. Atf1 activation leads in turn to the expression of several genes that will 

cooperatively promote an adaptive cell response to the triggering stress condition 

(Chen et al., 2003). 

In addition to Atf1 activation, stress-activated Sty1 also controls gene expression 

by the regulation of mRNA binding proteins including Csx1, Cip1, Cip2 and the RNA 

Helicase Upf1 (Perez and Cansado, 2010). The modulation of these mRNA binding 

proteins seems to be key in the control of gene expression as part of the cellular 

response (Martin et al., 2006; Rodriguez-Gabriel et al., 2006). Upon activation, Sty1 

also activates other protein kinases such as Cmk2, a kinase that plays a relevant role 

in the oxidative response in S. pombe (Sanchez-Piris et al., 2002). Sty1 MAPK also 

Figure 11. Kinetics of stress response activation of Sty1 in S. pombe.  
The kinetics and intensity of the signal varies according to the nature and magnitude of the stressor. 
Sty1-HA strain was grown in rich medium subjected to oxidative stress (1 mM H2O2), heat shock 
(40ºC) or osmotic stress (0.5 M NaCl) for indicated time points. Activated Sty1 was detected by 
immunoblotting with an specific antibody (Phospho-p38, see Material and Methods) that detects 
phosphorylated and, therefore, active Sty1. Total Sty1 was determined as loading control. Adapted 
from (Gacto et al., 2003) 
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coordinates cell cycle progession. It associates with Srk1, a kinase that inhibits Cdc25 

phosphatase by inducing its accumulation in the cytoplasm. This mechanism operates 

at the G2/M transition during a normal cell cycle and also in response to a non-

genotoxic environmental stress (Lopez-Aviles et al., 2005). Polo kinase has also 

proven to be a Sty1 target; in this case, the SAPK MAPK phosphorylates Plo1 at 

residue Ser402 modulating the timing of mitosis in response to the nutrient condition in 

non-perturbed cycles as well as promoting the reactivation to the regular cell cycle 

control after the exposure to a stress condition (Petersen and Hagan, 2005).  

MAPK activation is as important as the modulation of the intensity, and duration 

of the response. Thus, the inactivation of the stress response is as crucial for cell 

survival as the initial activation. MAPK phosphatases are critical for MAPK down-

regulation. Three types of MAPK phosphatases have been described in eukaryotic 

cells: tyrosine, serine/threonine and dual-specificity phosphatases (Farooq and Zhou, 

2004). In fission yeast, Pyp1 and Pyp2 are tyrosine phosphatase that, together with the 

serine/threonine phosphatases Ptc1 and Ptc3, down regulate Sty1 activity (Madrid et 

al., 2007). Interestingly, Sty1 activates the expression of these phosphatases in an 

Atf1-dependent manner, thus creating a negative feedback loop that enables to switch 

off the signalling cascade once the response has been delivered (Degols et al., 1996; 

Wilkinson et al., 1996). On the other hand, phosphatases Ptc1 and Ptc3 exert their 

function in down regulating Sty1 upon a heat shock (Nguyen and Shiozaki, 1999). 

Upon heat shock, Sty1 inhibition by Pyp1 is absent, allowing a strong MAPK Sty1 

activation; SAPK inactivation under this particular circumstance relies on Ptc1 and Ptc3 

activity illustrating the complexity of SAPK pathway regulation (Nguyen and Shiozaki, 

1999). 

 

7.2  THE FISSION YEAST CIP PATHWAY 
 

The Cell Integrity Pathway, whose central element is the MAPK Pmk1 is 

activated by multiple environmental perturbations such as: osmotic stress, high cell wall 

damaging agents, temperature, oxidative stress and glucose deprivation (Fig. 12) 

(Madrid et al., 2006).  Strikingly, Pmk1 also becomes cyclically activated at the M-G1 

transition (Fig. 13) (Madrid et al., 2007), although the biological significance of this 

activation is not fully understood (Madrid et al., 2007). 
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Pmk1 activation requires the action of the MAPKKK and the MAPKK, Mkh1 and 

Pek1 respectively (Sugiura et al., 1999). Consistently, it has been reported that the 

absence of any kinase of this MAPK module: Mkh1 (MAPKKK), Pek1 (MAPKKK) or 

Pmk1 (MAPK) provokes multiseptated phenotype, defects in cell wall composition and 

hypersensitivity to beta-glucanase treatment and to osmotic stress, as well as defective 

vacuole fusion (Loewith et al., 2000; Sugiura et al., 1999; Toda et al., 1996; 

Zaitsevskaya-Carter and Cooper, 1997). 

 Pmk1 activation relies on a double phosphorylation at residues threonine 186 

and tyrosine 188 by active Pek1 (Loewith et al., 2000; Sugiura et al., 1999). 

Remarkably, Pek1, in its unphosphorylated form, negatively regulates Pmk1 signalling 

(Sugiura, 1999 #194). In the same way as for the SAPK pathway, the intensity and 

kinetics of the CIP pathway varies according to the nature and magnitude of the 

stressor agent (Fig.13). For example, exposure to a cell wall damaging component 

(e.g. calcofluor) would promote a different response in terms of kinetics compared with 

the response to osmotic stress (e.g. KCl). 

Figure 12. Kinetics of stress response activation of Pmk1 in S. pombe.  
The kinetics and intensity of the signal varies according to the nature and magnitude of the stressor. 
Pmk1-HA strain was grown in rich medium subjected to 0.5 M sodium chloride, 0.6 M potassium 
chloride, 1 M sorbitol, 50 mM calcium chloride, 5 mM sodium vanadate, 15 mM caffeine, 1 mg/ml 
calcofluor white or incubated at 40 °C for indicated time points. Activated Pmk1 was detected by 
immunoblotting with an specific antibody (Phospho-p42/44, see Material and Methods) that detects 
phosphorylated and, therefore, active Pmk1. Total Pmk1 was determined as loading control. Adapted 
from (Madrid et al., 2006) 
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Mkh1 and Pek1 localize to the cytoplasm and the septum in both, control and 

stressed cells. Pmk1 also localizes to the cytoplasm and the division septum, but it is 

also present in the nucleus and at the mitotic spindle (Madrid et al., 2006; 

Zaitsevskaya-Carter and Cooper, 1997). Curiously, Pmk1 localization is not altered 

upon induction of several stresses and this localization does not require MAPK 

upstream regulators Mkh1 and Pek1 suggesting that Pmk1 is activated in the 

cytoplasm and that, either active or inactive Pmk1 shuttles between the nuclear and 

cytoplasmic compartments (Madrid et al., 2006). 

Similarly to budding yeast, the module of the CIP MAPK pathway, is activated by 

the protein kinase C orthologue Pck2 once it became activated by the action of the 

plasma membrane-bound GTPase Rho2, the most upstream known component of the 

CIP (Ma et al., 2006).  

As previously mentioned, MAPK ultimate function is to transduce a stress signal 

into a suitable adaptive response through the phosphorylation of its targets. However, 

to date only a few Pmk1 targets have been discovered. Likewise Sty1, Pmk1 

phosphorylates the transcription factor Atf1 (Takada et al., 2007). It has been 

suggested that, indeed, the CIP and SAPK pathway converge into Atf1 transcription 

factor in order to promote a fully “cell damage response” (Perez and Cansado, 2010). 

In addition to phosphorylate this transcription factor, Pmk1 also phosphorylates 

Nrd1, a RNA binding protein that control stability of several mRNAs. It has also been 

Figure 13. Pmk1 is cyclically activated during mitosis.  
Cells from strain cdc25-22 Pmk1-GST were used to perform a block and release experiment (see 
Material and Methods for more details).Activated or total Pmk1 was detected by immunoblotting with 
anti-phospho-p42/44 or anti-GST antibodies, respectively. Pmk1 activity during the cell cycle is 
represented by normalization between active Pmk1 to the loading control value. The septation index is 
also shown, indicating the synchrony in the culture. Adapted from (Satoh et al., 2009) 
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proposed that Nrd1, in its phosphorylated state, binds and stabilizes Cdc4 mRNA, 

which encodes for a myosin II light chain essential for the assembly and contraction of 

the actomyosin ring during cytokinesis. Pmk1 cyclic phosphorylation of Ndr1 has been 

proposed to negatively regulate Cdc4 in a cell cycle-dependent manner (Satoh et al., 

2009). 

Once the adaptive response has been promoted, the CIP pathway is also 

negatively regulated in order to promote its inactivation; Pmp1, a closely related dual-

specificity phosphatase plays a key role in Pmk1 dephosphorylation and inactivation 

(Sugiura, 1998 #197). Furthermore, SAPK-regulated Pyp1p and Pyp2p, as well as the 

threonine phosphatase Ptc1p, are able to down-regulate Pmk1 activity (Madrid et al., 

2007). Therefore, Pmk1 has two dephosphorylation pathways, one directly mediated by 

Pmp1, and the other driven by the SAPK effectors whose transcriptional activation 

depends on Sty and Atf1 function (Perez and Cansado, 2010).  

 

7.3  COMPLEXITY OF THE MAPK RESPONSE  
 

Whereas some physical or chemical stressors activate both MAPKs (SAPK and 

CIP), others specifically activate one of the MAPK pathways. For instance, nitrogen 

depletion or the presence of heavy metals specifically activate the SAPK cascade, 

whereas damage on the cell wall or exposition to hypotonic stress activate the CIP 

pathway; others, like hyperosmotic stress, glucose deprivation or oxidative stress 

trigger the activation of both MAPK pathways (Madrid et al., 2006).  

Strikingly, common cellular sensors are not known since Pmk1 activation 

depends on Rho2 and Pck2, as previously mentioned (Barba et al., 2008), whereas 

Mcs4 exerts that role in the SAPK pathway (Shieh et al., 1997). Oxidants are well 

known activators of the SAPK and CIP pathways; nevertheless, the kinetics of 

activation and response, as well as their requirement for cell survival are different 

between these two MAPKs. Whereas the SAPK pathway is required to survive in the 

presence of hydrogen peroxide and it is strongly activated in the presence of this 

oxidant (Quinn et al., 2002); cells deleted for pmk1 survive in the presence of this 

stress and the CIP only becomes activated at high hydrogen peroxide concentrations 

whereas the SAPK is activated at much lower concentration of this oxidant (Madrid et 

al., 2006). Another interesting example of the complexity of MAPK activation is the 

response to the pro-oxidant terc-buthyl hydroperoxide (TBH) (Madrid et al., 2006; 

Perez and Cansado, 2010). This compound promotes the CIP and SAPK responses 

and thus, the phosphorylation of the effector kinases of both pathways, Pmk1 and Sty1. 
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Strikingly, Atf1, the transcription factor common to both pathways, is required for that 

response but not Sty1 (Chen et al., 2008). Moreover, whereas, Pmk1 is required for cell 

viability in the presence of TBH, neither Atf1 nor Sty1 are; thus suggesting that Pmk1 

must be promoting cell survival acting through the post-translational level (Chen et al., 

2008). 

 

7.4  THE CROSSTALK BETWEEN THE SAPK AND THE CIP PATHWAYS 
 

Both the CIP and the SAPK pathways are indeed interconnected by feedback 

mechanism involving Pmk1/Sty1 phosphatases. Whereas, cells deleted for pmk1 have 

a normal Sty1 activation (Madrid et al., 2006), the absence of SAPK activity provokes 

an increased of the phosphorylated and activated state of Pmk1. This Pmk1 up-

regulation not only occurs during stress response, but also under unperturbed 

conditions (Madrid et al., 2007). The current hypothesis proposes that Sty1 activation 

eventually leads to the activation of the SAPK phosphatases Pyp1, Pyp2 and Ptc1 that 

also control Pmk1 desactivation. Therefore, in the absence of sty1, Pmk1 remains 

constitutively phosphorylated and activated (Madrid et al., 2007). Further studies 

confirmed SAPK pathway involvement in negatively regulating Pmk1 activity through 

the ribosomal protein Cpc2, the homolog to RACK1 (Receptor of Activated protein C 

kinase) in higher eukaryotes. Cpc2 binding to the ribosomal 40S subunit has proved to 

be essential for mRNAs Pyp1 and Pyp2 translation during S. pombe vegetative growth 

as well as during stress conditions (Nunez et al., 2009). 

The transcription factor Atf1 stablishes another connection point between SAPK 

and CIP pathways under stress conditions induced by cell wall damage or in response 

to glucose limitation. In the first case, both, Pmk1 and Sty1 phosphorylate Atf1 (Takada 

et al., 2007), whereas in the second case, Pmk1 boost SAPK pathway activity in a Atf1-

dependent manner favoring the SAPK signal transduction upstream of Sty1 (Madrid et 

al., 2013), suggesting that the CIP pathway reinforces SAPK for a better adaptive 

response upon certain stress conditions (Madrid et al., 2013). 
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1. BACKGROUND 
 

The mitotic checkpoint or Spindle Assembly Checkpoint (SAC) is a surveillance 

mechanism that contributes to the preservation of genomic stability by delaying the 

timing of anaphase onset until all chromosomes are properly attached to the mitotic 

spindle (Musacchio and Salmon, 2007). Failures in this checkpoint result in 

chromosome missegregation and in the appearance of aneuploidy in higher 

eukaryotes which is a hallmark of tumour malignity (Dai et al., 2004; Fang and 

Zhang, 2011), this fact has generated a great amount of interest in the molecular 

mechanism governing SAC function. Moreover, microtubule targeted chemotherapy 

treatments mainly used for breast and lung cancers, and in leukaemia (Allan and 

Clarke, 2007; Jordan and Wilson, 2004) require SAC activation to block cell cycle 

progression during mitosis. The consequent prolonged arrest in mitosis leads to the 

later activation of apoptosis and the elimination of these cells, although other 

undesirable outcomes such as “mitotic slippage” are also possible (Rieder and 

Maiato, 2004; Weaver and Cleveland, 2005). This anticancer strategy has produced 

invaluable results over the last half a century (Haschka et al., 2018; Martino et al., 

2018), however, SAC defects leading to aneuploidy are associated to cancer 

development (Fang and Zhang, 2011) and a weak SAC function is known to 

decrease sensitivity to spindle-damaging drugs (Gascoigne and Taylor, 2008; 

Swanton et al., 2007; Taylor and McKeon, 1997). Thus, fully understanding the 

mechanism of action of the mitotic checkpoint, as well as the eventual therapeutic 

control of its activity, are important challenges of current cell biology and cancer 

therapy.  

Previous unpublished results from our group showed that fission yeast cells 

compromised in the function of the CIP MAPK pathway, specifically in its kinase 

effector Pmk1, resulted in increased sensitivity to the MT depolymerizing drug MBC 

relative to wild type cells. This phenotype has also been observed in the fission yeast 

genome-wide screens in which single gene deletions where systematically assayed 

for hypersensitivity to grow in the presence of several antiproliferative compounds 

(Bimbo et al., 2005). Hypersensivity to MT poisons is a landmark of a defective 

mitotic checkpoint. Intriguingly, in S. pombe, Pmk1 localizes to the nucleus during the 

whole cell cycle, independently of the MAPK module activation; and to the mitotic 

spindle during mitosis (Madrid et al., 2006). Importantly, the nuclear localization of 

Pmk1 is not apparently required to respond to some stresses such as chloride 
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homeostasis or Pmk1 functional role during vacuole fusion (Sanchez-Mir et al., 

2012). Thus, the observed hypersenstivity to MT poison of pmk1 deletion might be 

somehow functionally connected to Pmk1 localization during mitosis. However, due 

to the fact that the Cell Integrity Pathway controlled by this MAPK effector plays a 

role in cell wall maintenance (Toda et al., 1996), it has been speculated that pmk1∆ 

sensitivity to certain chemicals, including MBC, might arise from an increased drug 

intake consequence of a defective cell wall biosynthesis (Sengar et al., 1997; 

Zaitsevskaya-Carter and Cooper, 1997). 

The mitotic checkpoint or SAC relies on the generation of a diffusible signal 

from unattached kinetochores that inhibit, by sequestration, the Anaphase Promoting 

Complex activator Cdc20; Slp1 in fission yeast. Slp1Cdc20 is an E3 ligase that 

regulates the polyubiquitination and degradation of specific mitotic substrates 

required for mitotic exit (Musacchio and Salmon, 2007). Thus, this checkpoint 

mechanism prevents cells from exiting mitosis with unattached kinetochores that 

would eventually lead to the generation of aneuploidies and lost of cell viability. The 

SAC also has a branch that relies on forces/tension generated on sister kinetochores 

by MTs emanating from opposite spindle poles (SPBs or centrosomes). This branch 

of the checkpoint guarantees that kinetochores are not only attached to the mitotic 

spindle but attached to MTs coming from opposite poles. At the molecular level, this 

surveillance branch of the mitotic checkpoint operates by the interplay of Aurora 

kinase and protein phosphatase 1 (PP1) on specific checkpoint components 

(Vanoosthuyse and Hardwick, 2009). This checkpoint branch is satisfied when 

tension is established on sister kinetochores, as this tension distances Aurora 

kinase, located at inner kinetochore, from the kinetochore-MT attachment sites, 

located at the outer kinetochore, thus allowing SAC silencing by PP1 phosphatase 

(see Introduction). Thus, the inter-kinetochore distance is used by cells as an 

indicative of the presence of proper bipolar attachments.  

Slp1Cdc20 is one of the key regulators of mitotic exit, and its activity is controlled 

by the mitotic checkpoint. Cdc20 is a highly phosphorylated protein (Sivakumar and 

Gorbsky, 2015). In different model organisms the mitotic kinases Cdk1, Polo, Bub1 

and MAPKs have proved to phosphorylate Cdc20 on multiple residues (Chung and 

Chen, 2003; D'Angiolella et al., 2003; Tang et al., 2004). These phosphorylations are 

essential for mitotic checkpoint functioning; however, the spatio-temporal 

coordination of these phosphorylations as well as their biological significance in 

checkpoint functioning remains still largely unknown. 
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Cdc20 undergoes phosphorylation during mitosis and is a substrate for Cdc2 in 

vitro in Xenopus and in human cells (Kramer et al., 2000). Cdc20 can only bind to 

and activate the mitotically phosphorylated form of the Xenopus and the human 

APC/C in vitro. Nevertheless, the study of phosphorylated and nonphosphorylated 

forms of Cdc20 suggested that Cdc20 phosphorylation is not sufficient or required for 

APC/C activation (Kramer et al., 2000); but vital for the proper checkpoint signalling 

(Chung and Chen, 2003) revealing the importance of Cdc20 phosphorylation and 

highlighting the complexity of Cdc20 regulation by phosphorylation.  

One of the signalling kinases of the SAC, Bub1, has also been demonstrated to 

phosphorylate Cdc20 in human cells (Tang et al., 2004). In addition to this proposed 

direct phosphorylation, it has been recently described that Bub1 also scaffolds Polo 

kinase mediated phosphorylation of Cdc20 (Jia et al., 2016). Importantly, this Bub1-

dependent Polo kinase scaffolding has been shown to inhibit APC/CCdc20 in vitro. 

Thus, Cdc20 phosphorylation by Bub1 and Polo is regulated by upstream checkpoint 

signals and are not required for MCC assembly, indicating that Bub1-Plk1-mediated 

phosphorylation of Cdc20 acts an APC/C-inhibitory mechanism that is parallel, but 

not redundant, to MCC formation (Jia et al., 2016).  

The possible connection between MAPKs and SAC has been studied along 

decades in Xenopus laevis. By the late 1990s it was shown that in Xenopus laevis 

eggs, MAPK activity over Cdc20 was required for the establishment and 

maintenance of the mitotic arrest induced by spindle depolymerization (Minshull et 

al., 1994; Takenaka et al., 1997).  

In mammalian cells, the role of MAP kinases in the mitotic checkpoint has been 

controversial; a study from Rieder´s group suggested that ERK1/2 activity is not 

required for generating or sustaining the SAC (Shinohara et al., 2006). However, p38 

was reported in the late 1990s to be required for mitotic checkpoint activation caused 

by spindle disruption using nocodazole, as the cell cycle delay induced by nocodazol 

was suppressed upon p38 chemical inhibition (Takenaka et al., 1998).  

More recently, it has been shown that MAPKs contribute to the phosphorylation 

of X. laevis Cdc20 at residues Thr 64 and Thr 68 (Chung and Chen, 2003). Also, in 

mammalian cells, p38 MAPK signalling was recently demonstrated to be required for 

Cdc20 degradation and mitotic arrest in the presence of cadmiun. Cadmium causes 

oxidative stress and the consequent activation of p38 MAPK pathway, and induce 

severe DNA damage (Yen and Yang, 2010).  
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2. OVERVIEW OF OUR RESEARCH LINE 
 

In this thesis we have used a combination of yeast genetics, biochemistry and 

live-cell microscopy to study a possible role of the fission yeast MAPKs in the mitotic 

checkpoint regulation.  

We first study the effect of depleting the CIP and SAPK MAPK effectors Pmk1 

and Sty1 in mitotic progression in unperturbed conditions and in cells compromised 

in chromosome segregation by either, chemical inhibition of MTs dynamics, or by 

using a tubulin mutant that conditionally impairs the assembly of the mitotic spindle. 

We next study the role of MAPKs Pmk1 and Sty1 on SAC regulation at the molecular 

level. Finally, we study the role of MAPKs Pmk1 and Sty1 in cells exposed to stress 

during mitosis, when chromosome segregation is taking place. 

 

3. GENERAL AIM  
 

The general aim of this thesis was the study a possible role of MAPK signalling 

on SAC regulation and the understanding of how this control might prevent 

chromosome missegregation under stress conditions. 

 

4. SPECIFIC AIMS 
 

1. To analyze the phenotypic consequences of depleting the CIP and SAPK MAPK 

effectors Pmk1 and Sty1 in unperturbed cell cycles, and in cell cycles in which the 

chromosome segregation process is compromised by interfering with the assembly 

and function of the mitotic spindle.  

2. To characterize at the molecular level the roles of MAPKs Pmk1 and Sty1 in SAC 

regulation.  

3. To study the role of MAPKs in the regulation of the SAC in cells exposed to 

exogenous stresses during the process of chromosome capture. 
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1. SCHIZOSACCHAROMYCES POMBE STRAINS 
 

S. pombe strains used in this work are listed in Table MM1. 

  
    

Strain # Genotype Source Figure/s 

RD1936 h+  wt ura4-D18 leu1-32 P. Nurse´s Lab 14A, 18A, 18B, 
19A, 19B, 20B, 
23A, 23D, 27A, 
35, 

RD 2806 h- bub1::leu1+ ura4-D18 leu1-32 I. Hagan´s Lab 14A, 23A, 23D, 
27A, 35, 

RD 1000 h+ pmk1:: ura4+ ura4-D18 leu1-32 M. Balasubramanian´s 
Lab 

14A, 19A, 19B, 
20B, 23A, 23D, 
27A, 35, 

RD 3211 h+ mad1-GFP:his+ sid2-
Tomato:NatMX leu1-32 ura4-D18   

This study 14B, 14C 

RD 3233 h+ pmk1::ura4  mad1-GFP:his sid2-
Tomato:NatMX 

This study 14B, 14C 

RD 1811 h+ sid2-Tomato:NatMX leu1-32 
ura4-D18 

P. Nurse´s Lab 15B, 15C, 45C 

RD 2846 h- bub1:: ura4+ sid2-Tomato:NatMX 
leu1-32 

This study 15B, 15C 

RD 4017 h+  pmk1:: ura4+ sid2-
Tomato:NatMX  ura4-D18 

This study 15B, 15C 

RD 2853 h- rad21-3EGFP:KanMX leu1-32 
ura4-D18 

F. Verde´s Lab 16 

RD 4263 h pmk1:: ura4+ rad21-
3EGFP:KanMX sid2-
Tomato:NatMX  leu1-32 ura4-D18 

This study 16 

RD 4025 h- cdc7-GFP:KanMX  sid2- 
Tomato:NatMX leu1-32 

This study 17A, 17B 

RD 4035 h  pmk1:: ura4+ cdc7-GFP:KanMX 
sid2-Tomato:NatMX  leu1-32 

This study 17A, 17B 

RD 488 h- nda3-KM311 ura4-D18 leu1-32 P. Nurse´s Lab 18A, 18B, 19C, 
23B, 23C, 27B, 
28A, 28B, 31C, 

RD 3214 h+ mad2:: ura4+ nda3-KM311 ura4-
D18 
 
 
 

This study 18A, 18B, 19C, 
23A, 23B, 23C, 
27B, 28A, 28B, 
31C 

RD 5727 h+ pmk1::ura4+ nda3-KM311  This study 18A, 18B, 19C, 
23B, 23C, 27B 
28A, 28B, 31C 

Table MM1. S. pombe strains used in this work. 
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RD 1215 h+ mkh1::ura4+ ade6 leu1-32 ura4-
D18 

M. Balasubramanian´s 
Lab 

19A 

RD 3611 h- pek1::ura4+ leu1-32 ura4-D18 M. Balasubramanian´s 
Lab 

19A 

RD 3321 h-  pmk1::KanMX pmk1HA6His 
(K52E):leu1+  leu1-32 ura4-D18 

J. Cansado´s Lab 19B, 35, 

RD 877 h+ pek1::ura4+ nda3-KM311 leu1-
32 

R.R. Daga´s Lab 19C 

RD 1057 h pek1DD:ura4+ nda3-KM311 J. Cansado´s Lab 19C 
RD 363 h- mad2::ura4+ ura4-D18 leu1-32 P. Nurse´s Lab 20B 

RD 5822 h+ pmk1::KanMX Pmk1-TEY-HA-
6H:leu1+ ura4-D18 leu1-32 

J. Cansado´s Lab 20B 

RD 5823 h+ pmk1::KanMX Pmk1-AEY-HA-
6H:leu1+ ura4-D18 leu1-32 

J. Cansado´s Lab 20B 

RD 5824 h+ pmk1::KanMX Pmk1-TEF-HA-
6H:leu1+ ura4-D18 leu1-32 

J. Cansado´s Lab 20B 

RD 5825 h+ pmk1::KanMX Pmk1-AEF-HA-
6H:leu1+ ura4-D18 leu1-32 

J. Cansado´s Lab 20B 

RD 2261 h+ mad1-GFP:his+  cnp1-
mCherry:KanMX leu1-32 ura4-D18 

R.R. Daga´s Lab 21A, 21B, 21C, 

RD 3132 h+ pmk1::ura4+mad1-GFP:his+ 
cnp1-mCherry:KanMX ura4-D18 

This study 21A, 21B, 21C, 

RD 368 h- mad2-GFP:KanMX ura4-D18 
leu1-32 

P. Nurse´s Lab 21A, 21B, 21C, 
41C 

RD 3317 h- pmk1::ura4+ mad2-GFP:KanMX 
ura4-D18 

This study 21A, 21B, 21C, 

RD 2121 h+ mad3-GFP:his3+ leu1-32 ura4-
D18 ade6- 

K. Hardwick´s Lab 21A, 21B, 21C, 
32C, 41C 

RD 4067 h  pmk1::ura4+ mad3-GFP:his leu1-
32 

This study 21A, 21B, 21C 

RD 408 h- bub1-GFP:KanMX leu1-32 ura4-
D18  

P. Nurse´s Lab 21A, 21B, 21C, 

RD1005 h- pmk1::ura4+ bub1-GFP:KanMX 
leu1-32 ura4-D18  

R.R. Daga´s Lab 21A, 21B, 21C 

RD 2352 h bub3-GFP:his+ leu1-32 ura4-D18  K. Hardwick´s Lab 21A, 21B, 21C 
RD 4281  h pmk1::ura4+ bub3-GFP:His ura4-

D18 
This study 21A, 21B, 21C, 

RD 3173 h- bub1::ura4+ mad1-GFP:his+ 
cnp1-mCherry:KanMX ura4-D18  

This study 21A 

RD 2213 h- bub1::leu1+  mad2-GFP: KanMX 
cnp1-mCherry:KanMX ura4-D18 
leu1-32 

R.R. Daga´s Lab 21A 

RD 4069 h bub1::ura4+  mad3-GFP:his+ 
ura4-D18 leu1-32 

This study 21A 

RD 6802 h bub1::ura4+  Bub3-GFP:his+ cnp1-
mCherry:KanMX ura4-D18 

This study 21A 

RD 5827 h slp1-HA: KanMX mad3-GFP:his+ 
nda3-KM311 ura4-D18 leu1-32 
 

This study 22B, 32C, 47 
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RD 5828 h pmk1::ura4+ slp1-HA: KanMX 
mad3-GFP:his+ nda3-KM311 ura4-
D18 leu1-32 

This study 22B 

RD 5109  h lid1-TAP:KanMX mad3-GFP:his+ 
nda3-KM311 ura4-D18 leu1-32 

This study 22C 

RD 5111  h pmk1::ura4+ lid1-TAP:KanMX 
mad3-GFP:his+ nda3-KM311 ura4-
D18 leu1-32 

This study 22C 

RD 3407 h pmk1::KanMX mad2::ura4+ This study 23A 
RD 988 h mad3::ura4+ ura4-D18 T. Toda´s Lab 23A 

RD 3330 h+ pmk1::ura4+ mad3::ura4+ leu1-
32 ura4-D18 

This study 23A 

RD 3989 h pmk1::ura4+ mad2::ura4+ nda3-
KM311 

This study 23B 

RD 5665 h+ mad3::ura4+ nda3-KM311  This study 23C 
RD 6085 h pmk1::ura4+ mad3::ura4+ nda3-

KM311 
This study 23C 

RD 4561 h- slp1-mr63 leu1-32 ura4-D18  K. Hardwick´s Lab 23D 
RD 4559 h- pmk1::ura4+ slp1-mr63 leu1-32 

ura4-D18 
This study 23D 

RD 2315 h+ slp1-HA:KanMX leu1-32 ura4-
D18 

K. Hardwick´s Lab 24A, 24B, 31D, 
36, 41B, 42A, 
43A, 43B, 46 

RD 3459 h+ pmk1:: ura4+ slp1-HA:KanMX 
leu1-32 

This study 24A, 24B, 31D, 
36 

RD 5373 h- pmk1::KanMX pmk1(K52E):leu1+  
slp1-HA:KanMX leu1-32 ura4-D18 

This study 24A 

RD 5729 h cdc25-22 slp1-HA:KanMX ade6 This study 24C, 45A, 45B 
RD 3675 h-  pmk1:: ura4+ cdc25-22  slp1-

HA:KanMX 
This study 24D 

RD 5098 h+ slp1-HA:KanMX nda3-KM311 This study 25B, 25C, 26B, 
29B, 30B, 31B, 
32C, 33B, 37B, 
39, 42B, 42C, 44, 
48A, 48B 

RD 5099 h+ pmk1:: ura4+ slp1-HA:KanMX 
nda3-KM311 

This study 25B, 25C, 48A 

RD 4077 h pINTL41x-slp1-HA:ura4+  This study 27A 
RD 4117 h pINTL41x-slp1-HA:ura4+ nda3-

KM311 leu1-32 
This study 27B 

RD 5190 h- KanMX-Prad21-slp1+  Plo1-
mCherry:NatMX nda3-KM311 

S. Hauf´s Lab 28A 

RD 5196  h pmk1::ura4+ KanMX-Prad21-
slp1+ Plo1-mCherry:NatMX nda3-
KM311 

This study 28A 

RD 5186  h hphNT1-Pmad2(259bp)-mad2+ 
-GFP:KanMX  nda3-KM311 ura4-
D18  

S. Hauf´s Lab 28B 
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RD 5185 h pmk1::ura4+ hphNT1-
Pmad2(259bp)-mad2+ 
-GFP:KanMX ura4-D18 nda3-
KM311 

This study 28B 

RD 1939 h+ pmk1::ura4 pmk1-GFP:leu1+ 
ura4-D18 leu1-32   

J. Cansado´s Lab 29B, 30B, 31B, 
33B 

RD 5201  h- pmk1::ura4+ pmk1-GFP:leu1+ 
slp1-HA:KanMX nda3-KM311 

This study 29B, 30B, 31B, 
33B 

RD 5743 h pek1::ura4+ pmk1::ura4+ pmk1-
GFP:leu1+ slp1-HA:KanMX nda3-
KM311 

This study 30B 

RD 5525 h pmk1::ura4+ pmk1-GFP:leu1+ 
slp1-MAPK Docking site-HA: 
KanMX nda3-KM311 

This study 31B 

RD 5725 h- slp1-MAPK Docking site:Hygr 
nda3-KM311 

This study 31C, 48B 

RD 5497 h+ slp1-MAPK Docking site-HA: 
KanMX ura4-D18 leu1-32 

This study 31D 

RD 5511 h pmk1::ura4+ slp1-MAPK Docking 
site-HA: KanMX ura4-D18 leu1-32 

This study 31D 

RD 1203 h+ mad2-GFP:KanMX leu1-32 
ura4-D18 

P. Nurse´s Lab 32B 

RD 5505 h- slp1-MAPK Docking site-HA: 
KanMX nda3-KM311 

This study 32-33B 

RD 6189 h mad2-GFP:KanMX slp1-MAPK 
Docking site-HA: KanMX nda3-
KM311 

This study 32B 

RD 6083 h slp1-MAPK Docking site-HA: 
KanMX mad3-GFP:his+ nda3-
KM311 ura4-D18 leu1-32 

This study 32C 

RD 5577 h mad2::ura4+ pmk1::ura4+ pmk1-
GFP:leu1+ slp1-HA:KanMX nda3-
KM311 

This study 33B 

RD 6077 h lid1-TAP:KanMX pmk1::ura4+ 
pmk1-GFP:leu1+ slp1-HA:KanMX 
nda3-KM311 

This study 34B 

RD 6181 h lid1-TAP:KanMX pmk1::ura4+ 
pmk1-GFP:leu1+ slp1-MAPK 
Docking site-HA: KanMX nda3-
KM311 

This study 34B 

RD 1105 h- sty1::ura4+  J. Cansado´s Lab 35 
RD 5550 h+ sty1::KanMX Sty1-K49E-

GFP:leu1+ (kinase death) 
J. Cansado´s Lab 35 

RD 1525 h sty1::ura4+ pmk1:: KanMX 
ura4D18 
 

J. Cansado´s Lab 35 

RD 3376 h+ sty1::ura4+ slp1-HA:KanMX 
leu1-32 

This study 36 
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RD 5923 h sty1::ura4+ sty1-GFP:leu1+ slp1-
HA:KanMX nda3-KM311 

This study 37B, 39 

RD 5613 h+ sty1::ura4+ sty1-GFP:leu1+ ura4-
D18 leu1-32 

J. Cansado´s Lab 37B, 39 

RD 6357  h lid1-TAP:KanMX sty1::ura4+ sty1-
GFP:leu1+ slp1-HA:KanMX nda3-
KM311 

This study 38 

RD 5991 h sty1::ura4+ sty1-GFP:leu1+ slp1-
MAPK Docking site-HA: KanMX 
nda3-KM311 

This study 39 

RD 5893 h sty1::ura4+ sty1-GFP:leu1+ 
pmk1HA6His:leu1+ nda3-KM311  

This study 39 

RD 932 h+ pmk1-HA6His:ura4+ leu1-32 
ade6-M216 

J. Cansado´s Lab 40A, 40B, 48C 

RD 6161 h pmk1::ura4+ sty1::ura4+ slp1-
HA:KanMX 

This study 42A 

RD 6195 h pmk1::NatMX sty1::ura4+ slp1-
HA:KanMX nda3-KM311 

This study 42B, 42C 

RD 6138 h mad3::ura4+ slp1-HA:KanMX 
ura4-D18 leu1-32 

This study 43A, 43B 

JC BV4 h+ sty1::KanMX sty1-HA6His:ura4+ 
ura4-294 leu1-32 

J. Cansado´s Lab 48C 

JC EGM826 h+ pmk1::KanMX pmk1.as-
HA6His:leu1+ ura4-D18 leu1-32 

J. Cansado´s Lab 48C 

RD 6604 h+ sty1::KanMX sty1-T97A-HA6His: 
ura4+ (as) ura4-294 leu1-32 

J. Cansado´s Lab 48C 
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2. GROWTH MEDIA AND CELL CULTURE CONDITIONS 
 

2.1 SCHIZOSACCHAROMYCES POMBE GROWTH MEDIA 
 

Culture media used in this work for the growth and maintenance of S. pombe 

are described in Moreno et al., 1991 (Moreno et al., 1991). Solid media were prepared 

by adding agar to a final concentration of 2%. All the media were prepared with distilled 

water (Milli-Q) and sterilized in the autoclave. 

-Rich medium (YES). YES was used for the vegetative growth of S. pombe cells. 

Yeast extract medium was supplemented with 30 g/L of glucose and adenine, leucine, 

histidine and uridine to a final concentration of 300 mg/L.  

-Rich medium supplemented with antibiotics. Geneticin (G-418, Life Technologies 

#K4000) Nourseothricin (clon Nat, Werner Bioagents, #5001000) or Hygromycin B 

(Roche, #10843555001) were used at a final concentration of 100 μg/ml when required 

for the selection of S. pombe cells carrying antibiotics markers. 

-Edinburgh Minimal Medium (EMM). EMM containing the necessary supplements 

was used to select S. pombe strains with auxotrophic markers according to published 

data (Mitchison, 1970).  

-Sporulation medium (SPA). SPA plates were used to induce procceses of 

conjugation and sporulation in S. pombe according to published data (Munz and 

Leupold, 1970). 

 

2.2 ESCHERICHIA COLI GROWTH MEDIUM 
 

Lysogeny broth medium (LB) was used for the growth and maintenance of 

Escherichia coli (E. coli) as described in (Bertani, 1951). Resistant clones selection 

was done by supplementing the media with 100μg/ml of ampicillin (Sigma, #	  A9518). 

 

2.3 CELL CULTURE CONDITIONS 
 

All the experiments described were performed with exponential phase cultures 

with an optical density between 0.2-0.8 measured at 595nm.  

Ordinarily S. pombe liquid cultures were grown at 30ºC in orbital shakers. For 

the cdc25-22 thermosensitive mutants, permissive temperature was 25ºC whereas 

restrictive temperature was 36ºC. For the nda3-KM311 cold-sensitive mutant, 

permissive temperature was 32ºC meanwhile restrictive temperature was 18ºC. 
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For S. pombe cells, plates were incubated at the indicated temperatures. E. coli 

cells were incubated at 37ºC in both liquid cultures and plates.  

 

3. STRAINS CONSTRUCTION 
 

3.1 SLP1-MAPK DOCKING SITE-HA STRAIN CONSTRUCTION. 
 

Full length slp1-HA-KanR plus 100 bp upstream the start codon and 100 bp of 

the kanamicin stop codon was amplified with primers OAB101 and OAB102 (Sigma) 

(Table MM2) and cloned into the pJET plasmid (ThermoFisher Scientific, #K1231), 

following manufacturer´s instructions, generating the pJET-slp1-HA:KanMX plasmid. 

To create the Slp1-MAPK-Docking site mutant, the OAB103 oligonucleotide 

primer (Sigma) was synthesized including the mutations in the predicted putative 

MAPK Docking site (19-25: KKRNLVF to AAANAAF) (Table MM2). This primer was 

used to mutagenize slp1-HA sequence cloned in the pJET-slp1-HA:KanMX plasmid by 

PCR amplification as described in (Li et al., 2008). PCR reaction was performed with 

the Q5 high fidelity DNA polymerase following manufacturer´s instructions (New 

England Biolab, #M0491S). DpnI enzyme (New England Biolab, #R0176S) was used to 

degrade the template DNA from the PCR product and 5µl were used to transform 

DH5α E. coli competent cells following the procedure described by Kushner (Dale and 

Greenaway, 1985). Plasmid DNA from candidate mutants was obtained by miniprep 

(Invitrogen, #	  K210010) and checked first by restriction analysis (the primer was design 

to include a restriction site for PvuII) and confirmed by DNA sequencing. The resulting 

plasmid was named pJET-slp1DS-HA:KanMX.  

Slp1-DS-HA:KanMX was amplified with OAB101 and OAB102 and the resulting 

amplicon was transformed into S. pombe wt strain using the lithium acetate based 

method (Bahler et al., 1998). Geneticin resistant clones were isolated and positive 

mutants were confirmed first by restriction analysis of the DNA and subsequent 

sequencing (Secugen). Positive clones were backcrossed three times. 

 

3.2 SLP1-MAPK-DOCKING SITE-HA EPITOPE TAG REMOVAL 
 

Since Slp1-HA protein tagged version is not completely functional and, 

moreover, all the experiments must be carried out with homogeneus backgrounds, we 

set out to remove the HA tagging in the Slp1-Docking mutant as, for instance, untagged 

Slp1 alleles are used in the mitotic block experiments in the nda3-KM311 background.  
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In order to do that, wt slp1+ locus was first tagged with hygromicin using the 

oligonucleotide primers (Sigma) Slp1_Ttag_FW and Slp1_Ttag_RV (Table MM2) and 

the pFA6a-hphMX6 plasmid was amplified (Hentges et al., 2005). The amplicon 

obtained was transformed in a wt strain using the lithium acetate based method (Bahler 

et al., 1998). The resulting strain was confirmed by PCR and sequencing (Secugen) 

and was named slp1-Hygr. After that, oligonucleotides Slp1_fortag_inSlp1_FW and 

Slp1_Ttag_Chck_RV (Table MM2) annealing at the 3´end (downstream the MAPK-

Docking site point mutations) of slp1+; and downstream the HygR cassette respectively, 

were used to amplify the slp1-Hygr strain. The amplification product was transformed in 

the slp1-MAPK-Docking-site-HA-KanMX mutant and recombinant cells were selected 

by screening clones that had acquired resistant to hygromicin and had become 

sensitive to kanamycin. Positive clones were confirmed by sequencing and 

backcrossed twice. 

 

3.3 PINTL41X- SLP1 AND PINTL41X-SLP1-HA STRAINS CONSTRUCTION. 
 

Genomic DNAs from wt and slp1-HA:KanMX were isolated as previously 

described (Moreno et al., 1991). Oligonucleotide primers (Sigma) Slp1-XhoI-F and 

Slp1-XhoI-R containing XhoI restriction sites were used to amplify wt slp1+, whereas 

slp1-HA DNA sequence was amplified with primers Slp1-XhoI-F and Slp1-HA-XhoI-R 

(Table MM2), using the Q5 high fidelity DNA polymerase following manufacturer´s 

instructions (New England Biolab, #M0491S). The resulting amplicons were digested 

with XhoI (Sigma, #R0146S) and cloned into a pINTL41x plasmid previously digested 

with SalI (Sigma, #R0138S) (Fennessy et al., 2014). Ligase reactions were done with 

the T4 DNA ligase (NEB, #M0202S) following manufacturer´s instructions. The 

resulting plasmids were amplified in E. coli competent cells. Plasmids DNA from both 

mutants were obtained by miniprep (Invitrogen, #	   K210010), checked by restriction 

analysis and confirmed by DNA sequencing. The resulting plasmids were named 

pINTL-41-Slp1 and pINTL-41-Slp1-HA. Following the instructions given in Fennessy et 

al., the NotI fragment was excised form both plasmids and transformed into an ura4-

D18 host. Correct transformant flips auxotrophy from leu+ ura- (recipient host) to leu- 

ura+ due to the disruption of leu1+ by the vector sequences (Fennessy et al., 2014). 

Double or multiple mutants were generated by crosses and tetrad analyses. 
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4.  MITOTIC ARRESTS 
 

For the metaphase block using the cold-sensitive tubulin mutant background, 

nda3-KM311 cells were grown overnight in YES media at 32ºC to early-log phase and 

12mM of hydroxyurea (HU) was added to the cultures. After 3.5 hours of incubation at 

32ºC, HU was washed out and cells were shifted to pre-cool YES at 18ºC and 

incubated at that temperature until sample collection (indicated for each experiment). 

For the immunoprecipitations and co-immunoprecipitations experiments incubation 

time at 18ºC was 6 hours unless otherwise indicated. 

Cells were fixed in 70% ice-cold ethanol at each indicated time point. For microscopy, 

cells were mounted with a DAPI-calcofluor stainning solution (see “Microscopy” section 

for more details). The percentage of septated cells was used as readout for mitotic exit.  

In order to synchronise cells in mitosis, thermo-sensitive cdc25-22 cells were 

grown overnight in YES medium at 25ºC to mid-log phase and then shifted to 36ºC for 

  

Primer name Primer sequence (5´- 3´) 
OAB101 TACCTCAACTGTACGCGCAGCATTACC 
OAB102 TTACCCGATGAAGAAAACCAACTATGG 
OAB103 ACACCCACAgctgcagctAACgcaGcCTTCCCTAACAGCCCTATA

ACTCCCCTGC 

Slp1_Ttag_FW 
 

TAATGCTAATTCACGCTCATAATTGGCAAACATTTGGTATTT
ACGATCTCATGTATTTTCTTAACTACCTATTGCTGTACCGGA

TCCCCGGGTT AATTAA 
 Slp1_Ttag_RV 

 
TTCTTAAAGCAAATAACGTATAATAACAGTATTTGTTTACTGA
TGAGATTAACATTACCCGATGAAGAAAACCAACTATGGAATT

CGAGCTCGT TTAAAC 
 Slp1_fortag_in 

Slp1_FW 
 

TGTATTCAGCTTTATCGCCTGATGG 
 

Slp1_Ttag_Chck
_RV 

 

GTTAGCTTTGAACGCTACACCTACC 
 

Slp1-XhoI-F CGctcgagTGGATACGTTTCTGTCC 
Slp1-XhoI-R CGctcgagTCAACGGATTGTTATGC 

Slp1-HA-XhoI-R CGctcgagGCCATCAAAATGTATGG 

Table MM2. Oligonucleotide sequences used for  strains construction 
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3.5 hours to arrest them in G2. In order to synchronously release cells into mitosis, 

cultures were rapidly cooled down to 25ºC in iced-water and then incubated at 25ºC for 

the experimental time course. Progression through mitosis was monitored by DAPI-

calcofluor staining and counting septated cells. 

 

5.  DROP ASSAYS 
 

Drop assays are a common and informative technique to compare the cell 

growth rate of yeasts under different growth conditions. It involves the serial dilution 

and spotting of yeasts. 

In this work, spot tests were performed in order to evaluate growth under the 

presence of the microtubule depolimerizing drug carbendazim (MBC; Sigma #	  378674).  

In these assays all the strains to be assesed were grown to identical OD and 4 serial 

dilutions were made in a multi-well plate: 1/10, 1/100, 1/1000 and 1/10000. Then, 

dilutions are spotted into YES plates and YES plates containing different MBC 

concentrations from a 10mg/ml stock diluted in DMSO (Sigma, #D8418). Incubating 

temperature is indicated for each experiment. 

 

6.  STRESS EXPERIMENTS 
 

Experiments to investigate Pmk1 activation under osmotic stress were made 

using log-phase cell cultures (OD595 0.6) growing in YES and adding potassium 

chloride (KCl) to a final concentration of 0.6M or sodium chloride (NaCl) at a final 

concentration of 0.5M or YES plus Sorbitol at a final concentration of 1.2M. Moreover 

cells were exposed to oxidative stress by adding hydrogen peroxide directly to the 

culture (H2O2) to a final concentration of 5mM. 

 
7.  PROTEIN ANALYSIS 
 

7.1 PREPARATION OF CELL EXTRACTS 
 

Routinely, cell cultures were collected into tubes, pelleted by centrifugation, 

washed once with cold PBS (Phosphate Buffered Saline: 10mM Na2HPO4, 2 mM 

KH2HPO4, 137mM NaCl y 2,7 mM KCl) and stored at -80ºC until processed.  

Cell homogenates were prepared under native conditions employing chilled 

acid-washed glass beads (Sigma, # G8772), lysis buffer (10% glycerol, 50 mM Tris-

HCl, pH 7.5, 150 mM NaCl, 0.1% Nonidet P-40) plus specific protease and 
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phosphatase inhibitor (Complete EDTA-free Protease Inhibitor Cocktail; Sigma, 

#11873580001; 150mM NaF, Sigma #S7920, and 150mM Phenylmethylsulfonyl 

fluoride, Sigma, #52332).  

Cells were resuspended in lysis buffer and bead-beaten at 4ºC (to avoid protein 

sample degradation), four times during 30 seconds in the FastPrep-24 (MP 

Biomedicals). The lysates were cleared by centrifugation at 13,000 rpm for 10 minutes 

at 4ºC. 

 

7.2 PROTEIN QUANTIFICATION 
 

Protein quantification was performed using a colorimetric protein assay 

described by Marion M. Bradford (Bradford, 1976). Protein assay dye reagent 

Concentrate (Bio-Rad, #5000006) was diluted 1:5 in Milli-Q water and 50μl of a 1:20 

protein sample dilution was added. Five minutes after addition of Bradford reagent, the 

absorbance at 595 nm was measured. For each experiment, a calibration curve with 

known concentrations of bovine serum albumin (0 to 5 μg/μl) was used to extrapolate 

sample values. 

 

7.3 WESTERN BLOT ANALYSIS 
 

7.3.1 Protein electrophoresis 

Protein electrophoresis was performed using SDS-polyacrylamide gels (SDS-

PAGE) (Table MM3) and Phos-Tag gels (Table MM4). The last ones allow a better 

separation of phosphorylated proteins with similar electrophoretic mobility due to the 

Phos-Tag molecule specific binding to phosphorylated ions (Kinoshita et al., 2006) 

(Wako Laboratory Chemicals, # 300-93523). Phosphatase treatment was performed in 

experiments using the Phos-Tag technology as control of the experiment. Lambda 

Protein Phosphatase (NEB, #0753S), was used following manufacturer´s instructions 

after protein immunoprecipitation and before running the samples in Phos-Tag 

acrylamide gels. 

For the SDS-polyacrylamide gel, a percentage of 10% for the separating phase 

was used unless otherwise indicated, meanwhile a 6% was used in the case of gels 

containing Phos-Tag. 

Protein samples were prepared by adding SDS-Sample Buffer 2X (4% SDS, 

100mM Tris-HCl pH 6,8, 20% glycerol, 0.2% Bromophenol Blue, 200 mM DTT 

,dithiothreitol). Samples were heated at 95ºC for 5 minutes before sample loading into 
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the gel. Electrophoresis was developed at a constant voltage of 135V in the Mini-

PROTEAN-Electrophoresis-System (BioRad) using the Tris-Glycine based running 

buffer (25 mM Tris-HCl (pH 8.3), 250 mM Glycine and 0.1% SDS). 

SDS-PAGE gels composition (Vf=10ml) 
 

   

Composition Separating gel 10% Stacking Gel (5ml) 

30% Acrylamide/ 
Bisacrylamide 37:5:1 
(Bio-Rad, #1610159) 

3.3 ml 0.83 ml 

H2O 4 ml 3.4 ml 
1.5 M Tris pH 8.8 2.5 ml - 
1 M Tris pH 6.8 - 0.63 ml 
10% SDS (w/v) 100 µl 50 µl 

10% 
Ammonium persulfate (APS) 

100 µl 50 µl 

TEMED 
(ThermoFisher, #17919) 

4 µl 5 µl 

 
15 µM Phos-Tag gels composition (Vf=10ml) 
 

   

Composition Separating gel 6% Stacking Gel (5ml) 

30% Acrylamide/Bis-
acrylamide solution, 29:1 

(Bio-Rad, #1610157) 

2 ml 0.83 ml* 
 

H2 O 6.4 ml 3.4 ml 
1.5 M Tris pH 8.8 1.25 ml - 
1 M Tris pH 6.8 - 0.63 ml 

Phos-Tag  30 µl - 
10mM Manganese chloride 30 µl - 

10% SDS (w/v) 100 µl 50 µl 
10% 

Ammoniumpersulfate (APS) 
100 µl 50 µl 

TEMED 8µl 5 µl 
 
*30% Acrylamide/Bisacrylamide 37:5:1 
 
 
 
 
 

Table MM3. SDS polyacrylamide gels composition 

Table MM4. Phos-Tag gels composition 
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7.3.2 Protein transfer 

Proteins from the gels were transferred to a nitrocellulose membrane 

(Hybond ECL, GE HealthCare) using a semi-dry equipment (Cleaver Sicentific). The 

nitrocellulose membrane was activated by immersion into milli-Q water and it was 

assembled as follows from bottom to top: 4 Whatman papers previously soaked in an 

anode buffer (300 mM Tris-HCl and 10% Methanol), nitrocellulose membrane, 

acrylamide gel and 4 Whatman papers previously soaked in cathode buffer (25mM 

Tris-HCl, 40mM Aminocaproic acid and 20% Methanol). Transfer was developed at a 

constant amperage of 290 mA for 50 minutes for one gel and 70 minutes for two gels. 

In the case of Phos-Tag gels, wet transfers were performed using the Mini 

Trans-Blot Cell from Bio-Rad. Gel sandwich was prepared following manufacturer´s 

instructions in a Transfer buffer containing 48 mM Tris-Hcl, 26mM glycine, 10% 

Methanol and 0.1% SDS. Transfer was developed at a constant voltage of 25V 

overnight for 15 hours to improve transfer efficiency of phoshphorylated isoforms.  

 

7.3.3 Proteins immunodetection 

After transfer, membranes were incubated for 30 minutes in the blocking 

solution, 5% of non-fat dry milk in TPBS 0.05% (PBS with 0.05% Tween-20). For 

phospho-proteins blocking solution consisted on 5% non-fat dry milk in TTBS 0.05% 

(10 mM Tris-HCl, 150 mM NaCl, pH 7.5 (TBS) with 0.05% Tween-20). 

After blocking, membranes were incubated overnight with the primary antibody 

in 5% of non-fat dry milk in TPBS 0.05% or 5% BSA in TTBS 0.05% in the case of 

phospho-proteins. Then, membranes were washed for 10 minutes 3 times with TPBS 

0.05% or TTBS 0.05% and incubated with an specific anti-IgG-HRP (HRP, horseradish 

peroxidase) secondary antibody for 1 hour at room temperature. Primary and 

secondary antibodies used, working dilutions and buffers are listed in Table MM5. 

Finally, membranes were washed 3 times with TPBS 0.05% or TTBS 0.05% 

and incubated with a chemiluminescent solution: SuperSignal West Femto (Thermo 

Scientific, #34095) or Clarity Western ECL (BioRad, #1705060) depending on the 

required of level sensitivity. For the protein chemiluminescence detection, the 

Chemidoc Imaging system (BioRad) was used.  
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Antibody Working 
conditions 

Organism/Type Laboratory 

Anti-HA 12CA5 WB:1:1000; TPBS 
0.05% + 5% non-fat milk 

Mouse/monoclonal 
Primary antibody 

Roche 
#11583816001 
 

Anti-Cdc2 (PSTAIRE) WB:1:2000; TPBS 
0.05% + 5% non-fat milk 

Mouse/ monoclonal 
Primary antibody 

Sigma 
#06-923 
 

Anti-GFP WB: 1:1000; TPBS 
0.05% + 5% non-fat milk 

Mouse/ monoclonal 
Primary antibody 

Roche 
#11814460001 
 

Anti-phospho-Cdc2 
(Tyr15) 

WB: 1:1000; TTBS 
0.05% + 5% BSA 

Rabbit/ polyclonal 
Primary antibody 

Cell Signalling 
#9111S 

Anti-phospho-p38 WB: 1:1000; TTBS 
0.05% + 5% BSA 

Rabbit/ monoclonal 
Primary antibody 

Cell Signalling 
#4511S 

Anti-phospho-p44/42 WB: 1:1000; TTBS 
0.05% + 5% BSA 

Rabbit/ polyclonal 
Primary antibody 

Cell Signalling 
#4370S 

Anti-mouse 
IgG-HRP 

WB: 1:2000; TPBS 
0.05% + 5% non-fat milk 

Goat/ polyclonal 
Secundary antibody 

Sigma 
#A3562 

Anti-rabbit 
IgG-HRP 

WB: 1:2000; TTBS 
0.05% + 5% non-fat milk 

Goat/ polyclonal 
Secundary antibody 

Sigma 
#AP156P 
 

 
 
7.4  IMMUNOPRECIPITATION 
 

7.4.1 Pulling down HA-tagged proteins. 
Yeast protein extracts (6-10 mg) were incubated with 10µl of Anti-HA 12CA5 

antibody for 1 hour at 4ºC, then 25µl of Protein A Agarose were added (Roche, 

11134515001). Samples were incubated overnight with orbital rotation at 4ºC. Beads 

were washed six times with co-IP Washing Buffer (50 mM Tris-HCl, pH 7.5; 500 mM 

sodium chloride; 0.1% Nonidet P-40). Bound proteins were solubilised by the addition 

of SDS-sample buffer and heating at 95ºC for 8 minutes. 

Alternatively, HA tagged proteins were immunoprecipitated using anti-HA 

Magnetic beads (Pierce, #88836). After 2 hours incubation at 4ºC, beads were washed 

six times using a magnetic rack with co-IP Washing Buffer. Bound proteins were 

solubilised by the incubation of the beads with 25µl of HA Synthetic Peptide (Sigma, 

#11666975001) at 37ºC for 30 minutes. SDS-sample buffer was added to the 

supernatant and heated at 95ºC for 5 minutes before sample loading into the gel. 

 

Table MM5. Antibodies used in this study 
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7.4.2 Pulling down GFP-tagged proteins: 
Yeast extracts (6-10 mg) were incubated with 10µl with Anti-GFP for 1 hour at 

4ºC and ,subsequently, 25µl of Dynabeads Goat Anti-Mouse IgG (Invitrogen, #11033) 

were added. Samples were incubated overnight with orbital rotation at 4ºC. Magnetic 

Beads were washed six times using a magnetic rack with co-IP Washing Buffer. Bound 

proteins were solubilised by the addition of SDS-sample buffer heated at 95ºC for 8 

minutes. 

 

7.5  IMMUNODEPLETIONS 
 

Cells expressing TAP-tagged Lid1 (Apc4), Slp1-HA and Pmk1-GFP were 

processed as in “7.1 Preparation of cell extracts”. Yeast extracts (6 mg) were incubated 

for 1 hour with 30µl of IgG-coupled sepharose beads (GE Healthcare, #GE17-0969-

01), which specifically bind to TAP tagged proteins. After incubation, the same extract 

was again incubated with IgG-coupled sepharose beads meanwhile beads for the first 

immunoprecipitation step were washed six times with co-IP Washing Buffer generating 

the sample IP1. After the second round of incubation, beads were washed and kept as 

sample IP2 whereas the sample extract, immunodepleted for Lid1-TAP was incubated 

with anti-HA 12CA5 for 1 hour at 4ºC and, subsequently, 25µl of Protein A Agarose 

(Roche, 11134515001) was added as previosuly described for Co-

immunoprecipitations in order to immunoprecipitate not-APC-bound or “free” Slp1. 

Finally, beads were washed and bound proteins were solubilised by the addition of 

SDS-sample buffer as previously mentioned.   

 

8. PROTEASOME INHIBITION ASSAY  
 

In order to study Slp1 turnover during mitosis cells were subjected to a 

metaphase block using the cold-sensitive tubulin mutant background nda3-KM311. 

Proteasome was chemically inhibited after 4 hours at the restrictive temperature (18ºC) 

a time point where cells have not enter mitosis yet. Proteasome inhibitors Bortezomib 

(Selleckchem, #S1013) and MG132 (MedChem Express, #HY-13259) were added 

directly to the culture to a final concentration of 250 μM and 50 μM respectively. 

Moreover, the reversible inhibitor of the deubiquitinylating enzymes PR-619 

(Selleckchem, #S7130) was added to a final concentration of 5μM. Additionally, lysates 

were prepared as described in 7.1 plus adding 50μM MG132, 50μM PR-619 and 20mN 
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of the inhibitor of cysteine peptidases NEM (Selleckchem, #S3692) to the lysis buffer to 

avoid protein degradation. 

For the case of cells exposed to osmotic stress, 0.6M of KCl was added 7 hours 

after the 18ºC shift where most of the cells are blocked in the metaphase to anaphase 

transition. 

 

9.  IN VITRO KINASE ASSAY 
 

In this study we have used the in vitro thiophosphate assays to test if MAPK 

effectors Pmk1 and Sty1 directly phosphorylates Slp1. This experiment uses the 

intrinsic nature of analog-sensitive kinase alleles, to use a bioorthoganol ATPγS 

molecule (Abcam, #138911), in which a thiophosphate moiety replaces the γ-

phosphate. The analog-sensitive kinase thiophosphorylates its direct substrates, which 

can then be alkylated for detection by a specific anti-thiophosphate ester antibody. 

Thus, only direct substrates of the analog-sensitive kinase become thiophosphorylated, 

eliminating concerns about phosphorylation by contaminating kinases in vitro (Opalko 

and Moseley, 2017). 

 

9.1 HETEROLOGOUS EXPRESSION OF SLP1-GST IN E. cOLI. 
 

The entire Slp1 coding sequence was subcloned into a pGEXKG vector (ATCC, 

#77103) and expressed as a GST fusion protein in E. coli DH5α competent bacteria. 

Bacteria were grown in 500ml of LB supplemented with 100 μg/ml ampicillin and 

plasmid expression was induced by addition of 0.4mM IPTG (Isopropyl β-D-1-

thiogalactopyranoside ;Invitrogen, #15529019). The culture was incubated for three 

hours at 25ºC with continuous shaking. Cells were then harvested by centrifugation at 

4ºC and washed with 20ml of cold saline solution (0.9% NaCl), pelleted and snap-

frozen on dry ice and store at -80ºC. Cells were resuspended in 1ml of resuspension 

buffer (2.4M saccharose, 50mM Tris HCl pH 8, 10mM EDTA and protease inhibitors 

(Sigma, #P-8849)) and incubated on ice for 15 minutes. Afterwards, 4ml of lysis buffer 

(0.1% deoxycholate, 50mM Tris HCl, 1mM EDTA, 100mM KCl, 10mM MgCl2, 

0.125mg/ml of lysozyme (Fluka, #62971) and protease inhibitors) were added to the 

sample that was left on ice until viscous, (approximately 30 minutes). Samples were 

then subjected to high power sonication (8 pulses of 30 seconds at: 50% and 0.7 

cycle), to separate cell debris which was subsequently pelleted by centrifugation. Slp1-

GST fusion proteins were precipitated from the supernatant by incubating for one hour 
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at 4ºC with 0.2ml of glutathione sepharose (GSH) (Sigma, # GE17-0756-01) previously 

washed with GSH sepharose wash buffer (10mM HEPES pH 8 and 1mM DTT). 

Sepharose-bound proteins were then washed three times with wash buffer (10% 

glycerol, 100mM KCl, 5mM MgCl2, 0.1mM ZnCl2, 0.1mM EDTA, 0.1% NP-40, 2mM 

DTT, 10mM HEPES pH8 and protease inhibitors). Afterwards, the sample was 

incubated in 0.2ml of elution buffer pH 9 (10% glycerol, 100mM KCl, 5mM MgCl2, 

0.1mM ZnCl2, 0.1mM EDTA, 2mM DTT, 10mMHEPES, 10mM reduced glutathione 

(Acros Organics, #AC120000050). The Slp1-GST eluate was obtained after 

centrifugation and eluate protein concentration was estimated by a Coomassie blue-

stained SDS-PAGE gel with bovine serum albumine (BSA) as a calibration standard.  

 

9.2 KINASE REACTION 
 

Pmk1-HA and analog sensitive Pmk1.as-HA were immunoprecipitated from S. 

pombe after activating the MAPKs with 1M of KCl during 10 minutes. Sty1-HA and 

Sty1.as-HA were immunoprecipitated under the same conditions. Immunoprecipitation 

step was performed as indicated in the previous section “Preparation of cell extracts 

and Pulling down HA tagged proteins with anti-HA magnetic beads”. Beads were 

extensively washed with lysis buffer and a last wash with kinase buffer was done (200 

mM Tris pH 8 and 100 mM MgCl2 ) where the dynabeads (DNB) were resuspended.  

In vitro kinase reactions were prepared as indicated in Table MM.6. 

 
 
 
 
 
     

 
 
 

 

 

 

 

Kinase reactions were performed at 30ºC during 45 minutes. Afterwards, the 

reaction was stopped by adding 20mM EDTA and alkylated by adding 2.5mM of p-

nitrobenzyl mesylate (Abcam, #138910) and incubating at room temperature for 1 hour. 

Magnetic beads were removed at this point (in the case of kinase reactions) and the 

   
Samples Kinase Control 

1. H2O (µl) 3.2 3.2 

2. Buffer 10X (µl) 4 4 

3. Slp1-GST (µl) 32 32 

4. Kinase “dry” DNB - 

5. ATP-gamma-S (1mM) (µl) 0.8 0.8 

Total volume (µl) 40 40 

Table MM6. In vitro kinase reaction  
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remaining sample was resuspended in SDS-Sample Buffer 2X and heated during 5 

minutes at 95ºC. Phosphorylation was detected using an antibody against 

thiophosphate ester (abcam, #92570) as previously described (Allen et al., 2007; 

Opalko and Moseley, 2017). 

 

10. ANALYSIS ON mRNA EXPRESSION 
 

10.1 TOTAL RNA ISOLATION 
 

  Cells were collected from exponential growing cultures by centrifugation and the 

pellet was washed with cold PBS. Total RNA was isolated using the RNeasy Mini Kit 

(Quiagen, #74104) following manufacturer´s instructions. In order to completely 

eliminate genomic DNA, DNase treatment was done with the samples (Quiagen, 

#79254). Finally, RNA was eluted with ultrapure water. RNA concentration was 

determined by spectrophotometry absorbance measurement at 260nm with the 

Nanodrop system (Thermo Scientific). A ratio A260/280 between 1.8-2 was reached for 

all the samples indicating the presence of pure RNA. 

 

10.2 C-DNA SYNTHESIS AND QUANTITATIVE PCR. 
 

 The cDNA synthesis and the quantitative PCR were done simultaneously using 

the iTaq Universal SYBR Green One-Step RT-qPCR Kit (BioRad, #172-5150). 

Reaction mix preparation and Thermal Cycling Protocol were performed following 

manufacturer´s instructions. cDNA was quantitatively measured in triplicate with the 

ABI Prism 7000 sequence detection system. Actin was used as the normalizing gene 

as its expression keeps constant along the experimental conditions. Two negative 

controls were used: one where the sample was prepared with water instead of the RNA 

and a second one where the reverse transcriptase enzyme was not added to the 

sample. Oligonucleotide sequences used in quantitative PCRs are listed in Table 

MM.7. 

 

 

 

   
Gene Forward primer (5´- 3´) Reverse primer (5´- 3´) 
Slp1 GCTGAAGCATGCGGTTTTGA CACAGGTCTTTGAGGCCGAT 
Actin AAGTACCCCATTGAGCACGG CAGTCAACAAGCAAGGGTGC 

Table MM7. Oligonucleotide sequences used in quantitative PCRs  
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10.3 QUANTITATIVE PCR ANALYSES RESULTS  
 

A qPCR curve has typically an exponential phase followed by a plateau phase. 

To interpret the fluorescence emission, a fluorescence threshold bigger than 

background signal is determined during the exponential phase of real-time PCR. To 

process the data, the fractional number of PCR cycles required to reach this threshold 

is defined as the cycle threshold, or Ct. The Ct measure needs to be in the exponential 

phase of amplification, where the curve is linear. 

To perform the analysis of the data, ΔCt value for each sample and primer is 

obtained as follows: Ct for a primer minus Ct for the normalizing control (actin) under a 

particular experimental condition (asynchronous cultures). Then, the values are 

referred to the control condition, obtaining the ΔΔCt value (sample ΔCt-control 

ΔCt=ΔΔCt). Finally, quantification of RNA levels was performed using the relative 

quantification (RQ), calculated as follows: RQ= 2-ΔΔCt. We consider a RQ significant 

when there is a minimum of two-fold change: RQ of more than 2 or less than 0,5. 

 

11.  MICROSCOPY 
 

For in vivo imaging, cell cultures were grown to exponential phase. Cells were 

pelleted by centrifugation at 3000 rpm and resuspended in the residual media. Cells 

were placed on microslide wells (Ibidi, #	   80821) coated with soybean lectin (Sigma, 

#L1395). Images were acquired using a Spinning-disk confocal microscope (IX-81; 

Olympus; CoolSnap HQ2 camera, Plan Apochromat 100×, 1.4 NA objective [Roper 

Scientific]). MetaMorph software was used for images acquisition. Temperature was 

stably controlled at 25 ºC during imaging unless otherwise indicated. 

For fixed cells, a DAPI-calcofluor stainning was used. Cells fixed with 70% 

ethanol were washed with PBS and pellet was resupended in 5µl of the DAPI-

calcofluor mounting solution (100μl Mounting solution contains: 38 μl glycerol 50%, 

46.5 μl H2O, 10 μl Antifade (p-phenylenediamine, Sigma #P6001; 10 mg/ml in 

phosphate-bufered saline pH 8.2), 3 μl DAPI (4′, 6-diamidino-2-phenylindole, Sigma 

#D1388; 0.1mg/ml) and 2.5μl calcofluor white (Sigma #F6259; 0.35mg/ml in H2O)). 

 
 
 
 
 



MATERIALS AND METHODS 
	  

	  96 

12.  QUANTIFICATION OF GFP SIGNAL IN THE NUCLEUS 
AND AT KINETOCHORES  
 

In order to test SAC machinery recruitment to the kinetochores, key 

components Mad1, Mad2, Mad3, Bub1 and Bub3 were followed by video microscopy in 

wt and in pmk1Δ mutant. To determine the intensity of checkpoint proteins-GFP signal 

at the kinetochores, mitotic cells were identified by the appearance of localized SAC 

proteins signal at kinetochores. An area was placed around kinetochores and the 

maximum GFP signal in this area was measured. To accurately quantify kinetochore 

signal intensity, the total signal intensity from a similarly sized region in the nucleus 

was subtracted from the total signal intensity in the kinetochores. 

Analyses were done in movies where wt cells had been labelled by transient 

immersion in red fluorescent lectin (FITC Conjugated Griffonia simplicifolia, Antibody 

Bcn, #F-2401-2978) before imaging, allowing to visualize wt alongside with unlabelled 

pmk1Δ cells. 

 

13.   IMAGE ANALYSIS 
 

Image stacks were analysed using ImageJ (Schneider et al., 2012). Maximum 

intensity projections were used for analysis unless otherwise indicated. ImageJ 

software was also used for image-processing, for Western Blot quantifications (Analyze 

> Gels plugin) and for the kinetics of progression through mitosis (2D/3D Partice 

Tracker plugin). Adobe Photoshop was used for image-processing and editing. 

 

14.  STATISTICAL ANALYSIS 
 

Graphs and statistical analyses were performed with Prism 5.0 (GraphPad 

Software) and Microsoft Excel. Unless otherwise stated, graphs represent mean and 

error bars represent SD. “n” is the total number of cells scored from two or threee 

independent experiments unless otherwise indicated. Statistical comparison between 

two groups was performed by un-paired Student´s t-test, considering non-significant 

(n.s.), two-tailed P-values exceeding 0.05. 
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1. CHARACTERIZING THE SENSITIVITY TO MBC AND TIMING 
OF MITOTIC PROGRESSION OF CELLS DELETED FOR PMK1 
 

1.1 PMK1 IS REQUIRED FOR SURVIVAL IN THE PRESENCE OF 

MICROTUBULE DAMAGE INDUCED BY MBC 
 

As described in the background section, previous data from the lab showed that in 

S. pombe pmk1∆ cells presented increased sensitivity to MBC relative to wt cells. To 

confirm this result, we assayed in solid media increased concentrations of MBC to 

quantitate pmk1∆ sensitivity. In wild type cells, the presence of sublethal MBC 

concentrations activates the SAC, which provides an extra time to fulfil the capture of 

all the chromosomes. In conditions of defective SAC, cells undergo septation despite 

the abnormal chromosome segregation and produce a “cut” phenotype in which the 

division septum physically cuts the nucleus resulting in a terminal lethal phenotype 

(Samejima et al., 1993). As expected, cells deleted for pmk1 showed a stronger 

sensitivity to MBC in solid media than the wt, but to less extent than bub1∆, which is 

almost completely deficient in the mitotic checkpoint (Fig. 14A). 

In addition, we assayed MBC sensitivity and progression through mitosis of pmk1∆ 

cells in liquid media. The GFP-tagged version of SAC component Mad1 (Mad1-GFP), 

that localizes to kinetochores during mitosis, along with the Tomato-tagged version of 

Sid2 that localizes to SPB and actomyosin ring, were used as markers to follow mitotic 

progression (chromosome segregation) and the activation of cytokinesis (contraction of 

the actomyosin ring). In this case, we analysed mitotic progression and activation of 

cytokinesis by confocal microscopy in wt and pmk1∆ cells that were exposed to MBC 

immediately before time-lapse imaging. As shown in Fig. 14B and 14C, under the same 

sublethal MBC concentration, pmk1∆ carried out a premature exit from mitosis which 

resulted in around 92% of cut phenotypes versus the 33% found in the wt. In the 

control condition (without MBC), 100% of cells of both strains performed a normal 

mitosis (data not shown). 
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Figure 14. pmk1∆ cells show hypersensitivity to MBC and abnormal chromosome segregation 
in the presence of this MT depolymerizing drug.  
A. Drop assays of the indicated strains in the presence of increasing concentrations of the MT 
depolimerizing drug MBC. Plates were incubated at 25ºC during 3 days. B. Upper pannel. A schematic 
representation of the cut phenotype appearance in MBC as a consequence of a defective SAC. The 
premature exit from mitosis and activation of cytokinesis lead to this lethal phenotype. Lower pannel. 
Time lapse microscopy of cells exposed to 4 µg/ml of MBC in liquid media. Time 0´corresponds to the 
time point in which Mad1 is recruited to the kinetochores indicating the onset of mitosis. Scale 
bar=5µm. C. Percentage of dividing cells showing the cut terminal phenotype. Error bars indicate the 
standard deviation (SD) of three independent repetitions (n=40). Differences observed are statistically 
significant (p< 0.05); n= number of cells analysed for each strain and condition. 

Wild type SAC-deficient 
MBC 

	  
	  

	  	  
	  

	  
	  

	  	  

wt 

pmk1∆ 

Mad1-GFP    Sid2-Tomato     MBC [4µg/ml] 
0´          7´        14´         21´           28´         35´         42´        49´    

0´        7´         14´        21´           28´    

Control               MBC [2µg/ml]         MBC [3µg/ml]       MBC [4µg/ml] 
wt 

bub1∆ 

pmk1∆ 

0

20

40

60

80

100

120

wt pmk1Δ

%
 o

f d
iv

id
in

g 
ce

lls

cut
normal



RESULTS 
 

	   101 

1.2 IN THE PRESENCE OF MBC, PMK1∆  CELLS SHOW ACCELERATED RATE 

OF MITOTIC PROGRESSION RELATIVE TO WILD TYPE CELLS.   
 

Hypersensivity to MT poisons and the appearance of cut phenotypes are 

landmarks of a defective mitotic spindle, dysfunctional kinetochores, or defects in the 

detection or in the signalling of wrong kinetochore-MT interactions to the mitotic 

checkpoint (Vardy and Toda, 2000; Yanagida, 1998). Cut phenotypes may also be the 

result of a defective proteasome activity (Yamashita et al., 1999).  

In order to investigate the cause of pmk1∆ mitotic phenotypes in MBC, we initially 

analysed the rate of mitotic progression in wt and pmk1∆ cells treated or untreated with 

MBC. Mitotic progression was followed by measuring the distance between the spindle 

pole bodies (SPBs; the functional equivalent to the metazoan’s centrosome) from time-

lapse microscopy images (Fig. 15A). In fission yeast, during mitosis, SPB separation by 

the mitotic spindle follows an steriotyped pattern that allows to infer the progression 

rate through mitosis, especially the ocurrence of the metaphase to anaphase transition. 

At the beginning of mitosis, the SPBs separate by the growing spindle until they reach 

a distance between them of around 2.5µm, which corresponds with the nuclear 

diameter. This distance is maintained constant during metaphase. Once that all the 

kinetochores have been captured, sister chromatids are pulled out toward the opposite 

spindle poles during anaphase A. This process is immediately followed by Anaphase 

B, in which the two SPBs further separate by the action of motor proteins at the central 

spindle (Brust-Mascher et al., 2004). Plotting graphs with the SPBs distance versus 

time, provides the rate of mitotic progression where a possible defect in pausing 

anaphase onset can be quantitated (Fig. 15A). Therefore, using this approach, we 

analysed by time-lapse microscopy the progression through mitosis in wt and pmk1∆ 

cells treated with increasing MBC concentrations. This drug makes MTs very unstable, 

which compromises chromosome capture; thus, as expected, anaphase onset was 

extended in wt cells in the presence of sublethal concentrations of MBC compared with 

the control condition (Fig. 15B and 15C). Notice that the higher the MBC concentration 

is, the longer the delay in the anaphase onset in the wt (Fig. 15C). This delay is 

consequence of SAC activation as it is suppressed in bub1∆ cells, which mostly lack 

SAC signalling (Fig. 15B and 15C). In unperturbed conditions, pmk1∆ followed a kinetic 

of mitotic progression that was indistinguishable from the wt, suggesting that, under 

normal conditions, Pmk1 does not have a critical impact in the rate of mitotic 
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progression. However, we found that the delay observed in wt cells exposed to MBC 

was abolished in pmk1∆ cells (Fig. 15A and 15B).  
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Fig. 15. Progression through  mitosis in the presence of different MBC concentrations. 
A. Graphical representation of mitotic division (left panel). Sid2-Tomato was used to follow SPB 
separation (middle panel). A typical representation obtained after plotting SPB distance, which 
represents spindle length (Y-axis) vs time (X-axis) during mitosis. Time 0´ corresponds to the initial 
SPB separation; the arrow denotes the time point in which the M to A transition occurs (right panel). B. 
Representative examples of mitotic progression in wt, bub1∆ and pmk1∆ in a control condition  and in 
the presence of MBC. Arrows indicate the M to A transition. C. Average times from SPB separation 
until the M to A transition in the indicated strains at different MBC concentrations. Error bars indicate 
the standard deviation (SD) of two independent repetitions (n=30 cells). *: differences observed are 
statistically significant (p < 0.05); n.s.: differences are not statistically significant (p > 0.05)	  
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Thus, the increased frequency of lethal cut phenotypes and MBC sensitivity 

observed in pmk1∆ realtive to wild type cells likely arise from a defect of this strain in 

delaying exit from mitosis in conditions of MT damage (MBC). 

 

1.3 PMK1 IS REQUIRED TO DELAY MITOTIC EXIT UNDER MT DAMAGING 

CONDITIONS 
 

Once that the SAC requirements have been satisfied, cells activate the anaphase 

onset program, which eventually leads to cohesin and cyclin B degradation by the 

proteasome. cohesin and cyclin B destruction are required for sister chromatid 

separation by the mitotic spindle and to exit mitosis, respectively. Cohesin destruction 

is preceded by securin degradation, which leads to the enzimatic activation of separase 

that eventually triggers cohesin destruction (Rad21 in S. pombe). The removal of 

cohesin releases the physical connections between sister chromatids established 

earlier during replication, and allows chromatids segregation to both spindle poles 

(Nasmyth, 2001). Thus, cohesin degradation can be used as indirect readout of SAC 

inactivation. So, wt and pmk1∆ cells expressing the cohesin subunit rad21 fused to 

GFP (Rad21-GFP) were compared in terms of cohesin degradation timing in 

unperturbed conditions, and in the presence of MBC by setting the initial SPB 

separation through Sid2-Tomato as an approximation of the beginning of mitosis as 

previously described (King et al., 2007) and defining a threshold value for Rad21-GFP 

signal intensity below which, we consider that cohesin destruction process has been 

initiated. The results of this experiment revealed that the pmk1∆ mutant, contrary to the 

wt strain, was unable to maintain sister-chromatid cohesion in the presence of a 

sublethal MBC concentration (Fig. 16).  



RESULTS 
	  

	  104 

 
 

 

 

 

Whereas cohesin destruction leads to chromatids separation, cyclin B 

degradation leads to Cdk1 down-regulation and the activation of cytokinesis. In fission 

yeast, cell separation is governed by the Septation Initiation Network (SIN). This 

pathway that operates at the SPBs coordinates the initiation of cytokinesis with mitotic 

exit. In normal conditions, asymmetric association of Cdc7 and Sid1 (two signalling 

kinases of the SIN pathway) with one of the two SPBs (the new SPB) is widely 

considered to represent an “active” SIN signalling (JC et al., 2018; Wachowicz et al., 

2015). Once the cells enter mitosis, the delay in establishing the asymmetry of Cdc7-

GFP is indicative of SAC activation and can also be used as indirect readout of SAC 

activity (Wachowicz et al., 2015). So, we measured the time from the initial SPB 

separation, again as an approximation of mitotic onset, until the moment in which the 

Cdc7-GFP signal becomes asymmetrically located at one single SPB, in untreated cells 

and in cells exposed to MBC (Fig. 17). As expected, in the wt strain the establishment 

of Cdc7-GFP asymmetry in the presence of 2.5µg/ml MBC was delayed more than 12 

minutes on average compared to the control condition without drug. However, cells 

deleted for pmk1 only showed a short delay of 4 minutes on average in the presence of 

the same concentration of this drug (Fig. 17B).  

Thus, together, these results suggest that MAPK Pmk1 is required to maintain a 

proper mitotic arrest when chromosome segregation is compromised by MBC.  
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1.4 PMK1 IS REQUIRED TO MAINTAIN A MITOTIC BLOCK IN THE            

NDA3-KM311 TUBULIN MUTANT 
 

As mentioned in the Background section, it has been speculated that increased 

sensitivity of pmk1∆ cells to a wide range of drugs could be an indirect consequence of 

the defective cell wall found in this mutant, that might have an increased drug 

permeability (Bimbo et al., 2005; Toda et al., 1996). In order to confirm that increased 

MBC sensitivity of pmk1∆ cells relative to wt cells resulted from a defect of pmk1∆ cells 

in maintaining a mitotic block and not from a higher MBC uptake, we compromised 

MTs dynamics using a cold-sensitive tubulin mutant (nda3-KM311) instead of using the 

chemical inhibition of MTs polymerization by MBC. At the restrictive temperature 

(18ºC), this tubulin allele produces a dysfunctional mitotic spindle that mostly lacks 

MTs, which leads to SAC activation and to a robust mitotic arrest (Hiraoka et al., 1984). 

Thus, the SAC activation in the nda3-KM311 mutant produces cell synchronization in 

mitosis in a wt background. However, if the SAC is partially or totally defective, such 

synchronization might not occur, so to get further synchrony, cells are initially pre-

0
5

10
15
20
25
30
35
40
45

no MBC MBC 2,5µg/ml

Ti
m

e 
fr

om
 S

PB
 s

ep
ar

at
io

n 
to

 S
IN

 a
ct

iv
at

io
n 

(m
in

) * 

n.s. 

Fig. 17. SIN stablishment in untreated and in MBC-treated wt and pmk1∆ cells. 
A. Time lapse imaging microscopy of Cdc7-GFP and Sid2-Tomato is used to indirectly determine SAC 
maintenance. B. Average time from SPB separation until Cdc7 asymmetric localization is lower in 
pmk1∆ cells. Error bars indicate SD; (n=25). * = statistically significant (p < 0.05); n.s= not statistically 
significant (p > 0.05).	  
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synchronised in S-phase at the nda3-KM311 permissive temperature of 32ºC using 

hydroxiurea (HU) (see Materials and Methods section). After 3.5 hours, the HU is 

washed out, and cells are incubated at the restrictive temperature (18ºC), so they 

proceed through S phase and G2, and become eventually blocked in mitosis due to the 

lack of chromosome capture. The percentage of septated cells is used as readout for 

mitotic exit (Fig. 18A and 18B). This mitotic exit is in fact mitotic slipage, as under these 

conditions the SAC is never satisfied (Brito et al., 2008). A wt strain (nda3+) was used 

as control of cell cycle progression at 18ºC (Fig. 18A, black line). Consistent with 

previous studies, nda3-KM311 cells remained blocked in metaphase for several hours 

(Fig. 18A, blue line), whereas a mad2∆ mutant which is defective in SAC 

signalling/activation, prematurely exited mitosis relative to control nda3-KM311 cells 

(Fig. 18A, orange line). Importantly, cells deleted for pmk1, similarly to mad2∆, were 

unable to maintain the mitotic arrest and prematurely leaked into cytokinesis (Fig. 18A, 

red line). Thus, these data demonstrate that deficiency of the MAPK effector Pmk1 

impairs SAC functionality.  

 

 

 

	   
 

 

 

 

 

 
       

 

 

 

 

0
10
20
30
40
50
60

0 1 2 3 4 5 6 7 8

%
 o

f S
ep

ta
tio

n

Time after 18oC shift (hours)

wt
nda3
mad2Δ nda3
pmk1Δ nda3

1 2 

3 

4 

1 2 3 4 

wt 
 

nda3-KM311 mad2∆ nda3-KM311pmk1∆ nda3-KM311 
 

Fig. 18. Mitotic assay in the cold-sensitive tubulin background (nda3-KM311) 
A. Time 0h represents the time point after the HU has been washed out and the culture is changed to 
the restrictive temperature, nda3 indicates that the strain is in the nda3-KM311 background. 
Percentage of septation is shown for each strain at the indicated time points. B. A representative 
example of each strain´s phenotype is shown with the DAPI-calcofluor staining of fixed cells. A n=200 
was quantitated for each strain and time point.  

A 

B 



RESULTS 
 

	   107 

1.5 THE WHOLE MAPK MODULE OF THE CIP IS REQUIRED TO SURVIVE 

IN THE PRESENCE OF MT-DAMAGE 
 

MAPKs work through a cascade of phoshorylations that amplify the initial signal 

through a module of three kinases (Heinrich et al., 2002; Keyse, 2000). The initial 

MAPKKK activation leads to the phosphorylation and activation of a MAPKK, which 

then stimulates MAPK activity through a dual phosphorylation (Cargnello and Roux, 

2011). In order to determine whether the upstream kinases of the MAPK module were 

also required to survive to MBC, we tested MBC sensitivity, using drop assays, in cells 

deleted for the other two upstream kinases of the MAPK kinase module of the Cell 

Integrity Pathway. Cells deleted for the MAPKKK (mkh1∆) and MAPKK (pek1∆)  also 

showed increased MBC sensitivity relative to wt cells, similar to the deletion of MAPK 

effector (pmk1∆) (Fig. 19A).  

We further checked whether the kinase activity of the effector Pmk1 itself was 

required to survive in the presence of MBC. For that, we assayed the MBC sensitivity in 

solid media in cells expressing a catalytically inactive allele of pmk1 (pmk1-KD, Kinase 

Dead) (Sanchez-Mir et al., 2012). This tool is helpful not only to investigate the 

importance of the kinase activity; but also to prevent the possible binding of different 

kinases to Pmk1 targets as this kinase allele retains its ability to bind its substrates. 

Pmk1 kinase dead mutant showed a strong growth defects in the presence of MBC, 

identical to that found in the null mutant (Fig. 19B), hence demonstrating the 

requirement of Pmk1 catalytic activity to survive in the presence of MBC. 

Finally we tested the ability of pek1∆ mutant and pek1-DD, an hyperactive allele 

of this MAPKK that constitutively activates Pmk1 (Sugiura et al., 1999), to maintain an 

nda3 block. As shown in Fig. 19C (turquoise line), cells deleted for pek1 were unable to 

maintain a proper mitotic block in the nda3 mutant background and the mitotic slippage 

kinetics was very similar to that found in pmk1∆ cells (Fig. 19C, red line). Strikingly, the 

mitotic arrest observed in pek1DD was slightly more pronounced that the found in a wt 

(Fig. 19C, green line) suggesting that hyperactivation of this MAPK pathway could 

potentiate the SAC. 

Thus, together these data demonstrate that the components of the CIP MAPK 

module (Mkh1-Pek1-Pmk1) and the kinase activity of its effector kinase (Pmk1), are 

required to survive when the chromosome capture process is compromised by 

impairing the mitotic spindle (MBC, nda3-KM311). 
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1.6  THREONINE PHOSPHORYLATION BY MAPKK PEK1 DETERMINES PMK1 

CATALYTIC ACTIVITY UPON MT DAMAGE 
 

Catalytic activation of MAPKs by MAPKKs depends on a dual phosphorylation on 

threonine (Thr) and tyrosine (Tyr) residues within a conserved Thr-X-Tyr motif located 

in the activation loop of the kinase domain (Cargnello and Roux, 2011). In mammalian 
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Fig. 19. CIP pathway cascade role in MT damage response, the role of kinase activity. 
A. Drop assay of the three-tiered CIP elements in the presence of YES and YES+ 4µg/ml of MBC. 
Plates were incubated at 25ºC for 3 days. B. Drop assay of the Pmk1-kinase dead allele (KD) along 
with the control strains wt and pmk1∆. In plates containing YES and YES+ 4µg/ml of MBC. Plates 
were incubated at 25ºC for 3 days. C. Mitotic assay in the nda3-KM311 background of the indicated 
strains. Percentage of septation is shown as readout for mitotic exit; n=200 was quantitated for each 
strain and time point.  
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cells, Thr and Tyr phosphorylation on MAPK has been proposed to occur in an ordered 

manner, where the initial phosphorylation on tyrosine is followed by phosphorylation at 

the threonine residue (Aoki et al., 2011; Humphreys et al., 2013). Interestingly, 

monophosphorylated MAPKs isoforms have been well characterised in vivo in 

mammalian and yeast models (Askari et al., 2009; Bell and Engelberg, 2003; Yao et 

al., 2000; Zhang et al., 2008; Zhou and Zhang, 2002). With regard to S. pombe, 

threonine-monophosphorylated Pmk1 has been proved to perform most of the 

biological functions of the dual phosphorylated kinase (Vazquez et al., 2015), whereas 

threonine-monophosphorylated Sty1 (SAPK MAPK effector) showed a reduced 

biological activity (Vazquez et al., 2015).  

Therefore, we sought to determine what type of Pmk1 activation was required for 

MBC survival. For that, strains with genomic versions of dually phosphorylatable (-TEY-

; wild type), tyrosine monophosphorylatable (-AEY-), threonine monophosphorylatable         

(-TEF-) and unphosphorylatable (-AEF-) pmk1 alleles (Fig. 20A) (Vazquez et al., 2015) 

were assessed in a drop assay in the presence of MBC (Fig. 20B, note that Pmk1-TEY 

should be taken as wt strain control of the experiment). The result of this experiment 

suggests that Pmk1 monophophorylation on threonine (Pmk1-AEY) is necessary and 

sufficient to survive in the presence of MBC. This agrees with what it has been 

described for this MAPK in the fission yeast response to other cellular stresses 

(Vazquez et al., 2015).  

 
 

 

 

                                                                                               

 

 

 

 

 

 

 

Fig. 20. Pmk1 catalytic activation under MT damage requires threonine monophosphorylation. 
A. Pmk1 mutant alleles used in this experiment. B. Drop assay of the indicated strains in the presence 
of YES and YES plus 3.5µg/ml of MBC. Plates were incubated at 25ºC for 3 days.  
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2. PMK1 ROLE IN SAC FUNCTION 
 

We have shown that cells deleted for the MAPK pmk1 are unable to maintain a 

proper metaphase block when chromosome segregation is compromised by interfering 

with the mitotic spindle either, chemically (MBC), or using a tubulin mutant (nda3-

KM311). Thus, we decided to investigate the molecular mechanism by which the 

MAPK Pmk1 might contribute to the maintenance of mitotic arrests caused by defective 

chromosome capture. 
 

2.1 SPINDLE ASSEMBLY CHECKPOINT SIGNALLING CASCADE IS PROPERLY 

STABLISHED IN CELLS DELETED FOR PMK1 
 

Mitotic exit is controlled by the Anaphase Promoting Complex, (Irniger et al., 

1995; King et al., 1995), the activity of the APC/C relies on the binding of the mitotic co-

activator Slp1Cdc20 to APC/C (King et al., 1995; Shirayama et al., 1998; Weinstein, 

1997). Unattached kinetochores release an inhibitory signal that allows the 

sequestration of Cdc20Slp1 in a complex termed the MCC. This represents the main 

level of SAC regulation as it prevents APC/C activation and exit from mitosis in 

conditions of improper chromosome attachments (Musacchio and Salmon, 2007). The 

hierarchy and dependencies of SAC protein localization has been described in great 

detail (Heinrich et al., 2012; Millband and Hardwick, 2002; Windecker et al., 2009). 

Within that hierarchy, Ark1 and Mph1 are the most upstream SAC component. Mph1, is 

rapidly phosphorylated and activated in early mitosis by Aurora kinase (Ark1 in S. 

pombe) promoting its kinetochore localization. Kinetochore-bound Mph1 then 

phosphorylates Kln1 (Spc7 in S. pombe) that acts as a hub for SAC components 

allowing the formation of the checkpoint signalling cascade as reviewed in the 

Introduction section 5.3. Cells deleted for key SAC regulators ark1, mph1, bub1, mad1 

or mad2, are unable to detect erroneous kinetochore-MT attachments, and exit mitosis 

with aberrant chromosome segregation, leading to the loss of cell viability due to a 

defective SAC signalling cascade stablishment (Heinrich et al., 2012; Millband and 

Hardwick, 2002; Vigneron et al., 2004). 

In order to elucidate a possible function of Pmk1 in SAC regulation, we 

investigated, how the checkpoint signalling was established in cells deleted for pmk1. 

For that, we quantitated by in vivo confocal microscopy the kinetochore fluorescence 

levels of endogenous GFP-tagged versions of SAC proteins Mad1, Mad2, Mad3, Bub1 

and Bub3 as readout of initial SAC establishment and activation in pmk1∆ relative to wt 
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cells. Surprisingly, all SAC components, Bub1, Bub3, Mad1, Mad2 and Mad3 were 

recruited to the kinetochores in pmk1∆ with similar kinetics and signal intensity than the 

wild type strain (Fig. 21A and 21B). However, and as expected, kinetochore levels of 

Mad1-GFP, Mad2-GFP, Mad3-GFP and Bub3-GFP were significantly down regulated 

in the absence of the SAC kinase bub1 according to published data (Heinrich et al., 

2012; Millband and Hardwick, 2002).  
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Fig. 21. Study of the SAC signalling cascade in wt and pmk1∆ cells. 
A. Microscopy images from asynchronously growing cells endogenously expressing GFP tagged 
version of the indicated SAC components. A kinetochore marker (Cnp1-Tomato) was used to prove 
the proper kinetochore recruitment of SAC components in the mutant. B. Average Kinetochore 
maximum signal intensity of the indicated strains. Nuclear background was subtracted to the maximum 
signal intensity background; bub1∆ quantification was close to zero after background subtraction and 
these values are not indicated in the figure. Erros bars indicate the SD of n=40 for each condition; n.s= 
not statistically signifcant (p > 0.05). C. Western blot analysis of asynchronously growing cells 
expressing the GFP tagged version of the indicated strains. Anti-Cdc2 antibody (PSTAIRE) was used 
as loading control. This experiment was repeated 3 times with similar results. IB: Immunoblotting 
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We further analyzed by western blot total protein levels of asynchronous cultures 

of the above-mentioned GFP-tagged version of SAC proteins in pmk1∆ versus the wt. 

As shown in Figure 21C, total protein levels of all analysed SAC components were 

almost identical in wt and pmk1∆.  

Thus, Pmk1 deficiency is not altering neither the localization nor the levels at 

kinetochores of key SAC components Mad1, Mad2, Mad3, Bub1 and Bub3.  
 

2.2  PMK1∆ CELLS PROPERLY ASSEMBLE THE MCC AND THE MCC-APC/C 

COMPLEXES 
 

We next checked whether the formation of the MCC, composed by Mad2, Mad3 

and the APC/C activator Slp1Cdc20, was properly assembled in pmk1∆ cells. For that, 

Slp1 was immunoprecipitated from metaphase blocked wt and pmk1∆ cells in the 

nda3-KM311 background, and immunoblotting detection of Mad3 was used as readout 

of MCC formation (Millband and Hardwick, 2002). This experiment showed that the 

MCC component, Mad3, was present in Sp1 immunoprecipitates in pmk1∆ similarly to 

the wt (Fig. 22B). Strikingly, in all the experimental repeats, total protein levels of Mad3 

in pmk1∆ nda3-KM311 strain were lower to that found in the nda3-KM311 control. This 

is possibly due to a negative genetic interaction between tagged mad3-GFP and pmk1 

deletion in the nda3-KM311 background as the growth rate of this strain is notably 

slower than that found in the Mad3-GFP nda3-KM311 background. In any case, this 

result proved that in pmk1∆ cells the MCC is properly assembled during the period that 

lasts the metaphase arrest in this strain. 

The APC/C structure, as well as its interaction with the MCC, have been widely 

characterised (Sczaniecka et al., 2008). The Hardwick´s lab has recently shed light on 

how APC/C subunits Apc14 and Apc15 regulate the association of MCC with APC/C in 

S. pombe (May et al., 2017). Therefore, we tested whether this MCC complex was 

properly binding and thus, inhibiting the APC/C. It is possible that a diminished MCC 

interaction with APC/C in pmk1∆ cells leads to an impaired SAC function as occurs in 

cells deleted for apc15 (May et al., 2017). In order to tackle this question, we 

immunoprecipitated the APC/C component Apc4 (Apc4-TAP), and assessed its 

interaction with MCC by detecting Mad3-GFP. This experiment was done during a 

metaphase block in a wt and in the pmk1∆ mutant in the nda3-KM311 background. 

Interestingly, Mad3 was present in the immunoprecipitates of APC/C component Apc4 

(Fig. 22C), hence suggesting that the MCC properly binds to the APC/C in pmk1∆ cells. 
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In this experiment we also observed Mad3-GFP protein down-regulation during a 

metaphase block; this fact prevent us from highlighting possible differences between wt 

and pmk1∆ in terms of MCC-APC/C interaction. 
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Fig. 22. MCC formation and MCC-APC/C interaction is detected in pmk1∆ cells. 
A. Schematic representation of the experimental design. B. Co-IP experiment pulling down Slp1-HA 
and detecting Mad3-GFP. Cells were harvested from a mitotic block. Untagged Slp1 was used as a 
negative control of the experiment whereas Mad3-Slp1 interaction in a wt was used as a positive 
control. C. Co-IP experiment pulling down APC/C component Apc4. Cells were harvested under same 
conditions as described in panel A. Untagged Apc4 was used as a negative control of the experiment 
whereas Mad3-Apc4 interaction in a wt was used as a positive control. ** Nonspecific, cross-reacting 
bands are marked by asterisks on the Western blot. IP: Immunoprecipitation; IB: Immunoblotting. 
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2.3  PMK1 ROLE IN THE SAC IS ADDITIVE TO MAD2∆ AND MAD3∆  
 

In order to confirm that the defect in SAC maintenance of pmk1 deleted cells is 

not the result of a defective MCC formation, we conducted epistasis analyses between 

pmk1∆ and deletion of MCC components Mad2 and Mad3 (pmk1Δmad2Δ and 

pmk1Δmad3Δ). As a first approach, drop assays were carried out in the presence of 

MBC. Wild type cells, and single deletions of bub1, mad2, mad3 and pmk1 were used 

as controls. As expected, MCC defective mutants mad2∆ and mad3∆, and pmk1∆ 

showed a stronger MBC sensitivity than the wt strain, although pmk1∆ sensitivity was 

not as pronounced as mad2Δ (Fig. 23A). Importantly, a clear additive effect was 

observed in the double mutant pmk1Δmad3Δ, whereas just a subtle additive effect was 

detected for the pmk1Δmad2Δ mutant compared with their respective single mutants 

(Fig. 23A).  

Spot tests are useful as qualitative assays, however, in order to have a more 

quantitative insight into the additive phenotypes observed between Pmk1 and MCC 

double mutants, we used the nda3-KM311 assay. For that, and as previously 

described, cells were pre-synchronised in S-phase by HU and then released at the 

nda3-KM311 restrictive temperature. Percentage of septated cells was used as readout 

for mitotic slippage.  

According to Mad2 and Mad3 requirement for proper SAC function, cells deleted 

for mad2 and mad3 leaked from the mitotic block much earlier than a wt does and also 

earlier than pmk1∆ cells (Fig. 23B, 23C). This result confirms the kinetics of metaphase 

arrest expected for these mutants. Interestingly, and consistent with the previous drop 

assays (Fig 23A), the double mutants pmk1Δmad2Δ and pmk1Δmad3Δ, exited mitosis  

even more precociously than the single mutants, thus confirming the additive effect 

between Pmk1 and MCC components Mad2 and Mad3. Notice that in mad2 deletion 

there is almost no mitotic delay, whereas in mad3Δ cells there is still almost one hour 

of delay. These differences between Mad2 and Mad3 requirements to delay anaphase 

onset might explain why pmk1Δ is more additive to mad3Δ, than to mad2Δ in the drop 

assays.  

In addition, we analysed survival in MBC of the double mutant between pmk1Δ 

and a slp1 mutant allele (pmk1Δ slp1-mr63). The slp1-mr63 allele is defective in Mad2 

binding and therefore not susceptible of MCC inhibition; consequently, a strain 

harboring the slp1-mr63 allele has a very weak mitotic checkpoint (Kim et al., 1998). As 

expected, the slp1-mr63 strain showed increased sensitivity to MBC relative to the wt 

strain (Fig. 23D). Importantly, the double mutant pmk1Δ slp1-mr63 turned out to be 
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additive to the single mutant slp1-mr63 (Fig. 23D); supporting the idea that Pmk1 role 

in SAC regulation could be independent of Slp1 sequestration by the MCC. 

Thus, together these data suggest that Pmk1 and the MCC are likely working in 

parallel pathways to regulate SAC activity.  
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2.4  PMK1∆ SHOWED ALTERED SLP1 PROTEIN LEVELS  
 

Once we determined that in pmk1∆ cells, the steady state level of main SAC 

components, their recruitment to kinetochores, the formation of MCC and its 

association with the APC/C were apparently unaffected relative to wt cells (Fig. 21B, 

21C), we decided to analyse levels of Slp1Cdc20, the positive regulator of mitotic exit. 

Slp1 localization could not be followed by video-microscopy due to its short half-life and 

the influence of fluorescence markers negatively affecting Slp1 functionality. So we 

initially measured by western blot total Slp1 protein levels from asynchronous cultures 

of wt and pmk1∆ cells. Strikingly, levels of Slp1 in the pmk1∆ or pmk1 kinase-dead 

allele strains were around 1.6-1.8 fold of those found in the wt strain (Fig. 24A). This 

increased level in Slp1 protein level does not seem to be a consequence of its 

transcriptional up-regulation, as slp1 mRNA levels, measured by RT-qPCR from these 

asynchronous cultures, were comparable between pmk1∆ and the wt (Fig. 24B).  

Protein levels of Slp1 are regulated in a cell cycle dependent manner, peaking at 

mitosis and dropping upon anaphase onset by proteasome degradation in an APC/C 

dependent manner (Horikoshi et al., 2013). So, we decided to study the kinetics of Slp1 

protein accumulation and destruction along a cell cycle. For that, cells were blocked at 

the G2/M transition by incubating cdc25-22 cells at the restrictive temperature, and 

then released synchronously into mitosis by shifting the cultures to the permissive 

temperature (Booher et al., 1989). Cells were then collected and Slp1 protein levels 

were measured by western blot. Additionally, Pmk1 activity was assessed with an 

specific phospho-antibody (p44/42) detecting dual phosphorylation in Pmk1. The 

percentage of septated cells, as well as the phosphorylation of S. pombe CDK Cdc2-

tyr15 by using the anti-pTyr-Cdc2 antibody, were used as readouts for cell cycle 

progression and to evaluate the synchrony of the culture, respectively. In agreement 

with increased levels of Slp1 observed in asynchronously growing pmk1∆ cells, this 

experiment showed up-regulated levels of Slp1 during mitosis (Fig. 24C, 24D).  

 

Fig. 23. Epistasis analyses between pmk1∆ and MCC-formation defective mutants.  
A. Drop assay of the indicated strains in the presence of YES and YES plus 2 and 3µg/ml of MBC. 
Plates were incubated at 25ºC for 3 days. B-C. Mitotic assay in the nda3-KM311 background (nda3) of 
the indicated strains. Percentage of septation is shown as readout for mitotic exit; n=200 was 
quantitated for each strain and time point. D. Drop assay of the Slp1-mr63 allele and the double 
mutant pmk1∆ slp1-mr63 along with the control strains wt, bub1∆ and pmk1∆. In plates containing 
YES and YES plus 2µg/ml of MBC.Plates were incubated at 25ºC for 3 days.  
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Fig. 24. Slp1 is up-regulated in pmk1∆ cells. 
A. Western blot of basal Slp1 protein levels in wt and pmk1∆ cells asynchronously growing; wt and 
Pmk1-Kinase death allele Slp1 protein levels under the same conditions. Cdc2 was used a loading 
control (PSTAIRE). B. Slp1 mRNA analyses done by RT-PCR in asynchronously growing wt and 
pmk1∆ cells. CT values were relativised with actin, that was used as a control of the experiment, and 
to the wt (see Materials and Methods for more details). This experiment was repeated 3 times with 6 
technical replicas per experiment with similar results; n.s. means differences are not statistically 
signifcant (p > 0.05). C-D. Cells from strains cdc25-22 and pmk1Δ cdc25-22 were grown to O.D.= 0.3 
at 25°C, shifted to 36°C for 3.5 hours, and then released from the growth arrest by transfer back to 
25°C. Samples were taken at the indicated time points. Slp1-HA was detected along with activated 
Pmk1 with anti-phospho-p44/42 antibody. Anti-tyrosine-Cdc2 antibody was used to follow mitotic exit. 
Cdc2 was used as a loading control. Percentage of septated cells at each time point is indicated.  
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As an alternative approach to further confirm that the kinetic of Slp1 accumulation 

during mitosis was altered in pmk1∆ cells, we blocked cells in mitosis using the nda3-

KM311 background and measured by western blot Slp1 protein levels at different time 

points of the mitotic block. The percentage of septated cells was used as readout of 

cell cycle progression. As shown in Fig. 25, pmk1∆ cells accumulated higher Slp1 

protein levels during a mitotic arrest compared to the wt (Fig. 25B, 25C), suggesting a 

role of Pmk1 in the regulation of Slp1 turnover during mitosis.  
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Fig. 25. Slp1 levels are up-regulated during a mitotic block in the pmk1∆ mutant. 
A. Schematic representation of the experimental design. B. Western blot of mitotic Slp1 levels in a wt 
(nda3-KM311) and in pmk1∆ (pmk1∆ nda3-KM311) cells. Samples were taken at the indicated time 
points. Cdc2 was used as a loading control. This experiment was repeated three times with similar 
results.	  C. Graphic representation of average Slp1protein level during a mitotic block experiment. Time 
5 hours was taken as reference point for each strain and signal intensity at that time point was 
determined as a 100% signal value. Time fold increased was calculated for each strain at the indicated 
time points relative to loading control in each case. SD is shown from three independent experiments. 
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It is well documented that increasing Slp1 protein levels results in a more fragile 

SAC response (Heinrich et al., 2013); thus, up-regulated Slp1 levels observed in the 

pmk1∆ strain would explain the deficiency of this strain to maintain a proper mitotic 

arrest and its sensitivity to MBC. Moreover, this is consistent with the additive 

phenotypes observed between pmk1∆ and the SAC deficient mutants mad2∆, mad3∆ 

and slp1-mr63 (MCC). 

 

2.5 INCREASED SLP1 LEVELS FOUND IN PMK1∆ CELLS DURING A MITOTIC 

BLOCK CAN BE PHENOCOPIED BY INHIBITING THE PROTEASOME. 
 

As described in the Introduction; Cdc20 has been proved to be degraded by the 

proteasome in an APC/C-dependent manner in checkpoint-arrested human cells as a 

mechanism to impede the premature anaphase onset (Horikoshi et al., 2013; Nilsson et 

al., 2008). 

As shown in Figs. 24 and 25, our data suggests that Pmk1 could be playing a 

role in controlling Slp1 protein levels, clearly observed during a mitotic checkpoint 

arrest. Slp1 accumulation could be due to a partially defective proteasomal degradation 

that might have its origin in a defective APC/C-dependent ubiquitination. In order to 

tackle this question, we performed a mitotic block using the nda3-KM311 background 

in a wt, and we chemically inhibited the proteasome function with the drugs MG132 and 

Bortezomib that were added 4 hours after the shift to the restrictive temperature (Fig. 

26A) (see Materials and Methods for more details). Cells were collected after 7 hours 

at the restrictive temperature in a control condition and 3 hours after the drug treatment 

(Fig. 26A). Slp1 levels were analysed in both cases (Fig. 26B). This experiment 

revealed that, consistent with published data; Slp1 degradation during a mitotic block 

relies on the proteasome function (Nilsson et al., 2008). Importantly, Slp1 protein level 

notably increased (around 1.8x fold) in condition where the proteasome function had 

been inhibited. After 7 hours at the restrictive temperature, pmk1∆ cells showed Slp1 

up-regulation that corresponded to around 1.65-1.7x of Slp1 levels to that found in the 

wt at the same time point (Fig. 25B and 25C). This data suggests that Slp1 levels found 

in pmk1∆ strikingly correlate to that found after proteasome inhibition in wt cells, albeit 

further studies would be required to confirm this hypothesis. 
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2.6 INCREASED SLP1 LEVELS IN WILD TYPE CELLS IS ENOUGH TO CAUSE 

MBC SENSITIVITY AND A DEFECTIVE MITOTIC ARREST 
 

To further confirm that up-regulated Slp1 levels observed in pmk1Δ was in fact 

the cause of their defective SAC, we ectopically expressed an extra copy of Slp1 in a 

wild type strain from the medium-strength fission yeast nmt promoter. The resulting 

strain slp1-HA pINTL-41x-slp1-HA, (see Materials and Methods section) produced 1.7-

fold the wt levels of Slp1 in rich medium (data not shown), which are very similar to 

Slp1 levels observed in pmk1Δ cells (Fig. 24A). It is important to notice that nmt41 

drives slp1 expression along the whole cell cycle whereas endogenous slp1 is only 

expressed upon mitotic entry. Cells expressing the extra copy of Slp1 (pINTL-41x-slp1) 
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Fig. 26. Slp1 degradation during a mitotic block is dependent on proteasomal function. 
The nda3-KM311 background was used to synchronously enter cells into mitosis. After 4 hours at the 
restrictive temperature, proteasome inhibitors MG132 and Bortezomib (see Material and Methods for 
more details), were added to one of the cultures. Cells were collected 7 hours after the shift to the 
permissive temperature. Slp1 protein levels were analysed by WB in the indicated conditions using 
Cdc2 as loading control. This experiment was repeated twice with similar results.  
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resulted however, in MBC hypersensitivity, similar to pmk1 deletion (Fig. 27A). 

Importantly, this up-regulation in Slp1 levels was enough to produce a premature 

mitotic leakage of pINTL-41x-slp1 nda3-KM311 cells relative to nda3-KM311 control, 

although less pronounced than in the case of pmk1Δ nda3-KM311 (Fig. 27B).  

Thus, both wt and nda3-KM311 cells ectopically expressing an extra copy of Slp1 

that produces Slp1 levels comparable to that found in pmk1∆, phenocopies the MBC 

hypersensitivity and the failure in maintaining a mitotic arrest of MAPK pmk1 

deficiency.  
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Fig. 27. Slp1 overexpression causes an impaired SAC function. 
A. Drop assay of the indicated strains in the presence of YES and YES plus 2 and 4 µg/ml of MBC. 
Plates were incubated at 25ºC for 3 days. B. Mitotic assay in the nda3-KM311 background of the 
indicated strains. Percentage of septation is shown as readout for mitotic exit; n=200 was quantitated 
for each strain and time point.  
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2.7 PMK1Δ SLIPPAGE CAN BE RESCUED BY MODIFYING THE RELATIVE 

BALANCE BETWEEN SLP1 AND MAD2 PROTEIN CONCENTRATIONS 
 

It has been recently demonstrated that the relative abundance between inhibitory 

signal produced by Mad2-Mad3 and the sequestered Slp1, is an important determinant 

of checkpoint function (Heinrich et al., 2013). In the fission yeast, whereas Slp1 

accumulates to approximately 21nM in a mitotic synchronised cell culture, free Mad3 

and Mad2 concentrations are around 44nM and 30nM respectively, enough to 

sequester all Slp1 molecules (Heinrich et al., 2013). In addition, to demonstrate that the 

stoichiometry of SAC components is critical for proper SAC response, this study also 

proposed that free Slp1 has to exceed a certain threshold in order to be able to bind 

and activate the APC/C (Heinrich et al., 2013) without being inhibited by the MCC 

during mitosis. This threshold is equally dependent on the amount of Mad2/Mad3, and 

Slp1.  

Thus, based on this study, up regulated Slp1 levels is likely the cause of the 

defective SAC observed in pmk1∆ cells. This is supported by the SAC-deficient 

phenotypes observed in wt cells ectopically expressing Slp1 (Fig. 27). To further 

corroborate that increased levels of the APC/C activator Slp1 is causing SAC fragility in 

the pmk1∆ strain, we expressed abnormal levels of Mad2 and Slp1 in this mutant 

background and tested SAC robustness by analyzing the percentage of mitotic 

slippage using the nda3-KM311 assay. In this experiment, SAC robustness was 

analysed in strains expressing either 200% of Mad2 levels, or 40% of Slp1 levels, in 

the wt and in the pmk1∆ background. As expected, both, increasing Mad2 levels (up to 

200%) and decreasing Slp1 levels (down to 40%) partially suppressed the mitotic 

slippage observed in pmk1-depleted cells (Fig. 28A, 28B). Moreover, consistent with 

the additive effect observed in the pmk1∆mad2∆ double mutant phenotype during a 

nda3-KM311 mitotic block; decreasing Mad2 levels down to 65% of wt levels, 

exacerbate pmk1∆ premature exit from mitosis (data not shown).  

Thus together, and consistent with the proposed functional relevance of proper 

Slp1 stoichiometry relative to its sequestering complex Mad2-Mad3 (Heinrich et al., 

2013), these data suggest the Slp1 protein up-regulation observed in pmk1∆ is likely 

the cause of its defective SAC.  

 

 

 



RESULTS 
 

	   123 

 

 

 

                  
 
 
 
 

               
 
 
 
 
 
 
 
 
 
 
 

0

10

20

30

40

50

60

70

0 1 2 3 4 5 6 7 8 9 10

%
 o

f S
ep

ta
tio

n

Time after 18oC shift (hours)

nda3
mad2Δ nda3
pmk1Δ nda3
40% slp1 nda3
40% slp1 pmk1Δ nda3

0

10

20

30

40

50

60

70

0 1 2 3 4 5 6 7 8 9 10

%
 o

f S
ep

ta
tio

n

Time after 18oC shift (hours)

nda3
mad2Δ nda3
pmk1Δ nda3
200% mad2 nda3
200% mad2 pmk1Δ nda3

A 

B 

Fig. 28. Modifying protein concentration of Mad2 and Slp1 partially rescued pmk1∆ defective 
mitotic arrest. 
A. Mitotic assay in the nda3-KM311 background of cells expressing 40% of wt Slp1 protein levels in a 
wt and in the pmk1∆ background, along with the control strains nda3-KM311 and mad2∆ nda3-KM311. 
B. Mitotic assay in the nda3-KM311 background of cells expressing 200% of wt Mad2 protein levels in 
a wt and in the pmk1∆ background, along with the control strains nda3-KM311 and in mad2∆ nda3-
KM311. For both graphs percentage of septation is shown as readout for mitotic exit; n=200 was 
quantitated for each strain and time point. This experiment was repeated three times with similar 
results. 
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3. PHYSICAL ASSOCIATION OF PMK1 WITH THE SAC 
MACHINERY 
 

3.1 PMK1 PHYSICALLY INTERACTS WITH SLP1 DURING MITOSIS 
 

To get further insights of a possible regulation of Slp1 by Pmk1 kinase, we tested 

whether both proteins physically interacts in vivo. For that, a co-immunoprecipitation 

(co-IP) assay was carried out between Pmk1 and Slp1 tagged at their respective loci 

with GFP and HA epitopes respectively. As Slp1 accumulates in mitosis, we analyzed 

Pmk1-Slp1 physical interaction in cells synchronised in this particular cell cycle phase. 

Cells expressing the above-mentioned tagged proteins in the nda3-KM311 genetic 

background were blocked in mitosis by a 6 hours incubation at the restrictive 

temperature upon HU pre-synchronisation (a time in which more than 95% el cells are 

in mitosis), and cells were then collected for the Co-IP experiment. Intriguinly, we found 

Pmk1 in the Slp1 immunoprecipitates (Fig. 29B), suggesting that Pmk1 and Slp1 

physically interact.  
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Fig. 29. Pmk1 physically interacts with Slp1 during a mitotic block. 
A. Schematic representation of sample collection during a nda3-KM311 mitotic block (left panel). Slp1-
HA was immunoprecipitated and Pmk1 was tested for its ability to bind Slp1 (right panel). B. Co-IP 
experiment pulling down Slp1-HA and detecting Pmk1-GFP. Untagged Slp1 and Pmk1 were used as 
negative controls of the experiment. IP: Immunoprecipitation; IB: Immunoblotting. 
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As we described in Fig. 19A, the three-tiered elements from the CIP pathway 

were required to survive in the presence of MT damage (MBC), and cells deleted for 

pek1, the upstream MAPKK that activates Pmk1, were unable to maintain a proper 

metaphase block in the nda3-KM311 background (Fig. 19C), thus suggesting that 

Pmk1 activation by phosphorylation is necessary for SAC maintenance. So, we wonder 

whether Pmk1 interaction with Slp1 required Pmk1 to be activated by the MAPKK Pek1 

in order to occur. To assess this, we carried out a Pmk1-Slp1 co-IP experiment during 

a mitotic nda3-KM311 block in a pek1∆ background. Interestingly, deficiency of MAPKK 

pek1 does not impair the interaction between Pmk1 and Slp1 (Fig. 30B), suggesting 

that this interaction is independent of the activation state of the MAPK effector. This 

result is in agreement with reported preexisting complexes between inactive MAPKs 

and their substrates (Cargnello and Roux, 2011).  
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3.2 PMK1-SLP1 BINDING DEPENDS ON A PUTATIVE MAPK-DOCKING SITE 

DOMAIN IN SLP1.  
 

By analyzing Slp1 protein domain composition using the Eukaryotic Linear Motif 

resource (http://elm.eu.org/), we detected in Slp1 N-terminus a predicted MAPK 

Docking-Site (Fig. 31A), an stretch of positively charged amino acids that has been 

demonstrated to be sites by which MAPKs bind their substrates and regulators with 

high affinity (Bardwell and Thorner, 1996; Sharrocks et al., 2000). The existence of two 

predicted MAPK phosphorylation sites (Ser 28 and Thr 31), in close proximity with the 

predicted Docking site prompted us to study the relevance of this domain. To test 

whether Pmk1-Slp1 interaction was mediated by this Docking-site, we generated the 

Slp1-MAPK Docking-site mutant (slp1-DS-HA) by in vitro directed mutagenesis. In this 

allele, the positively charged amino acids, which are the landmark of the MAPK 

docking domain, were replaced by alanines. This conversion has been proved to 

diminish the efficiency of the enzymatic reaction by reducing the ability of MAPKs to 

bind their substrates (Tanoue et al., 2002). We then used the slp1-DS-HA strain to test 

by co-IP whether Pmk1 physically interacts with this mutant version of Slp1.  

For that, cells were harvested from a mitotic block under the same experimental 

condition previously shown in Fig. 29. Pmk1-Slp1 interaction was used as a control. 

Importantly, Pmk1 failed to physically interact with Slp1-DS protein, thus suggesting 

that MAPK Docking-site present in Slp1 N-terminus is indeed required for Pmk1 

interaction (Fig. 31B). 

Strikingly, the slp1-DS strain was partially defective in maintaining a nda3-KM311 

arrest (Fig. 31C), thus partially phenocopying pmk1 deletion. Curiously, Slp1-DS-HA 

basal protein levels were also up-regulated but to less extent than pmk1∆ and only 

showed a 1.2-1.4 fold increase in asynchronous cultures relative to slp1+ (Fig. 31.D). In 

addition, double mutant pmk1∆ slp1-DS showed similar Slp1 basal protein levels found 

in the slp1-DS single mutant but lower to that found in pmk1∆ cells. 

Thus, together all these data suggest that N-terminal MAPK Docking site 

predicted domain is required for Pmk1-Slp1 physical interaction. Nevertheless, the 

disruption of this interaction does not seem to up-regulate basal Slp1 protein levels to 

the same extent as cells deleted for pmk1, suggesting the existence of further levels of 

regulation. 
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Fig. 31. Pmk1-Slp1 physical interaction requires a predicted MAPK Docking Site domain. 
A. Schematic representation of Slp1 protein sequence. Slp1 MAPK Docking site was mutated creating 
the slp1-DS mutant. B. Co-IP experiment, cells were harvested from a mitotic block and Slp1-HA was 
immunoprecipitated in the wt and in the slp1-DS background. Pmk1 was tested for its ability to bind 
Slp1 and Slp1-DS. Untagged Slp1 and Pmk1 were used as negative controls of the experiment. This 
experiment was repeated three times. C. Mitotic block assay of the indicated strains in the nda3-
KM311 background; n=200 for each strain and time point. D. Slp1 protein levels in asynchronously 
growing cells from the indicated strains. Cdc2 was used as a loading control. This experiment was 
repeated three times with similar results. 
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3.3 SLP1 MAPK-DOCKING SITE MUTANT CAN BE INHIBITED BY THE MCC 
  

It has been described that slp1 mutant allele slp1-mr63 has a defective SAC due 

to its inability to be bound and sequestered by Mad2 (Kim et al., 1998). The impaired 

SAC function found in the slp1-DS mutant could be consequence of either, its partial 

overexpression, around 1.2-1.4 fold relative to wt, or defective Pmk1 signalling. 

Alternatively, the mutations introduced in the slp1+ gene to generate the slp1-DS allele 

could somehow alters the Slp1 3D-structure in such a way that it might affect its 

suitability to be sequestered into the MCC, as occurs in the slp1-mr63 allele. In order to 

tackle the latest option, immunoprecipitation assays were carried out between 

Mad2/Mad3 and Slp1-DS during a mitotic block using the nda3-KM311 background. As 

shown in Fig. 32, Slp1-DS was still interacting with the MCC components Mad2 (Fig. 

32B) and Mad3 (Fig. 32C) during a mitotic block, suggesting that the deficiency found 

in slp1-DS in maintaining a nda3-KM311 mitotic arrest is not due to a Slp1-DS 

defective MCC formation.  
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Fig. 32. Slp1-MAPK-DS mutant is able to interact with MCC components Mad2 and Mad3. 
A. Slp1-MAPK-DS mutant was tested for its ability to interact with the MCC components Mad2 and 
Mad3 during a mitotic block. B. Co-IP experiment pulling down Slp1-DS-HA and detecting Mad2-GFP. 
Cells were harvested from a mitotic block. Untagged Slp1 and Mad2 were used as negative controls of 
the experiment. C. Co-IP experiment pulling down Slp1-HA or Slp1-DS-HA and detecting Mad3-GFP. 
Cells were harvested from a mitotic block. Untagged Slp1 and Mad3 were used as negative controls of 
the experiment; whereas Mad3-Slp1 interaction in a wt was used as a positive control. ** Nonspecific, 
cross-reacting bands are marked by asterisks on the Western blot. IP: Immunoprecipitation; IB: 
Immunoblotting. 
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3.4 PMK1 INTERACTS WITH SLP1 TROUGH THE APC/C 
 

Pmk1-Slp1 interaction might occur via the MCC or via APC/C, the two main 

complexes in which Slp1 is dynamically sequestered during a mitotic arrest 

(Sczaniecka et al., 2008) or, by the contrary, with “free” Slp1. To discern between these 

possibilities, we used different biochemical approaches. Mad2 is essential to form the 

MCC complex, so first of all, we blocked mad2∆ cells in mitosis using the nda3-KM311 

background, collected cells after 5.5 hours at the restrictive temperature, and tested 

Pmk1-Slp1 interaction by co-IP. Note that for this experiment, samples were collected 

after 5.5 hours to avoid the lost of Pmk1-Slp1 interaction due to the premature leakage 

from mitosis of this SAC mutant. The result of this experiment revealed that Pmk1 and 

Slp1 interaction was not impaired in the absence of mad2 (Fig. 33B), and suggests that 

Pmk1-Slp1 interaction is not occurring through the MCC. This data is consistent with 

the additive effect in SAC maintenance in the double mutant pmk1∆ mad2∆ during an 

nda3-KM311 assay (Fig. 23B). 

 

                         
 

 

 

                                         
 

 

 

 

Slp1Cdc20 binds APC/C either, sequestered at the MCC: APC/CMCC during SAC 

activation; or as an activator: APC/CSlp1 (Gross et al., 2018; Yamaguchi et al., 2016); 

once the SAC is fulfilled and the MCC signal has devanished. Moreover, Slp1 can also 
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Fig. 33. Slp1-Pmk1 interaction is maintained in the absence of MCC (mad2∆). 
A. Co-IP experiment pulling down Slp1-HA and detecting Pmk1-GFP in cells deleted for mad2 where  
MCC is not formed. B. Cells from wt and mad2∆  in the nda3-KM311 background were harvested from 
a mitotic block. Untagged Slp1 and Pmk1 were used as negative controls, whereas Slp1-Pmk1 
interaction was used as positive control. This experiment was repeated three times with similar results.  
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exist in its “free” state, not bound to the APC/C (May et al., 2017). In order to assess 

whether Pmk1-Slp1 interaction was occurring through the APC/C, we used the 

immunodepletion assay that allows the removal of a target molecule from a protein 

extract and the analysis of the remaining composition of the extract (see Materials and 

Methods section for more details). Using this biochemical approach, we can isolate the 

Slp1 fraction bound to the APC/C by the immunodepletion of the APC/C component 

Apc4, and the remaining “free” Slp1 through a second pull down of Slp1 in the APC/C 

depleted extract. Pmk1 was only detected in the fraction of Slp1 that was pulled down 

by the APC/C subunit Apc4, whereas it was absent from the “free” Slp1 fraction (Fig. 

34; wt column).  

We also followed the same approach to check whether Pmk1 interaction with 

APC/C was dependent on the Slp1-MAPK Docking domain. Strikingly, Pmk1 still 

comes up in the Slp1 APC/C-bound fraction in the slp1-DS background (Fig. 34; Slp1-

DS column), indicating the Pmk1-Slp1 null interaction in this mutant does not prevent 

Pmk1 binding to the APC/C. Moreover, this experiment showed that Slp1-DS effectively 

binds the APC/C during a mitotic block (Fig.34; Slp1-DS column). 

Hence, taking together, these results demonstrate that Pmk1 interacts with 

APC/C, from where it might contact Slp1 through the APC/C complex. 
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Fig. 34. Pmk1 interacts with Slp1 through the APC/C. 
Immunodepletion of the APC/C was used to separate the different Slp1 populations. Cells from a wt 
and from slp1-DS background were harvested from a mitotic block. For both, the presence of APC/C 
(Apc4), Pmk1 and Slp1 was analysed. IP1 refers to the immunodepletion experiment; IP2 refers to a 
second round of immunodepletion to check all the APC/C had been subtracted. In both strains, Pmk1 
was present in the Slp1-APC/C bound fraction. This experiment was repeated twice. 
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4. THE SAPK, AND ITS EFFECTOR KINASE STY1, ARE ALSO 
REQUIRED FOR PROPER SAC REGULATION 
 

4.1 STY1, THE EFFECTOR KINASE OF THE SAPK PATHWAY IS ALSO 

REQUIRED FOR CELL SURVIVAL UNDER MT PERTURBATION AND ITS 

DELETION RESULTED IN UP-REGULATED SLP1 LEVELS. 
 

The CIP and the SAPK MAPK pathways are both required to fully maintain cell 

viability under a range of adverse physiological conditions (George et al., 2007; Madrid 

et al., 2006; Millar et al., 1995; Shiozaki and Russell, 1995; Soto et al., 2002; Warbrick 

and Fantes, 1991). So, we decided to check whether the SAPK and, in particular, its 

effector kinase Sty1, was also required for fission yeast survival in conditions of 

compromised chromosome capture. For that, we first performed drop assays in plates 

containing MBC as initially done for pmk1∆. Surprisingly, sty1∆ cells were even more 

sensitive to MBC than pmk1∆ cells (Fig. 35), and the same hypersensitivity to MBC 

phenotype was found in cells expressing a catalytically inactive version of Sty1, (Sty1-

KD) (Reiter et al., 2008) (Fig. 35). Moreover, the double mutant pmk1∆ sty1∆ was 

epistatic, and showed a similar sensitivity to that found in sty1∆ cells. 

 

                                      
 

 

 

 

 

Unfortunately, the assays conducted in the nda3-KM311 background along this 

thesis to reveal the presence of a fragile mitotic checkpoint in pmk1∆, could not be 

used in the sty1∆ background. As previously mentioned, the nda3 assay requires 

releasing cells from S-phase into G2 to eventually arrest them in mitosis. The sty1 

deletion produces such a drastic G2/M delay that makes it very difficult to confidently 
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Fig. 35. Comparative analysis of MBC sensitivity of the MAPK effectors Pmk1, Sty1 and their 
respective kinase dead alleles. Epistasis analysis. 
Drop assay of the indicated strains in the presence of YES (control) and YES plus 2 and 3µg/ml of 
MBC. Plates were incubated at 25ºC for 3 days.  
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analyze the later block in mitosis due to SAC activation (Millar et al., 1995; Shiozaki 

and Russell, 1995). So, in order to get further insight into Sty1 requirements for cell 

survival in the presence of MBC, we directly checked whether the increased MBC 

sensitivity of sty1∆ relative to wt cells was, as in pmk1∆ cells, consequence of Slp1 

deregulation. For that, we determined levels of Slp1 in asynchronously growing sty1∆ 

cells and compared it with the wt and pmk1, as controls. As shown in Fig. 36, sty1∆ 

also resulted in increased Slp1 basal protein levels of around 1.6-1.8 fold relative to the 

wt; very similar to Slp1 levels found in  pmk1∆ cells. 

 

 

                                                
 

 

 

 

4.2. STY1 BINDS THE APC/C FROM WHERE IT INTERACTS WITH SLP1 
 

As Slp1 levels were also up-regulated in sty1∆, we directly tested whether this 

kinase was also physically interacting with Slp1. For that, we constructed the sty1-GFP 

slp1-HA strain and assayed their interaction by immunoprecipitation using the single 

tagged strains as controls. The co-IP experiment was performed during a mitotic block 

using the nda3-KM311 background (Fig. 37A). The result of this experiment 

demonstrated that both proteins interact, as Sty1-GFP appears in the 

immunoprecipitates of Slp1-HA (Fig. 37B).  
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was used as a loading control. This experiment was repeated three times with similar results. 
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Next, we tested whether Sty1 was also associated to the APC/C, as 

demonstrated for Pmk1 (Fig. 34). Using the same immunodepletion approach done for 

Pmk1, we found that Sty1 was only detected in the fraction of Slp1 that is pulled down 

by the APC/C subunit Apc4, whereas it was absent in the “free” Slp1 fraction (Fig. 38). 

Thus, the Sty1 kinase of the SAPK pathway associates with the APC/C complex and 

physically interacts with Slp1 as Pmk1.  
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Fig. 37. Sty1 physically interacts with Slp1 during a mitotic block. 
A. Experimental design, Slp1-HA was immunoprecipitated from mitotic blocked cells and Sty-GFP 
presence was tested. B. Co-IP experiment where Slp1-Sty1 interaction was assesed. Untagged Slp1 
and Sty1 were used as negative controls of the experiment. This experiment was repeated three times 
with similar results. IP: Immunoprecipitation; IB: Immunoblotting. ** Nonspecific, cross-reacting bands. 
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Fig. 38. Sty1 interacts with Slp1 through the APC/C. 
Immunodepletion of the APC/C was used to study the different Slp1 populations. Cells from a wt were 
harvested from a mitotic block. In each case, the presence of APC/C (Apc4), Sty1 and Slp1 was 
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experiment was repeated twice. ** Nonspecific, cross-reacting bands.  
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We next tested whether both MAPK kinases, Pmk1 and Sty1, were “sitting” on 

the same APC/C complexes simultaneously. For that, we performed a Co-IP 

experiment between Sty1 and Pmk1 during an nda3-KM311 mitotic arrest, as 

previously described. Strikingly, both MAPK physically interacted during a mitotic block 

as Sty1-GFP was found in Pmk1-HA immunoprecipitates (Fig. 39, red rectangle). We 

have previously shown that from the APC/C complex, Pmk1 might interact with Slp1 

through a MAPK docking site present in Slp1 N-terminus (Fig. 31B). So, we decided to 

test whether Sty1 interaction with Slp1 was also dependent on this DS. For that, we 

performed Co-IP experiments between Sty1-GFP and Slp1-DS-HA. Intriguingly, Sty1 

does not seem to require this docking site to interact with Slp1, as the interaction 

between kinase Sty1 and Slp1 was not impaired in the slp1-DS background (Fig. 39).  

Thus, taking together, these data demonstrate that Sty1 also associate with 

APC/C during mitosis (Fig. 38). Whereas the Slp1-MAPK Docking site is essential for 

Pmk1 binding, this domain is not required for Sty1 interaction with Slp1. It is possible 

that Sty1 interaction with Slp1 occurs either, indirectly through the APC/C complex or 

Pmk1 itself, or through other, yet unidentified, Slp1 domain. Importantly, Slp1 presents 

a second MAPK docking site immediately following the DS whose mutation impaired 

Pmk1 interactions. Future experiments will determine the functional relevance of this 

second MAPK docking site and whether this site is used by Sty1 kinase to interact with 

Slp1. 
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Fig. 39. Sty1 interacts with Slp1-DS mutant and with Pmk1 during a mitotic block. 
Co-IP experiment, cells were harvested from a mitotic block and Slp1-HA was immunoprecipitated in 
the slp1+ and in the slp1-DS background. Sty1 was tested for its ability to bind Slp1 and Slp1-DS. 
Untagged Slp1 and Sty1 were used as negative controls of the experiment. Red rectangle: Pmk1 was 
immunoprecipitated from a mitotic block and Sty1 was tested for its ability to bind Pmk1 under these 
conditions. This experiment was repeated three times with similar results. **Cross-reacting bands. 
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5. SAC FUNCTION UNDER OSMOTIC STRESS 
 

5.1 MT DISRUPTION LEADS TO A “SLOW” PMK1 ACTIVATION  
 

MAPKs become activated by multiple stressing conditions (Pelech and Sanghera, 

1992; Perez and Cansado, 2010; Raman et al., 2007; Samejima et al., 1997; 

Waskiewicz and Cooper, 1995). We wanted to test whether basal activation levels of 

Pmk1 effector kinase were enough to regulate Slp1 (Satoh et al., 2009), or if instead, 

this Slp1 regulation only occurred upon MAPK activation in response to MT disruption 

(both in MBC and in the nda3-KM311 background). Notice that the Slp1 up-regulation 

observed in pmk1∆ cells was observed in unperturbed cells cycles (Fig. 24A), which 

suggests that the function of this MAPK effector over Slp1 might be required in every 

cell cycle. However, the function of this kinase could only become essential under MT 

perturbation. So, we first tested whether the MAPK CIP pathway was activated upon 

MT disruption. For that, asynchronously growing wt cells were treated with a high MBC 

concentration and p42/44, which recognize activated MAPK effector Pmk1, was used 

as readout of this MAPK activation. The same amount of DMSO was used as a control 

for basal activity. We found that the CIP pathway was not activated within short periods 

of time with MBC (Fig. 40A, 40B). However, a careful analysis revealed that an 

activation of the CIP progressively occurred as cells grew in the absence of MTs. The 

kinetic of activation was not the typical MAPK kinase response to several other 

stresses as osmotic, oxidative or changes in temperature. Noteworthy that Pmk1 

carries out a progressive and delayed activation upon the addition of caffeine or 

calcofluor to the media, whose effects have been related to modifications in the cell 

wall biosynthesis as well as in its arquitecture (Barba et al., 2008), (see Introduction, 

section 7.2, Fig. 13 for more details). 

A similar slow activation of the SAPK was also observed (data not shown). 

However, contrary to the CIP, this pathway is not apparently required for cell wall 

maintenance. Thus, even though MT depolymerization does not seem to directly 

activate MAPK pathways, CIP and SAPK the absence of MTs causes a slow and 

possibly indirect Pmk1 and Sty1 activation kinetics. 
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5.2  MAPK KINASE ACTIVATION BY OSMOTIC STESS LEADS TO SLP1 

DEGRADATION 
 

So, based on the previous result, the MBC does not seem to rapidly activate 

MAPKs (Fig. 40) as other stressors such as the osmotic stress or changes in 

temperature (Gacto et al., 2003; Madrid et al., 2006). It is possible that basal activation 

levels of these MAPKs effectors would be enough to regulate steady state levels of 

Slp1. So, we directly checked firstly, whether MAPK activation by a canonical stress 

condition such as osmotic stress, resulted in changes in Slp1 levels. For that, 

asynchronously growing wt cells were treated with 0.6M KCl, a concentration of salt 

that leads to a fast CIP and SAPK activation; Slp1 protein levels were measured 

relative to a control condition. As expected, the induced osmotic stress produced the 

activation of both the CIP and SAPK pathways within 15-30 minutes. Strikingly, a rapid 

drop in Slp1 protein levels temporally correlated with MAPK kinase activation (Fig. 

41B). Levels of other main SAC component such as Mad2 or Mad3 were unaffected by 
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Fig. 40. pmk1∆ cells showed a progressive activation in the presence of MBC. 
A-B. Pmk1 activation under MT damage was tested in asynchronously growing cells in MBC (B) and 
in the equivalent amount of MBC solvent, DMSO (A). Anti-p44/42 antibody was used to detect Pmk1 
activation. Total Pmk1 protein level was used as loading control of the experiment. IB: Immunoblotting. 
This experiment was repeated three times with similar results. 
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osmotic stress (Fig. 41C), suggesting that this Slp1 down-regulation might be specific 

of MAPK response to stress. 
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similar results.  

wt       
 0´         30´  

IB: PSTAIRE 
	  

IB: HA 
	  

IB: p44/42 
	  

Cdc2 
	  

Slp1-HA 
	  

Active Pmk1 
	  

A 

B 

C 

Experimental design 



RESULTS 
	  

	  138 

In order to check whether the observed Slp1 protein down regulation under 

osmotic stress was a direct consequence of MAPK activation, we performed the same 

experiment in pmk1∆ sty1∆ asynchronously growing cells, which are unable to respond 

to osmotic stress induced by KCl, note that Pmk1 and Sty1 kinase activity was 

assessed with the specific phospho-antibodies p44/42 and p38 respectively. 

Importantly, the kinetics of Slp1 degradation resulted to be almost unaffected in the 

mutant deleted for the MAPKs effectors pmk1 and sty1 relative to wt control (Fig. 42A). 

Additionally, we repeated the same experiment in wt and pmk1∆ sty1∆ cells 

during a mitotic block using the nda3-KM311 background. In order to perform this type 

of experiment in cells deleted for both MAPKs effectors, wt cells were collected after 

6.5 hours after the 18ºC shift, meanwhile the pmk1∆ sty1∆ cells were collected after 7.5 

hours in order to make sure that despite the G2 delay found in cells deleted for sty1, 

cells were certainly arrested in mitosis due to SAC activation. According to the different 

kinetics of Slp1 degradation observed in wt and in pmk1∆ sty1∆ cells asynchronously 

growing (Fig. 42A), Slp1 degradation was suppressed in double mutant cells 

undergoing a mitotic block (Fig. 42B and 42C). Thus, this data indicates that MAPK 

activation by osmotic stress play a role in the rapid Slp1 degradation. 
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Fig 42.  MAPKs regulate Slp1-KCl dependent degradation. 
A. Asynchronously growing wt and pmk1∆sty1∆ cells were treated with 0.6M KCl at 25°C. Slp1 protein 
level was determined by western blot in both strains at the indicated time points. Anti-p44/42 and anti-
p38 antibodies were used to evaluate Pmk1 and Sty1 activation respectively. Cdc2 was used as a 
loading control. B. KCl was added during a mitotic block in the nda3-KM311 background. Slp1 protein 
levels were analysed by western blot at the indicated time points in wt and pmk1∆sty1∆ cells. Cdc2 
was used as loading control. C. Graphical representation of Slp1 protein levels is represented. The 
percentage of Slp1 degradation is expressed taking as a reference Slp1 protein level at time 0´ for 
each strain. Slp1 signal values are relativised with loading control signal in each case. Average values 
along with SD of three independent experiments are shown. 
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5.3. MAD3 AND THE PROTEASOME ARE REQUIRED FOR SLP1 REGULATION 

BY STRESS 
 

It has been recently demonstrated that a Cdc20/Slp1 pool associated to the 

APC/C in a Mad3-dependent manner is constantly degraded by the proteasome during 

a mitotic arrest (King et al., 2007; May et al., 2017; Sewart and Hauf, 2017). This fine-

tuned mechanism makes the SAC more robust by limiting the concentration of this 

anaphase activator (see Introduction section 5.5 for more details). So, we next checked 

whether Slp1 down-regulation induced by osmotic stress required this mechanism of 

Slp1 degradation dependent on Mad3 and the proteasome.  

In order to tackle this question, we first tested Mad3 requirement for Slp1 

downregulation under osmotic stress. This experiment was done by repeating the KCl 

treatment shown in Fig. 42A in asynchronously growing mad3∆ cells. Importantly, Slp1 

down-regulaton induced by osmotic stress was almost completely suppressed in 

mad3∆ cells (Fig. 43) suggesting that Mad3 is a key player in Slp1 degradation induced 

by osmotic stress. 
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Fig. 43. Mad3 regulates Slp1-KCl dependent degradation. 
A. Asynchronously growing wt and mad3∆ cells were treated with 0.6M KCl at 25°C. Slp1 protein level 
was determined by western blot in both strains at the indicated time points. Cdc2 was used as a 
loading control. B. Graphical representation of Slp1 protein levels is shown. The percentage of Slp1 
degradation is expressed taking as a reference Slp1 protein level at time 0´ for each strain. Slp1 signal 
values are relativised with loading control signal in each case. This experiment was repeated three 
times with similar results and average values along with SD values are shown. 
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In order to check whether this Slp1 down-regulation depends on the proteasome, 

cells were exposed to osmotic stress in the presence of proteasome inhibitor drugs. 

For that, 3 cultures in the nda3-KM311 background were pre-synchronised with HU as 

previously described and after HU washed out, cultures were shifted to the restrictive 

temperature (18ºC). Four hours after the shift, proteasome inhibitors MG132 and 

Bortezomib (See Materials and Methods for more details) were added to one of the 

cultures. At time point 7 hours at 18ºC, osmotic stress was induced to the above-

mentioned culture and to the KCl-control culture; 30 minutes after KCl addition the 3 

different cultures were harvested and tested for their ability to down-regulate Slp1 

relative to control cells. Importantly, whereas a drop in the Slp1 levels upon osmotic 

stress was again observed in the control (without proteasome inhibitors), Slp1 down-

regulation was partially abolished in the presence of the proteasome inhibitors 

Bortezomib and MG132 (Fig. 44); indicating that Slp1 down-regulation induced by 

osmotic stress requires the proteasome activity. 
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Fig. 44. Slp1 degradation upon osmotic stress is partially dependent on proteasomal function. 
The nda3-KM311 background was used to synchronously enter cells into mitosis. After 4 hours at the 
restrictive temperature, proteasome inhibitors MG132 and Bortezomib (see Material and Methods for 
more details), were added to one of the cultures. After 7 hours at the restrictive temperature, 0.6M of 
KCl was added to two of the cultures as indicated in the scheme. Cells were collected 30 minutes after 
KCl addition as indicated. Slp1 protein levels were analysed by WB in the indicated conditions using 
Cdc2 as a loading control. This experiment was repeated twice with similar results.  
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5.4 SLP1 DEGRADATION INDUCED BY OSMOTIC STRESS SLOWS DOWN 

MITOTIC PROGRESSION 
 

Consistent with published data in the fission yeast and in other models (Foster 

and Morgan, 2012; Heinrich et al., 2013; King et al., 2007; Mansfeld et al., 2011; May 

et al., 2017; Pan and Chen, 2004), we have shown that increasing Slp1 concentration 

is enough to fragilise the SAC and leads to a premature mitotic exit in conditions of 

unattached kinetochores (Fig. 27). Therefore, we next checked whether dropping Slp1 

protein levels during mitosis by stress would potentiate the SAC and delay exit from 

mitosis. To test this hypothesis, we followed progression through mitosis in cdc25-22 

cells that were synchronously released from a G2/M arrest into mitosis with and without 

inducing an osmotic stress by KCl. Slp1 total protein levels were measured throughout 

the time course experiment. The osmotic stress treatment was given 65 minutes after 

releasing the cells into mitosis (25ºC) to make sure that, according to our experimental 

results, most of the cells were already in mitosis, but before anaphase. This experiment 

showed that induction of osmotic stress in mitosis resulted in MAPK activation, a 

drastic drop of Slp1 levels (Fig. 45A) and a delayed mitotic exit (Fig. 45B).  

Additionally, mitotic progression was followed in asynchronously growing cells in 

a control condition and in the presence of 0.6M KCl by measuring the distance 

between the SPBs as done in Fig. 15A. The osmotic stress was induced and cells that 

had just entered mitosis were followed by time-lapse microscopy. Importantly, 

anaphase onset was delayed in around 65% of cells which had already initiated mitosis 

by the time of KCl addition, compared to the control condition (Fig. 45C).  

Together these data suggest that the exposure to osmotic stress in cells 

undergoing mitosis causes MAPK canonical activation, and Slp1 degradation which 

both correlates with a significant delay in the anaphase onset.  
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Fig. 45. MAPKs regulate Slp1-KCl dependent degradation. 
A. Wild type cells synchronously entering into mitosis during a cdc25-22 release were treated with 
0.6M KCl. Slp1 protein level was determined by WB at the indicated time points. Pmk1 activation was 
tested with the p44/42 antibody. Ponceau staining was used as a loading control. B. Graphical 
representation of the percentage of septation in a control condition and in cells treated with KCl during 
a cdc25-22 release. This experiment was repeated twice with similar results. C. Graphical 
representation of mitotic progression in cells expressing Sid2-Tomato in a control condition and in 
0.6M KCl at 25°C; 10 representative cells from two independent replicas of the experiment are shown. 
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5.5 SLP1 DEGRADATION OCCURS UPON DIFFERENT STRESSING 

CONDITIONS  
 

To check whether this effect on Slp1 caused by osmotic stress was an exclusive 

response of this particular stress, we exposed asynchronously growing cells to other 

types of stressors, including saline, oxidative and hypertonic, and checked the impact 

on Pmk1 and Sty1 activation on Slp1 protein levels. Moreover, MBC effect was also 

tested. As shown in Fig. 46, different stressors promote a distinct MAPK response in 

terms of the intensity of the signal. The result of this experiment indicates that osmotic 

and hyperosmotic stresses (KCl, NaCl and sorbitol), which lead to a strong activation of 

both MAPKs effectors, resulted in a drastic Slp1 degradation. As expected, the 

oxidative stress induced by hydrogen peroxide, produced a strong Sty1 activation and 

just a minor Pmk1 activation that seems to provoke a less evident Slp1 degradation 

compared with the saline stress. Finally, MBC did not activate Pmk1 or Sty1 shortly 

after its addition, which is in agreement with our previous results (Fig. 40); consistently, 

Slp1 was not degraded as reponse to this chemical, and its levels even increased, 

probably due to the transient mitotic synchronization caused by MT depolymerization 

and SAC activation. 
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Fig. 46. Slp1 is degraded upon different stressing situations. 
Wild type asynchronously growing cells were exposed to different stressing conditions: saline, 
oxidative and hypertonic stress, as indicated. Moreover, MBC was tested for its ability to promote Slp1 
degadation. Western blot was used to analyse Slp1 protein levels. As in previous experiments, 
antibodies p44/42 and p38 were used to evaluate Pmk1 and Sty activation respectively. Cdc2 was 
used as loading control of the experiment. This experiment was repeated twice with similar results.  
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5.6  OSMOTIC STRESS INDUCES MCC ASSEMBLY  
 

We have shown that the exposure of fission yeast cells to various stresses 

triggers a rapid degradation of an Slp1 total protein pool. As highlighted in the 

Introduction, Slp1 degradation is critical for SAC maintenance (May et al., 2017; Sewart 

and Hauf, 2017). We wonder how Slp1 degradation can be such a fast response. In 

order to tackle this question, we performed a co-IP experiment between the APC/C 

activator, Slp1, and the MCC component Mad3. As Slp1 degradation in response to 

stress seems to be driven by MAPKs and requires Mad3 and the proteasome (Fig. 42, 

43 and 44), one would expect that the pool of Slp1 associated with APC/C-MCC is the 

one that is targeted for degradation upon stress. To test this hypothesis 

asynchronously growing cells were treated with 0.6M of KCl and Slp1-Mad3 interaction 

was assesed 5, 15 and 30 minutes after KCl addition, by Slp1-HA immunoprecipitation 

and Mad3-GFP detection. In asynchronous cultures, there is a fraction of cells 

undergoing mitosis and, therefore, the Slp1-Mad3 interaction is detected at time 0´ (Fig. 

47). Importantly, this interaction is notably boosted just after 5 minutes of the osmotic 

stress, prior to Slp1 fast degradation that can be observed in Slp1-HA immunoblotting. 

Note that Slp1-Mad3 interaction decreases as Slp1 is being degraded (Fig. 47). From 

this result, we hypothesise that free Mad2 and Mad3 pools bind Slp1, leading to MCC 

formation, and so, to APC/C-MCC complex formation in order to “urgently” promote 

Slp1 degradation. 
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Fig. 47. Slp1-Mad3 association is boosted upon osmotic stress.    
Co-IP experiment. Asynchronously growing cells were harvested at 30°C and Slp1-HA was 
immunoprecipitated and tested for its ability to bind Mad3 upon the addition of KCl 0.6M. Time 
0´represents the Slp1-Mad3 association before KCl addition. IP: Immunoprecipitation; IB: 
Immunoblotting. This experiment was repeated twice with similar results. **Cross-reactiing bands. 
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6. SLP1 DIRECTLY PHOSPHORYLATION BY MAPKS IS NOT 
DETECTED IN VITRO 
 

We have demonstrated that the MAPK pathways CIP and SAPK, and their 

respective effector kinases are required to regulate Slp1 levels both during unperturbed 

cell cycles and upon induction of different stresses. Moreover, MAPK kinase activity 

has proved to be vital in order to perform their function over SAC regulation. Phos-Tag 

gels allow us to better separate different isoforms of a protein according with its 

phosphorylation status (see Materials and Methods for more details). Albeit this 

technique is a useful tool in many cases, it is a complex assay for highly 

phosphorylated proteins; Slp1 is indeed an example of a highly phosphorylated protein. 

In spite of that, we used Phos-Tag technology to shed light over MAPKs modifying Slp1 

phosphorylation status. The assays showed differences in Slp1 migration pattern 

between wt and pmk1∆ cells during a mitotic block in the nda3-KM311 background 

(Fig. 48A) as wt showed upper Slp1 bands corresponding with highly phosphorylated 

isoforms, whereas in pmk1∆, there was an accumulation of lower bands, correlating 

with less phosphorylated Slp1 isoforms. Furthermore, the slp1-DS mutant, that fails to 

interact with Pmk1 but not with Sty1 (Fig. 31B and 39), showed a strong change in Slp1 

phosphorylation pattern (Fig. 48B). These results, far to be decisive, encouraged us to 

further investigate about Slp1 direct phosphorylation by MAPKs.  

As both MAPKs physically associate with Slp1, we wanted to determine whether 

these kinases could be directly phosphorylating Slp1. To do that, we used the in vitro 

thiophosphate assays. This assay makes use of the ability of analog-sensitive kinase 

alleles, hereinafter referred to Sty1.as and Pmk1.as for MAPK effectors, to use a 

bioorthoganol ATPγS molecule in which a thiophosphate moiety replaces the γ-

phosphate (Opalko and Moseley, 2017). The analog-sensitive kinase 

thiophosphorylates its direct substrates, which are then alkylated for detection, by using 

a specific anti-thiophosphate ester antibody (Opalko and Moseley, 2017). Therefore, 

only direct substrates of the analog-sensitive kinase become thiophosphorylated, 

eliminating concerns about phosphorylation by non-specific contaminating kinases in 

the experiment.  

The MAPK alleles Pmk1-HA, Pmk1.as-HA, Sty1-HA and Sty1.as-HA were 

immunoprecipitated from fission cells previously exposed to 1M of KCl during 10 

minutes to achieve the fully activation state of both MAPK effectors. Moreover, we 

expressed and purified the Slp1-GST, the substrate of the kinase assay, from bacteria 
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(see Materials and Methods for more details). Additionally, we used Atf1-GST, a well-

known Sty1 substrate as a positive control for the in vitro reaction. The result of this 

experiment showed that whereas Sty1.as-HA phosphorylated its Atf1-GST substrate 

(Fig. 48C, upper panel, blue rectangle), neither Pmk1.as-HA nor Sty.as-HA 

phosphorylated Slp1-GST under the same experimental conditions (Fig. 48C, upper 

panel, red rectangle), that were tested by experimental controls: the presence of the 

substrate, as well as the presence of the kinase used in each reaction (Fig. 48C, 

middle and lower panel). The negative result of this assay prevents us to make any 

conclusion about a possible phosphorylation of Slp1 by Sty1 and/or Pmk1 kinases, as 

despite the negative result, it is also possible that a particular conformation of Slp1 

within a multiprotein protein complex (APC/CMCC, for instance) might be required for this 

MAPK phosphorylation to happen. 
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Fig. 48. In vitro kinase assay did not detect Slp1 phosphorylation by MAPKs Pmk1 nor Sty1. 
A. Slp1-HA was immuprecipitated from wt and pmk1∆ cells undergoing a mitotic block in the nda3-
KM311 background after 5 hours at the restrictive temperature. 15 µM of Phos-Tag was determined 
for an appropiate Slp1 isoforms separation. B. Slp1-HA was directly immublotted from wt and Slp1-DS 
mutant cells undergoing a mitotic block in the nda3-KM311 background. 10 µM of Phos-Tag was used 
in this case. C. Anti-ThioP ester antibody constitutes an indirect method to detect in vitro 
phosphorylation. Kinase reaction was observed by Sty1 in the Atf1 substrate (blue rectangle), but not 
in Slp1 by none of the tested kinases (red rectangle); * indicates the negative control for the Slp1 
reaction: the Slp1 substrate in the absence of kinases (upper panel). The presence of the substrate in 
each condition was analysed with the anti-GST antibody (middle panel), whereas kinases 
immunoprecipitations were tested with the anti-HA antibody (lower panel). IB: Immunoblotting. This 
experiment was repeated twice with similar results.  
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1. FISION YEAST SAPK AND CIP MAPK PATHWAYS HAVE A 
NOVEL ROLE IN SAC REGULATION 

 

The present study aimed to shed light on the possible interplay between the 

fission yeast MAPK signalling and the mitotic checkpoint. Although there are a few 

studies in higher eukaryotes suggesting siganlling of MAPKs to the SAC, the molecular 

mechanism and the biological significance of this possible regulation have not been 

elucidated yet (Chung and Chen, 2003; Yen and Yang, 2010). We have studied the 

role of MAPKs on SAC regulation in normal growth conditions, in conditions of 

compromised chromosome capture induced by MT damage, and in the latest 

circumstances along with activation of MAPKs by stress.  

To produce MT damage, we initially used sublethal concentrations of 

carbendazim MBC, a poison that destabilizes MTs, and therefore, compromises the 

assembly of the mitotic spindle, essential for chromosome capture during mitosis 

(Walker, 1982; Whittaker et al., 1988). Inactivation of S. pombe MAPK pathways by 

deleting key components of their MAPK module, including the MAPK effectors Pmk1 

(CIP) and Sty1 (SAPK), or expressing kinase-dead alleles of both MAPKs, resulted in a 

hypersensitive phenotype to MBC (Fig. 14 and 35). Importantly, the double mutant 

pmk1∆ sty1∆ was epistatic and showed no further increase in MBC sensitivity relative 

to any of the single mutants (Fig. 35), suggesting that the function of both MAPK might 

be required to perform different and non-complementary cellular functions to maintain 

survival under MT damage. Alternatively, both MAPK might be working together to 

accomplish a common function, so that inactivation of any would result in lack of 

function of both (see below). 

The SAC is not essential for yeast survival under unperturbed conditions 

(Castagnetti et al., 2010), however under sublethal MBC concentrations, which 

compromise MT dynamics, the presence of a functional mitotic checkpoint (SAC) is 

critical to delay exit from mitosis, and allow cells to fulfil the capture of all chromosomes 

and maintain cell survival (Hoyt et al., 1991; Li and Murray, 1991; Musacchio and 

Salmon, 2007; Yamaguchi et al., 2003). Thus, our data was consistent with a possible 

role of MAPKs in the regulation of the mitotic checkpoint, as it has been suggested to 

occur in higher eukaryotes including humans (Yen and Yang, 2010). This regulation 

has also been studied in mammalian oocytes during meiosis, where phosphorylation by 

MAPKs along CDK1 suppress APC/C activity during prometaphase I (Nabti et al., 

2014). 
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The validation that MAPKs, especially the CIP pathway, was playing a role in the 

mitotic checkpoint in fission yeast comes from the study of the rate of mitotic slippage 

using the nda3 assays. At the restrictive temperature, the nda3-KM311 allele produces 

a non-functional β-tubulin, so that the mitotic spindle cannot be assembled, and the 

process of chromosome capture is therefore impaired (Hiraoka et al., 1984). Thus, this 

is an alternative way to interfere the mitotic spindle function to the chemical MT 

impairment induced by MBC. Under these conditions, (nda3, at the restrictive 

temperature), cells are arrested in mitosis for several hours by the SAC, until they 

eventually leak into cytokinesis (Hiraoka et al., 1984). This process is known as mitotic 

slippage as the SAC is never satisfied under these circumstances (Aoi et al., 2014; 

Heinrich et al., 2013). Strikingly, deletion of pmk1 resulted in a drastic increase in 

mitotic slippage, whereas hyper activation of Pmk1 by the expression of a constitutively 

active MAPKK allele (pek1-DD), which maintains Pmk1 in its active state, reduced the 

rate of mitotic slippage of wild type cells (Fig. 19C). Consistently, pmk1∆ cells treated 

with MBC, exhibited premature cohesin degradation and SIN activation relative to the 

wild type, which are again indicative of mitotic slippage (Fig. 16 and 17). Together, all 

these phenotypes point to a role of MAPKs in SAC regulation. 

Both the degree of MBC sensitivity, which resulted to be intermediate between 

wild type cells and deletion of key SAC components (Fig. 14), and the rate of mitotic 

slippage of pmk1∆ cells relative to deficiency of SAC signalling components (mad2∆ 

and mad3∆) (Fig, 23B and 23C) suggested that this MAPK was playing an accessory 

but yet critical role in SAC regulation. The proper localization of SAC signalling 

components at kinetochores, with almost identical signal intensities and kinetics in 

pmk1∆ relative to wild type cells (Fig. 21A and 21B), suggested that the initial 

establishment of SAC signalling was not altered in pmk1∆ cells. Furthermore, the nda3 

assay revealed that pmk1∆ presented some SAC activity, as pmk1∆ nda3-KM311 cells 

leaked into cytokinesis 7 hours after the block on average, more than two hours earlier 

than the wt, whereas mad2 and mad3 deletions, which mostly lack SAC signalling 

(Millband and Hardwick, 2002) leaked after 5,5 and 6 hours respectively (Fig, 23B and 

23C). Finally, using an nda3-KM311 cell synchronization assay, we demonstrated that 

in pmk1∆ cells the MCC was properly formed during mitosis (Fig. 22B). Together these 

data lead us to propose a working model in which the function of the MAPK Pmk1 was 

not required for SAC establishment but instead for SAC maintenance. 

SAC maintenance requires the constant dynamic assembly of the MCC, and this 

is dependent on the catalytic conversion of Mad2-O into Mad-C at unattached 
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kinetochores (De Antoni et al., 2005), as well as the activity of the APC/C and the 

proteasome, required to down-regulate the APC/C activator Slp1 (King et al., 2007; 

May et al., 2017; Sczaniecka et al., 2008; Sewart and Hauf, 2017). Epistasis analyses 

between pmk1∆ and single deletion of components of the MCC in the nda3-KM311 

background demonstrated that double mutants between the deficiency of pmk1 and 

deletion of MCC components (pmk1∆mad2∆ and pmk1∆mad3∆) was additive and 

resulted in accelerated rates of mitotic slippage relative to the single mutants (Fig. 23). 

Based on this, we hypothesized that Pmk1 might be working in SAC maintenance in a 

parallel pathway to the assembly of the MCC inhibitory complex.  

Importantly, deficiency of any of the two MAPK pathways resulted in around 1.6-

1.8 fold increase in the steady state levels of Slp1Cdc20 protein relative to levels found in 

the wild type (Fig. 24A). At least in pmk1∆, Slp1 up-regulation was not consequence of 

its transcriptional up-regulation, as slp1 mRNA level found in the mutant was 

comparable to the wild type (Fig. 24B).  

It is well documented both in yeast and in higher eukaryotes (Heinrich et al., 

2013; Nilsson et al., 2008; Pan and Chen, 2004), that increasing Slp1Cdc20 protein 

levels leads to a fragile SAC, as the MCC would not be able to sequester and inhibit 

the excess of Slp1 molecules. Conversely, reducing Slp1 levels increase SAC 

robustness, as Slp1 would be limiting to activate anaphase (Heinrich et al., 2013). So, 

we hypothesized that up-regulated Slp1 protein levels found in the absence of MAPK 

activities, would go unnoticed under a normal cycle, a condition in which Mad2 and 

Mad3 (the partners of Slp1 at MCC) are in excess compared to Slp1 (Heinrich et al., 

2013); however, under MT damage and the consequent hampering of kinetochore-MT 

interactions, a more accurate APC/C inhibition becomes critical for survival and an 

excess in the APC/C activator would increase the chances of a precocious activation.  

Consistent with the relevance of a proper balanced stoichiometry between these 

SAC regulators (Heinrich et al., 2013), the ectopic expression of Slp1Cdc20 up to 1.7 fold 

relative to a wild type strain partially phenocopy the MBC hypersensitivity, and the 

increased rate of mitotic slippage phenotypes observed in pmk1∆ cells (Fig. 27). 

Conversely, reducing Slp1 levels to 40% as well as doubling the cellular concentration 

of Mad2, suppressed the increased rate of mitotic slippage of pmk1∆ cells  relative to 

the wild type (Fig. 28). These data strongly suggest that the unbalanced stoichiometry 

between Slp1 and Mad2/Mad3 present in pmk1∆ and sty1∆ cells could be exceeding 

the threshold to promote the correct timing of APC/C activation. This claim is also 

sustained by the additive mitotic slippage phenotypes found between pmk1∆ and 
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deletion of MCC components mad2∆ and mad3∆ on the one hand (Fig. 23B and 23C), 

and the increased in MBC sensitivity observed in pmk1Δ cells that express the slp1-

mr63 allele, which is defective in MCC inhibition, on the other (Fig. 23D). In both cases, 

the excess of Slp1 protein would be additive in terms of promoting anaphase onset, or 

mitotic slippage, to the lack of the mechanism driving its inhibition (sequestration). 

Thus, Slp1 turnover mediated by MAPKs is critical to maintain the balance 

between this anaphase activator and its inhibitory complex (Mad2 and Mad3). This 

balance establishes the critical threshold of APC/C activation and therefore, the level of 

sensitivity of the whole mitotic checkpoint system (Heinrich et al., 2013). 

 

2. THE MAPKS PMK1 AND STY1 PHYSICALLY INTERACT 

WITH APC/C AND SLP1Cdc20 DURING MITOSIS. 
 

2.1 PMK1 AND STY1 PHYSICALLY INTERACT WITH SLP1  
 

We further demonstrated that MAPKs Pmk1 and Sty1 were physically interacting 

with Slp1 during a mitotic block (nda3-KM311) (Fig. 29 and 37). Surprisingly, mutation 

of a predicted MAPK docking site present at the Slp1 N-terminus prevented the 

interaction of Slp1-DS with Pmk1 (Fig. 31B) but not to Sty1 (Fig. 39). Slp1 has a 

second and nearby predicted MAPK docking site. Whether Sty1 docks at this site 

remains to be solved. Intriguingly, slp1-DS mutant partially phenocopied the deletion of 

any of these MAPKs in terms of increased Slp1 total protein levels and also showed 

increased rate of mitotic slippage in the nda3-KM311 background, however with less 

phenotypic penetrance that deletion of any of these MAPKs (Fig. 31). It is possible the 

lower penetrance of slp1-DS relative to pmk1∆ cells is due to the remaining signalling 

by Sty1, as this MAPK still interacted with the slp1-DS allele. 

Slp1 is assembled and sequestered at least into two different complexes, the 

MCC and the APC/C, (either APC/CSlp1 or APC/CMCC) (Izawa and Pines, 2015; 

Mansfeld et al., 2011; May et al., 2017), so, it is likely that the docking site mutant could 

indirectly alter the interaction of Slp1 with any of these complexes, thus interfering with 

its sequestration/inhibition and producing a more fragile SAC independently of a 

possible function of this domain for MAPK signalling. However, the Slp1-DS mutant 

was still detected at both MCC and APC/CMCC complexes to the same extent that Slp1 

(Fig. 32 and 34), indicating that this allele is assembled with its sequestering 

complexes and suggesting that slp1-DS phenotypes might indeed result from the lack 



DISCUSSION 

	   155 

of MAPK regulation. Further studies will be required to fully understand the functional 

relevance of Slp1 Docking sites for MAPK interaction and signalling. 

 

2.2 PMK1 AND STY1 PHYSICALLY INTERACT WITH THE APC/C. 
 

The immunodepletion assays done to test how MAPK-Slp1 interaction was taking 

place: through the MCC or the APC/C, or whether these MAPKs were interacting with 

the free Slp1 mitotic pool, allowed us to discover that both MAPKs were indeed 

associated with APC/C and not through the MCC (Fig. 33) nor with free Slp1 (Fig. 34 

and 38). Furthermore, we showed that in pmk1∆ cells, the MCC was properly 

assembled and its interaction with the APC/C was apparently normal (Fig. 22). Thus, 

Pmk1 and Sty1 interaction with Slp1 seems to occur through the APC/C. From this 

complex, MAPKs might interact with Slp1 through the APC/CMCC complex from where 

the own Slp1 degradation has been proved to take place in a Mad3-KEN2-, APC/C and 

proteasome-dependent manner to regulate SAC maintenance and robustness (King et 

al., 2007; May et al., 2017; Sewart and Hauf, 2017). Slp1 turnover during mitosis 

prevents its excessive accumulation and delays mitotic slippage. Consistently, deletion 

of either, mad3∆ or, more specifically its KEN2 domain (King et al., 2007; Sewart and 

Hauf, 2017), or deletion of the APC/C subunit Apc15, which further contributes to 

stabilizes the MCC-APC/C interaction (May et al., 2017), resulted in an inefficient Slp1 

ubiquitination and degradation and thus, these mutants presented a fragile SAC and 

high rates of mitotic slippage (May et al., 2017). Conversely, deletion of the APC/C 

subunit Apc14 that contributes to destabilize the APCC/CMCC complex increases SAC 

robustness (May et al., 2017). 

 

3. MOLECULAR MECHANISM BY WHICH MAPK REGULATE 
SAC MAINTENANCE  
 

As both MAPKs Pmk1 and Sty1 are required for SAC robustness (Fig. 35), both 

physically interact with Slp1 (Fig. 29 and 37), and the kinase activity of both are 

required for the proper Slp1 turnover (Fig. 24A and 35), we sought to test whether 

these kinases were phosphorylating Slp1 to promote its degradation. In a first 

approach, we determined Slp1 phosphorylation pattern using PhosTag, a specific 

reagent used for the better separation of phosphorylated proteins in SDS-PAGE 

(Kinoshita et al., 2006). Importantly, PhosTag gels indicated significant changes in the 
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electrophoretic mobility of Slp1 isoforms between the wild type and pmk1Δ cells that 

were arrested in metaphase (Fig. 48A). We also analysed by PhosTag Slp1-DS, which 

was defective in binding Pmk1 but not Sty1. Intriguingly the mobility of Slp1 protein was 

drastically affected in this mutant relative to Slp1+ (Fig. 48B), which suggests that Slp1-

DS might also be deficient in binding other kinases or preventing other posttranslational 

modifications such as ubiquitination.  

A recent study has proposed that human Polo kinase, binds the Cdc20 N-

terminus to promote Bub1 binding and Cdc20 phosphorylation (Jia et al., 2016). As the 

amino acid substitutions to generate the MAPK docking site mutant were located at the 

Slp1 N-terminus, we tested whether Polo kinase was also interacting with Slp1 in the 

fission yeast and whether the slp1-DS mutant impaired that interaction proposed in 

human cells. Surprisingly, Polo was detected in the Slp1 inmunoprecipitates along with 

Slp1 and Slp1-DS (data not shown), suggesting that the Docking site domain was not 

interfering Polo-Slp1 interaction. However, we did not tested whether Bub1 binding was 

affected.  

In summary, although at present moment we cannot place any conclusion based 

on the results of these experiments, the differences found on Slp1 isoform migration in 

PhosTag between the wild type and pmk1∆  (Fig. 48A) suggests that Slp1 might be 

phosphorylated by this kinase. This is also supported by data from Xenopus laevis. In 

Xenopus egg extracts, Cdc20 is phosphorylated at Ser 50, Thr 64, Thr 68 and Thr 79 

during mitosis, two of these phosphorylation sites (Thr 64 or Thr 68) have been proved 

to be MAPK-dependent (Chung and Chen, 2003). Moreover, a Cdc20 mutant in which, 

any of the four phosphorylation sites were replaced by non-phosphorylatable amino 

acids failed to respond to the spindle checkpoint signal. However, as occurred in our 

kinase in vitro assay between Pmk1 and Sty1 over Slp1 (Fig. 48C), two members of 

the human MAPK family, p38 and ERK1, which are equivalent to the effector kinases of 

the SAPK and the CIP respectively, also failed to phosphorylate human Cdc20 by in 

vitro kinase assays (Tang et al., 2004). This might reflect differences between Cdc20 

proteins and/or MAPKs among species. Alternatively, Cdc20 phosphorylation mediated 

by MAPK could be indirect. However, the complexity of the in vitro assays, where only 

the kinase and the substrate are purified and assayed; being the rest of the large 

multiprotein complexes involved in the in vivo reaction absent in the in vitro assay; 

prevent us to draw any definitive conclusion on whether the fission yeast MAPKs Pmk1 

and Sty1 are directly phosphorylating Slp1 or not. In future experiments, we will map 

Slp1 phosphorylation sites by Mass spectrometry in a wild type and in the absence of 
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MAPK activity and will also uncover the phosphorylation status of the slp1-DS mutant. 

The lack of a definitive evidence of MAPK phosphorylation over Slp1 leaves open 

an alternative hypothesis in which MAPKs might rather regulate Slp1 turnover by tuning 

the activity of an APC subunit such as Apc14 and/or Apc15. These two APC/C subunits 

are known to regulate Slp1 turnover by destabilising or stabilising respectively the 

APC/CCdc20 complex to promote Slp1 ubiquitination and degradation by the proteasome 

(May et al., 2017). Apc15 is a priori an interesting candidate since it has already been 

demonstrated that cells deleted for apc15 are checkpoint defective; being unable to 

maintain a proper metaphase block in the nda3-KM311 background. In addition, 

apc15∆ mutant has significant defects in the processivity of Slp1 Ubiquitination, 

therefore presenting increased Slp1 protein levels relative to a wild type (May et al., 

2017). As a first attempt, epistasis analysis between Apc14 and Apc15 and deletion of 

MAPKs should be done to genetically test this hypothesis. Finally, we will study Slp1 

ubiquitination in cells deleted for MAPKs pmk1 and sty1. Ubc11, one of the two E2 

enzymes required for mitotic progression in fission yeast, that has been related to Slp1 

ubiquitination (Horikoshi et al., 2013), could also be a good candidate to study.  

 

4. MAPKS ARE NOT ACTIVATED BY MBC AS OTHER 
STRESSES 

 

In the fission yeast, the two MAPK pathways, the CIP and the SAPK operate 

during proliferation and play roles in cell cycle regulation. Under normal growth 

conditions, the inactivation of any of these two pathways do not have a great impact in 

cell viability, although cells deleted for the CIP, show defects in cytokinesis (Loewith et 

al., 2000; Sugiura et al., 1999; Toda et al., 1996), whereas SAPK inactivation causes a 

G2/M delay and thus an elongated phenotype (Shiozaki and Russell, 1995; Wilkinson 

et al., 1996). The cytokinesis defects of pmk1∆ cells has been related to the role of this 

kinase in the regulation of Nrd1, a mRNA binding protein that, in turn, regulates myosin 

mRNA stability during cytokinesis (Satoh et al., 2009). Strikingly, the kinase activity of 

Pmk1 is regulated in a cell cycle-dependent manner, peaking at mitosis, just prior 

cytokinesis, which timely correlates with this proposed function over myosin mRNA 

stability (Satoh et al., 2009). Although this control was exclusively attributed to Pmk1 

(Satoh et al., 2009), Sty1 also phosphorylates Ndr1 in vivo and in vitro (J. Cansado and 

T Soto, personal communication) suggesting that both kinases are performing similar, 

but not complementary roles in the regulation of this particular substrate. To our 
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knowledge, and contrary to Pmk1, Sty1 is not activated cyclically, so this function of 

Sty1 over Ndr1 might be achieved with basal Sty1 activation levels. The elongated 

phenotype of sty1∆ cells is attributed to the lack of G2/M control over Cdc25, the 

protein phosphatase that activate Cdk1 at the G2/M transition (Lopez-Aviles et al., 

2008). In spite of these cell cycle defects, the double mutant lacking signalling through 

both pathways (pmk1∆ sty1∆) loses proliferation fitness but is still viable under normal 

growth conditions (Madrid, 2007 #191). 

In addition to the respective roles of the CIP and SAPK in cell cycle regulation 

during normal, or non-perturbed growth conditions, both MAPK pathways, which 

operate during proliferation, are rapidly activated by changes in physiological 

conditions, including osmotic, oxidative, temperature, etc. to promote cell adaptation to 

the new environmental condition (Madrid, 2007 #191;Madrid, 2006 #188;Robertson, 

2008 #266). The kinetic of MAPK activation is not identical for Pmk1 and Sty1, and is 

not the same for all stresses (Gacto et al., 2003; Madrid et al., 2007; Madrid et al., 

2006). In these cases, when physiological conditions are adverse, or changing, cells 

defective in any of these pathways rapidly lose viability, as they are not able to promote 

a proper adaptive response (Madrid, 2007 #191).  

Strikingly, interfering with the function of any of these pathways leads to 

hypersensitivity to MT damage (MBC), a condition that compromises chromosome 

capture during mitosis (Walker, 1982; Whittaker et al., 1988). Thus, as described in 

other type of stress, MT damage makes both MAPK pathways to become essential for 

growth. In this context, it was somehow expected that both MAPK pathways resulted to 

be activated in response to MBC. However, this was not the case, and our data 

showed that neither, Pmk1 or Sty1, was activated in response to MBC (Fig. 40; data 

not shown for Sty1). However, a careful analysis showed that both kinases become 

activated 45-60 minutes later after MBC addition following an slow activation kinetics 

which do not fit with the canonical MAPK rapid activation upon cell culture exposition to 

several stresses such as osmotic stress. Noteworthy that this progressive MAPK 

activation upon MBC addition does not constitute a real defence against this mitotic-

perturbing drug as it is the MBC, that requires a really fast response. We speculate that 

this late and slow rate of MAPK activation is not a defensive or protective MAPK 

response, but instead it might result from secondary defects caused by the impact of 

interfering MT cytoskeleton on cell growth. Alternatively, it is formally possible that 

prolonged SAC activation by MBC might positively regulate MAPK activation in a 
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feedback mechanism. Although interesting, this hypothesis is very speculative at this 

stage.  

Thus, in summary, we suggest that during unperturbed cells cycles, the mitotic 

function of MAPKs regulating the SAC might not be strictly related to an stress 

response, but to a constitutive function of these MAPK during proliferation. This 

function of MAPK is cryptic under normal growth conditions when chromosome capture 

occurs with normal mitotic spindle and MT dynamics, and therefore, with high 

efficiency. However, the function of these MAPKs regulating SAC maintenance 

becomes essential when the process of chromosome capture is compromised. In this 

case, an excess of Slp1 resulting from CIP and SAPK inactivation, will bypass SAC 

signalling and prematurely activate mitotic exit regardless of the chromosome capture 

status, leading to a drastic drop in cell viability, as we have demonstrated. It is 

important to notice here that, for instance, the deletion of mad2, the key universal SAC 

signalling messenger, goes unnoticed during unperturbed cell cycles, only having a 

clear impact on overall proliferation rates when the process of chromosome capture is 

compromised. 

 
 

5. ROLE OF MAPK IN SAC REGULATION IN STRESS 
CONDITIONS 

 

The fact that cells did not respond to MBC with the same kinetics than to other 

known stresses such as osmotic or saline stress, does not exclude the possibility that 

an ectopic activation of these MAPKs during mitosis by a “conventional stress” would 

result in a MAPK response that could regulate the anaphase to metaphase transition 

through Slp1 degradation. Strikingly, exposing cells arrested in mitosis, or 

asynchronously growing, to several types of stresses that were known to activate both, 

Pmk1 and Sty1 kinases, resulted in a rapid degradation of Slp1Cdc20 (Fig. 41, 42 and 

46). Importantly, this Slp1 degradation was dependent on MAPKs Pmk1 and Sty1, 

Mad3 and the proteasome function (Fig. 42, 43 and 44). This data suggest that the 

function of MAPKs on the regulation of the metaphase to anaphase transition in 

unperturbed conditions can be stimulated by stress to regulate that transition in 

adverse physiological conditions. This was further confirmed using the cdc25-22 assay. 

The induction of an osmotic stress in cells progressing through mitosis resulted in a 

fast MAPK activation and Slp1 degradation, leading to a significant delay in mitotic exit 

(Fig. 45A).  This delay was also observed by in vivo time-lapse microscopy in an 



DISCUSSION 
	  

	  160 

asynchronously growing cell population by following those cells that were in early 

mitosis at the time of osmotic stress induction (Fig. 45C). Therefore, we propose that 

fission yeast MAPKs play a role in controlling the mitotic exit by providing robustness to 

the mitotic checkpoint (see Working Model Fig. 49). We demonstrated that this MAPK 

mitotic function is not essential during unperturbed cell cycles, but becomes critical 

when the process of chromosome capture is compromised (MBC and cold-sensitive 

tubulin mutant). Upon stress-induced conditions, cells undergoing mitosis rapidly 

activate MAPKs, and down-regulate Slp1 protein levels, which eventually resulted in a 

mitotic delay (Fig. 45B and 45C). Thus, this mechanism provide cells with an extra time 

to complete chromosome capture, fulfil the SAC and further maintain the fidelity of 

chromosome segregation under several perturbed growth conditions (see Working 

model Fig. 50). 

Strikingly, in human cells, it has been described that p38 (SAPK homolog), 

activated under oxidative stress with cadmium, provokes Cdc20 degradation (Yen and 

Yang, 2010). In the same study, it was shown that that Cdc20 proteolysis was linked to 

the induction of MCC complex that requires p38 MAPK signalling following cadmium 

exposure. Whether this response to cadmium mediated by MAPKs is related to the 

function we are describing here remains to be solved.  
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The direct MAPKs phosphorylation has not been elucidated yet. 
 

Slp1Cdc20 Slp1Cdc20 



DISCUSSION 

	   161 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Extending the timing of cell cycle transitions through checkpoint mechanisms 

occurs normally as a function of a particular unfulfilled process, for instance, 

uncompleted DNA replication or repair, in the case of DNA damage response 

checkpoints, or uncompleted chromosome capture, in the mitotic checkpoint. It is 

intriguing though, that the drastic drop in Slp1 protein levels upon exposition to several 

stress, seems to be a constitutive response and not a response to an unfulfilled 

process. Intriguingly, osmotic or salt induced stress produces a rapid efflux or influx of 

water from cells. The SAC mechanism operate through exquisitely regulated 

stoichiometric relationships between many of their signalling components, so, changes 

in the relative protein concentrations due to rapid water efflux or influx could alter SAC 

signalling rules. For instance, the water efflux induced by osmotic stress is 

accompanied by massive nuclear shrinkage and lost of nucleoplasmic soluble proteins 

that are efluxed towards the cytoplasm (our unpublished results) that might also alter 

SAC reliability. Thus, although very speculative at present moment, the proposed 

extension of the SAC delay induced by MAPK regulation, might allow cells to restore 

their water equilibrium and come back to normal state before making any decision 

about the chromosome capture status. Therefore, this level of SAC regulation by MAPK 

would provide an extra time in mitosis that implements the well known chromosome 

	  

	  

	  
	  

MAINTENANCE RESPONSE 

Unperturbed  
cell cycle 

Normal Slp1
Cdc20 

turnover 

Bortezomib or 
Lack of MAPKs 

Defective Slp1
Cdc20 

turnover 

Stress 
Perturbed cell cycle 

Boosted Slp1
Cdc20 

turnover 

Fig. 50. Working model: Slp1 degradation rate is dynamic. 
A proper SAC stochiometry is of vital importance when it is about maintaing a fine-tune regulation. 
Slp1, the APC/C activator must be sufficiently inhibited when anaphase onset would lead to the 
improper chromosome segregation. This fact helps to unerstand why Slp1 protein levels must be 
exquisitely regulated. In this study we have shown how stress can boost Slp1 degradation in order to 
preserve the genome integrity. 
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capture detection and signalling mechanism to maintain genome integrity under stress 

conditions.  

 

6. TO BE DETERMINED 
 

Along this project some questions have remained unsolved, for instance the 

exact mechanism of how MAPKs control Slp1 stability. Further research must be done 

in order to clarify that. Analysing APC/C-bound Slp1 fraction in a wt and in pmk1∆ cells, 

as well as Slp1 ubiquitination in both cases would be key to better understand the 

exact role of MAPKs in SAC regulation as it has already been done for key APC/C 

components apc14 and apc15 (May et al., 2017). 

Mad3 and in particular its KEN2 box, is required for the efficient Slp1 

ubiquitination during a mitotic block (May et al., 2017), in this project we have shown 

that Mad3 is needed for Slp1 down-regulation in the presence of osmotic stress (Fig. 

43), but strikingly, Mad2 does not seem to be playing a role in this process (data not 

shown), even though it drives MCC formation. Further studies will be needed to answer 

these and other questions. 

How Pmk1 could affect MCC/APC/C interaction would be another interesting 

subject to go in depth into. In this study, we have shown that the MCC is properly 

formed in pmk1∆. In addition, the MCC-APC/C interaction clearly occurs. However, we 

have not been able to determine whether the dynamic interaction between these two 

elements is altered in cells deleted for pmk1. Unexpected Mad3 protein down-

regulation during a mitotic arrest in the pmk1∆ nda3-KM311 background has prevented 

us from making accurate statements about the quantitative aspect of MCC-APC/C 

interaction in the mutant and this has also led us to another unsolved question.  

Finally, we still miss the exact biological significance of Slp1 down-regulation 

during osmotic stress by MAPKs kinases.  

 

7. MITOTIC SLIPPAGE AND CANCER THERAPY 
 

Tumor cells are characterised by a sustained proliferative signalling at the same 

time that avoiding growth suppressor signals (Hanahan and Weinberg, 2011). Many 

antitumor therapeutic strategies rely on hampering and blocking cell division during 

mitosis. In multicellular organism, including humans, a prolonged mitotic arrest leads to 

the subsequent activation of apoptosis (Haschka et al., 2018). It is well known that 
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interfering MT function provokes a SAC-dependent mitotic arrest, and therefore is not 

surprising that drugs interfering with MT dynamics have been widely used for cancer 

treatments (Islam and Iskander, 2004; Jordan and Wilson, 2004). Drugs interfering with 

MTs can be divided in two categories depending on whether they act stabilizing MTs as 

taxanes, that are used in breast and lung cancer among others, or disrupting them as 

vinca alkaloids, that are currently used in leukaemia treatments (Allan and Clarke, 

2007; Jordan and Wilson, 2004).  

It is well accepted in the field that even though a prolonged mitotic arrest induced 

by the anti-MT drug prone cells to enter apoptosis, a defective SAC makes these 

anticancer treatments less effective, as cells leak from the mitotic block and re-enters 

the cell cycle with altered ploidy, a phenotype known as mitotic “adaptation”, “leakage” 

or “slippage” (Rieder and Maiato, 2004).  

The mitotic slippage is regulated by two independent signalling networks, the pro-

apoptotic caspase pathway, and the cyclin B1 degradation pathway, being the latest, 

timely regulated by the SAC, via APC/C and Cdc20. Both networks contain activation 

thresholds, so cell fate is eventually driven by which one is surpassed first (Gascoigne 

and Taylor, 2008). When caspase activation happens before cyclin B is sufficiently 

degraded, mitotic cell death occurs. Conversely, when cyclin B1 levels decrease below 

the mitotic exit threshold before caspase activation, the mitotic slippage takes place 

(Gascoigne and Taylor, 2008). After mitotic slippage, cells can adopt a tetraploid G1 

state, from where they can either die, arrest at G1 and enter senescence, or start new 

rounds of cell cycles leading to chromosome instability (Fig. 51) (Gascoigne and 

Taylor, 2008; Rieder and Maiato, 2004; Weaver and Cleveland, 2005). Recent studies 

have suggested that G1-arrested senescence cells can stimulate tumor cells malignity 

through paracrine secretory signals (SASP phenotype) in p53-deficient tumor cells 

Cancer (Kaur et al., 2016; Watanabe et al., 2017). 
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In view of the problem that the mitotic slippage represents to current MT targeted 

anticancer therapies, it has been suggested that blocking mitosis and bypassing SAC 

function by interfering either with Cyclin B or Cdc20 could be a better approach to 

destroy apoptosis resistant, SAC defective or slippage-prone cells that are not 

susceptible to drugs targeting the mitotic spindle (Huang et al., 2009; Sanchez-Perez et 

al., 2015). Interfering with the function of any of these two regulators would favour the 

activation of apoptosis and reduce events of mitotic slippage, thus hopefully making 

MT-targeted anticancer strategies more effective (Huang et al., 2009; Sanchez-Perez 

et al., 2015).  

If the function of MAPK modulating Slp1/Cdc20 degradation upon stress 

described in this thesis has been conserved in human cells, and there are evidences 

that suggest that (Yen and Yang, 2010), the chemical modulation of MAPK activity 

might also be an interesting line of research. In human cells, MAPK pathways ERK1/2 

and p38 share some similarities with fission yeast MAPK pathways CIP and SAPK 

respectively. Despite differences among organisms, these MAPKs respond to a wide 

range of stressors to varying extents; ERK1/2 for instance; are activated by growth 

factors, phorbol esters, cytokines among others, whereas p38 responds to UV 

Fig. 51. Cells fate in response to anti-mitotic drugs. 
When cells are exposed to an anti-mitotic agent such as taxol, they arrest in mitosis due to SAC 
chronic activation. Then cells can undergo different fates. Dying in mitosis is one, but the only fate. In 
addition cells can divide despite abnormal chromosome segregation leading to aneuplody. Besides, 
they can exit mitosis without undergoing division. In this case, cells might then die during interphase, 
arrest in interphase indefinitely or enter new cell cycles in the absence of division (Gascoigne and 
Taylor, 2009). 
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radiation, hypoxia, pro-inflammatory cytokines etc. Interestingly, both pathways 

respond to osmotic stress (Cargnello and Roux, 2011; Obata et al., 2000; Raman et al., 

2007). Therefore it would be interesting to chemically target MAPK activity in cancer 

cell lines treated with anti-MT drugs to explore whether manipulating the activity of 

MAPK reduces the rate of mitotic slippage and contribute to interfere with cancer cell 

proliferation.  
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1. Cells deleted for the MAPK effector from the CIP pathway, pmk1, are 

hypersensitive to sublethal concentrations of the MT depolimerizing drug MBC as they 

exit mitosis despite the presence of unattached kinetochores. Pmk1 kinase activity is 

required to survive to MBC. 

2. Cells deleted for pmk1 prematurely slippage from mitosis in the cold-sensitive 

tubulin mutant background (nda3-KM311), which is indicative of a defective SAC 

maintenance.  

3. The SAC components Mad1, Mad2, Mad3, Bub1 and Bub3 properly localize to 

kinetochores in the pmk1∆ mutant and with identical timing and signal intensity than 

wild type cells. 

4. Biochemical analyses showed that in pmk1∆ cells, the MCC is properly formed and 

can interact with the APC/C. 

5. Pmk1 requirement for SAC function seems to be, at least, partially independent to 

that performed by SAC components Mad2 and Mad3 as double mutant between 

pmk1∆ and any of the above-mentioned SAC components, have an additive effect in 

mitotic slippage (nda3-KM311 background). 

6. The MAPK effector from the SAPK pathway, Sty1, is also required to survive under 

the presence of MT damage induced by MBC, and as described for Pmk1, its kinase 

activity is required. 

7. Deletion of any of the MAPK effectors, pmk1 or sty1, leads to up-regulated Slp1 

basal protein levels.  

8. Slp1 up-regulation in wildtype cells (pINTL-41x-slp1) to a level comparable to that 

found in cells deleted for pmk1 or sty1, show MBC sensitivity and mitotic slippage in 

the nda3-KM311 background, thus phenocopying MAPK deletions. This data is 

consistent with previous studies correlating Slp1Cdc20 up-regulation in yeast or Cdc20 in 

human cells and SAC fragility.  

9. The defective SAC of cells deleted for pmk1 or sty1 are likely caused by increased 

Slp1 levels and the consequent premature APC/C activation.  

10. pmk1∆ mitotic slippage phenotype is partially suppressed by doubling Mad2 

protein levels as well as by reducing Slp1 levels to 40%.  
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11. Both MAPKs, Pmk1 and Sty1 physically interacts with APC/C during mitosis. 

From the APC/C, Pmk1 and Sty1 interacts with Slp1. At least for Pmk1, this interaction 

proved to be independent of its activation state (pek1Δ) and MCC formation (mad2Δ),  

and is dependent on a predicted MAPK-Docking site placed in Slp1 N-terminal domain 

(slp1-DS).  

12. The slp1-Docking site mutant shows increased Slp1 protein levels compared with 

a wt and is unable to maintain a proper block in mitosis, thus partially phenocopying 

MAPKs deletion. 

13. During mitosis, the activation of MAPKs by osmotic stress timely correlates with a 

rapid Slp1 protein down-regulation that seems to be dependent  on MAPKs Pmk1 and 

Sty1, Mad3 and the proteasome. 

14. MAPKs could be regulating SAC by finely adjusting Slp1 protein levels during the 

cell cycle so as to avoid the premature APC/C activation in conditions hampering the 

proper chromosome segregation. 

15. MAPKs could be regulating Slp1 turnover by changing the phosphorylation status 

of Slp1 and/or by controlling its ubiquitination, a process that requires APC/C subunits 

Apc14 and Apc15. 
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