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Abstract

Loss of the ssp1 protein kinase (CAMKK) gene results in stress sensitivity, cell
elongation, slow growth and in some cases cell cycle arrest. In order to identify new
components of the ssp1 stress response pathway, a transposon mediated suppressor
screen was used to identify loss of function suppressors of a Schizosaccharomyces pombe
ssp1 gene disruption. The Musca domestica Hermes transposon was used to randomly
insert the KanMx6 selectable marker in the genome. The selection was for Hermes
insertions which rescued the G2 cell cycle arrest phenotype of ssp1- when grown at pH
3.5 and 36 C. Second site mutations that rescued the cell cycle arrest and allowed for
colony formation were identified. In total 121 mutant strains with elongated morphology
but capable of colony formation at pH 3.5 and 36 C were isolated and 22 insertion sites
were identified by inverse PCR and sequencing. Genes for a transcriptional suppressor,
scr1 (SPBC1D7.02c ), a spermidine transporter (SPCC569.05c ), cyp9 cyclophilin 9
(SPCC553.04), complexed with cdc5 (cwf4) (SPBC31F10.11c), ptr8 (SPAC17A5.06),
(SPBC1921.07c), and set7 (SPCC297.04c) were identified as second site loss of function
suppressors of the ssp1 deletion. Identifying these genes and their phenotype in
conjunction with loss of ssp1, substantially improves our understanding of the Ssp1
molecular pathway in cell cycle control and cell stress response.
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Chapter 1: Introduction and Literature Review

1.1 Fission yeast as a model organism
Schizosaccharomyces pombe (fission yeast) is a member of the Phylum
Ascomyceta and is used extensively in the molecular genetic dissection of eukaryotic cell
biology (Bahler and Wood, 2006). Schizosaccharomyces pombe cells are haploid single
celled, rod-like in shape and divide by medial fission (Mitchison, 1957). The genome has
already been sequenced (Wood et al., 2002) and S. pombe shares many conserved
processes and pathways with more complex eukaryotic organisms (Forsburg and Nurse,
1991). The single celled fission yeast grows by increasing in length at the cell tips and
typically maintains a constant cylindrical diameter. In nutrient sufficient conditions S.
pombe cells divide at an approximate size of 12-14 µm at cytokinesis (Mitchison and
Nurse, 1985). Cell length can thus be used as a measure of position within the cell cycle
(Mitchison and Nurse, 1985). 1

1 Yeast gene and protein naming conventions

Fission yeast: ssp1, a gene; ssp1-1, a mutant allele of ssp1; Ssp1, a protein; ssp1::ura4,
the ssp1 gene replaced or interrupted by the ura4 gene
Budding yeast: HOG1, a gene; hog1, a loss of function for HOG1 ; Hog1p, the HOG1
protein
1

1.2 Schizosaccharomyces pombe cell cycle
The Schizosaccharomyces pombe cell cycle encompasses the standard eukaryotic
cell cycle phases: G1 (gap1), S (synthesis), G2 (gap2), M (mitosis) and cytokinesis.
Under optimal growth conditions, the fission yeast cell cycle has a relatively brief G1 and
S phases that overlap cell separation. G2 phase is elongated and the primary control
point for the cell cycle is at G2/M with the G1/S control cryptic in rapidly growing cells
(Mitchison, 1957; Nurse, 1975; Bailly et al., 1989).

1.3 Cell cycle and mitotic entry
Progression through the cell cycle is tightly regulated by activation of the cyclin
dependent kinase Cdc2 (CDK1) binding to its cyclin partners (Bueno et al. 1991; Fisher
and Nurse, 1996; Forsburg and Nurse, 1991). The only CDK in fission yeast is Cdc2
(Russell and Nurse 1987), a homologue of budding yeast CDC28. In fission yeast four Btype cyclin partners have been identified including (Cdc13, Cig1, Cig2 and Puc1) that
interact with Cdc2 in different cell cycle phases (Bueno et al., 1991; Fisher and Nurse,
1996; Forsburg and Nurse, 1991). G1 timing is regulated by two partners (Cig1 and
Puc1) both of which have important regulatory functions for G1 duration (MartinCastellanos et al. 2000). The negative regulator in G1, Rum1, functions as an S phase
inhibitor (Moreno and Nurse 1994). The fourth B-type cyclin in fission yeast is Cdc13
which is the only essential cyclin in fission yeast. Cdc13 deletion could not be rescued by
other cyclins and its deletion leads to cell cycle arrest (Booher and Beach, 1988;
Mondesert et al., 1996). Mitotic entry is initiated by positive regulation of the tyrosine
phosphatase, Cdc25, and inactivation of the inhibitory tyrosine kinase, Wee1 (Thuriaux et
2

al., 1978; Fantes, 1981) (Figure 1). Cdc2 is kept in its inactive form due to
phosphorylation on Y15 by Wee1 and Mik1 tyrosine kinases (Russell and Nurse 1987b;
Gould and Nurse 1989). Dephosphorylation of Cdc2 on Y15 by Cdc25 and Pyp3
phosphatases activates the Cdc2- Cdc13 complex and initiates mitosis (Millar et al. 1992;
Russell and Nurse 1986; Gould and Nurse 1989). Additional Cdc2 phosphorylation
events occur on T167 by CDK activating kinase (CAK) leading to fully activated Cdc2.

Figure1: Fission yeast cell cycle G2/M regulation.

1.4 Cell size control in fission yeast.
The fission yeast cell cycle requires a critical cell size at two transitional points,
G1/S and G2/M, for cell cycle progress to continue (Nurse, 1975; Fantes & Nurse, 1977).
The G1 control is usually cryptic and fission yeast size during growth is controlled at the
G2/M transition (Nurse and Bissett, 1981). At G2/M, when cells reach the required size,
Cdc25 and perhaps Pyp3 phosphatases activate the Cdc2-Cdc13 complex to allow cell
3

cycle progression through G2/M cell size check point (Millar et al. 1992; Russell and
Nurse 1987). Wee1 is regulated by two mitotic activators, Cdr1 and Cdr2. These kinases
phosphorylate Wee1 (Young and Fantes, 1987; Parker et al., 1993; Wu and Russell 1993;
Wu et al., 1996; Rupes and Young, 2001; Moseley et al. 2009; Martin and BerthelotGrosjean, 2009). Since cell length increases through the cell cycle the length of the cell
is a good measure of cell cycle position in unperturbed cultures. If there is a block in cell
cycle progress, growth continues and the cells abnormally elongate. Loss of function
mutations in ssp1 result in increased cell length.

1.5 Environmental stress response
Upon environmental stress highly conserved adaptive pathways are activated in
order to enhance survival. DNA microarray studies have been performed to observe
changes in gene expression when cells are put under various stressful conditions
(Gauston et al., 2001; Gasch, 2000). About 10 to 14% of genes have altered expression.
The repressed group includes genes associated with protein synthesis and growth such as
ribosomal proteins, tRNA, RNA splicing factors, and translation initiation, elongation
and termination factors (Gasch, 2000). On the other hand, genes with increased
expression include many with roles in metabolism, respiration, nutrient import and fatty
acid metabolism. Genes associated with autophagy and vacuolar function, protein folding
and degradation and cytoskeleton reorganization are also typically up-regulated (Gasch,
2000).

4

1.6 Spc1 MAPK is the major stress response signal transduction pathway in fission
yeast
Mitogen activated protein kinase (MAP kinase), Spc1/Sty1, is involved in
numerous stress sensing and response pathways in Schizosaccharomyces pombe (Degols
et al., 1996; Millar et al., 1995; Shiozaki and Russell, 1995). Spc1 kinase is
phosphorylated in response to various stress stimuli and its inactivation leads to stress
sensitivity. Spc1 is homologous to the Saccharomyces cerevisiae Hog1p and mammalian
p38 MAP kinases (O„Rourke et al., 2002). Spc1 is broadly activated by various stresses
in fission yeast while Hog1p specifically responds to osmotic stress (Degols et al. 1996).
Mammalian p38 regulates stress dependent transcription through the transcription factor
ATF2; S. pombe Atf1 is the homologue of ATF2 (Wilkinson et al. 1996) and is regulated
by Spc1. Spc1 phosphorylated Atf1 is essential for Spc1 nuclear localization (Shiozaki
and Russell, 1996). Loss of Spc1 function causes cell elongation (Koto et al., 1996 and
Hayles et al., 2013).

1.7 Ssp1 kinase is also important for stress response
The Ser/Thr kinase Ssp1 was initially isolated as a high temperature sensitive, low
pH conditional cell division cycle (cdc) mutant (Z. Jia and P.G Young 1992 unpublished
results; Rupes et al. 1999). ssp1 was also independently isolated as a suppressor mutation
for sts5-7 and ppe1 mutations in a cell morphology suppressor screen (Matsusaka et al.,
1995). These proteins are functionally related in that the mutants are hypersensitive to the
kinase inhibitor staurosporine and also have some morphological defects that reflect a
loss of actin polarity such as round or pear shaped cells. Ssp1 mutants at a restrictive
5

temperature of 36 C in low pH conditions pass the DNA synthesis checkpoint however
they arrest as monopolar cells in G2 (Matsusaka et al., 1995). In a recent study looking
for kinases that affect the activation of growth at new end cell tips, ssp1 deletion resulted
in increased frequency of monopolar cells only at 36 C (Koyano et al., 2010).

1.8 ssp1 and spc1 mutants have overlapping phenotypes in stress
The Ser/Thr kinase Ssp1 is essential for proliferation at high temperature in the
presence of additional stressors (Matsusaka et al., 1995; Rupes et al., 1999). Both ssp1
and spc1 mutants react to environmental insults in a very similar manner either as mitotic
delay or G2/M elongated cell arrest. In low pH medium and 36 C conditions, spc1
mutants are able to proliferate and make microcolonies even though mitotic delay occurs
and cells are elongated. In the same conditions, ssp1 mutants arrest at G2/M as highly
elongated cells. Both mutants proliferate in a low pH 25 C environment. The double
mutant, missing both proteins, is synthetically lethal under mild stress conditions such as
pH 3.5 alone or 0.6M KCl at 30 C which are tolerated by both single mutants. This
indicates that the proteins work independently through different pathways. Mutations in
either spc1 or ssp1 display a rod-like phenotype in nitrogen depleted medium instead of
accelerating division and reducing cell size which is the wild type response (Rupes et al.,
1999; Sajiki et al., 2009).
1.9 Ssp1 is a CAMKK orthologue
Schizosaccharomyces pombe Ssp1 is the homologue of mammalian CamKK
(Hanyu et al., 2009). Ssp1 has a conserved calmodulin binding domain and also a
6

conserved consensus VEVS(T)XE(D)EV starting from aa 431 to aa 438 which is
essential for Ssp1 function in response to a limiting glucose environment (Hanyu et al.,
2009). Moreover, Ssp1 binds to S. pombe Rad24 and Rad25, 14-3-3 proteins, as CamKK
does in mammalian cells. 14-3-3 proteins bind to phosphorylated proteins and Ssp1 has
eight phosphorylated peptides outside the kinase domain (Hanyu et al., 2009). The
mammalian and S. pombe CamKK are essential for proliferation under glucose limiting
conditions. In addition, Ssp1 is considered an orthologue of the tumour suppressor
protein 1, Lkb1(Hanyu et al., 2009).
There are several genetic interactions reported for Ssp1. These interactive partners
have a wide range of functionality. Sts5, the RNB like protein, had a synthetic rescue
effect with Ssp1 (Toda et al., 1996) and loss of the M phase inhibitor protein kinase,
Wee1, had phenotypic suppression (Rupes et al., 1999). Additionally, the PP2A
phosphatase inhibitor Sds23 is a dosage dependent rescuer of Ssp1 (Hanyu et al., 2009)
and Mog1, the Ran GTPase binding protein, is as well (Oki et al., 2007). Many of the
physical interactions of Ssp1 with other partners have been reported as well. The first was
actin, Act1 (Matsusaka et al., 1995). Also, the poly (A) binding protein Crp79 was shown
to physically act with Ssp1 (Amorium et al., 2010). Hanyu and colleagues (2009)
reported that besides the two 14-3-3 proteins, Rad24 and Rad25, the U5 snRNP GTPase
subunit, Cwf10, and the translation initiation factor eIF3m (SPAC1751.03 ) physically
interacted with Ssp1(Hanyu et al., 2009). Ssp1 may act in a wide range of cellular
processes.

7

1.10 CamKK, PKA and 14-3-3 protein
Ssp1 was found to physically interact with Rad24 and Rad25 (Hanyu et al., 2009)
and loss of rad24 rescues the ssp1- phenotype for stress sensitivity and morphology
(Freitag et al., 2014). 14-3-3 proteins in mammalian cells have a role in regulating
CamKK through two binding sites at S74 and S475. Furthermore, 14-3-3 regulation of
CamKK is PKA-dependent since PKA phosphorylates two residues, T108 and S458, and
negatively regulates CamKK (Wayman et al., 1997). The interaction with 14-3-3 has two
regulatory consequences in vitro (Davare et al., 2004): it directly inhibits CamKK
activities by binding to two specific sites S74 and S457 (Davare et al., 2004; Ichimura et
al., 2008), and second, 14-3-3 blocked the dephosphorylation of T108, the inhibitory
phosphorylation site on CamKK. 14-3-3 proteins are bound in a PKA dependent manner
(Davare et al., 2004; Ichimura et al., 2008).
Very recently, Sak1 the homologue of Ssp1 CamKK in budding yeast was shown
to be phosphorylated on two conserved serine residues, S1074 and S1139, by PKA by
which Sak1 activity is negatively regulated in the presence of glucose (Barrett et al.,
2012).
Ssp1 has consensus sites for PKA phosphorylation, R/KxS and RxxS, S59 and
T82, which are phosphorylated in the phosphoproteome (Wilson-Grady et al., 2008).
That might explain the phosphorylation status of Ssp1 during normal growth, however
the hyperphosphorylation status of Ssp1 is still present, although reduced, in a pka1
deletion strain (Freitag et al., 2014). The specific residues predicted to be potential
phosphorylation sites were detected in a genome wide screen for phosphorylation sites by
mass spectrometry (Wilson-Grady et al., 2008).
8

1.11 Ssp2 (AMPK) is a substrate of Ssp1
AMPK, (Snf1) AMP dependent kinase in budding yeast, is a heterotrimeric
protein which is regulated by upstream kinases Sak1 and Tos3 (Elbing et al., 2006; Hong
et al., 2003). The orthologues in S. pombe are Ssp2, the serine threonine kinase AMPK,
and two regulatory subunits, Amk2 and Cbs2 (Townley and Shapiro, 2007). Ssp2 is
regulated by the upstream kinase Ssp1, the putative Ca² calmodulin kinase in fission
yeast (Valbuena and Moreno, 2011), which is an orthologue of both Sak1 and Tos3.

1.12 Ssp1 is essential for growth in low glucose
Ssp1 is essential for growth in a low glucose environment (Hanyu et al., 2009)
and also plays a role in quiescence in low nitrogen medium (Sajiki et al., 2009). ssp1strains cannot phosphorylate Ssp2 (AMPK) in low glucose or nitrogen depleted medium
which suggests other kinases are involved in Ssp2 hyperphosphorylation following
nutritional stress (Valbuena and Moreno, 2011). Ssp2 localizes to the cytoplasm but
moves to the nucleus upon glucose or nitrogen starvation (Valbuena and Moreno, 2011).

In S. cerevisiae and mammalian cells the AMPK pathway is well studied. AMPK
monitors and responds to changes in energy production since it is activated by AMP. In
S. cerevisiae, Sak1p, Tos3p and Elm1p phosphorylate Snf1p AMPK at T210 (Hong et al.,
2003; Sutherland et al., 2003) while CamKK and Lkb1 phosphorylate AMPK at T172 in
mammalian cells (Wood et al., 2005., Hurley et al., 2005 and Shaw et al., 2004). Glc7p
type 1 protein phosphatase and its regulatory subunit, Reg1p, directly dephosphorylate
Snf1p at T210 in a high glucose environment whereas a mutant lacking reg1- glc7 shows
9

a constitutive activation of Snf1p in glucose rich or glucose limiting media (Ludin et al.,
1998 and Sanz et al., 2000). In addition, PP1 type 1 protein phosphatase has recently
been reported to carry out the same function as Glc1 in mammalian cells. The PP1-R6
complex dephosphorylates AMPKα in a glucose induced manner (Garcia-Haro et al.,
2010).
Fission yeast Dis2 (SPBC776.02c) is a type 1 protein phosphatase sharing 89%
and 81% identity with S. cerevisiae and mammalian orthologues Glc7p and PPP1
respectively. This suggests a role for Dis2 and its regulatory subunit, Reg1
(SPAC227.15), in regulating the dephosphorylation and inactivation of Ssp2 during
glucose induced dephosphorylation.
In a genomic phosphatase screen, Sit4p was the only gene deletion in S.
cerevisiae that showed an elevation in T210 phosphorylation in glucose rich conditions
(Ruiz et al., 2011). Additionally, a co- purification experiment showed that Sit4p and
Snf1p AMPK were physically associated (Ruiz et al., 2011). In budding yeast, PP2Cα
phosphatase dephosphorylates AMPK in vitro (Suter et al., 2006).
In S. pombe, the PP2 phosphatase Ppe1 has been proposed to deactivate Ssp2
(Hanyu et al., 2009). Interestingly, Ssp1 kinase and its substrate were initially identified
as genomic suppressors for sts5 and ppe1 mutations (Matsusaka et al., 1995). Ppe1 is the
S. pombe PP2 orthologue of Sit4p in S. cerevisiae. Ppe1 phosphatase, like Sit4p in S.
cerevisiae, has been suggested to have a role in the regulation of AMPK (Ssp2) in
glucose rich medium (Hanyu et al., 2009). In S. pombe, Ppe1 and Reg1-Dis2 both might
dephosphorylate Ssp2 in response to glucose replenishment as Sit4p and Reg1p-Glc7p
both do in the budding yeast case.
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1.13 Ssp1 is important for actin depolymerization and New End Take Off (NETO)
Growth polarity and cell cycle are coordinately regulated through the cell cycle
(Hayles and Nurse, 2001; Martin and Chang, 2005). Rod like fission yeast is an ideal
model to study growth polarity since the growing region can be precisely identified at the
opposite ends of the cell depending on cell cycle stage (Matsusaka., et al 1995). Growth
polarity in Schizosaccharomyces pombe dynamically changes through the cycle in three
stages: initiation of growth, followed by the new end takes off in G2 phase, and ending
with septum formation (Figure 2) (Martin and Chang, 2005). Each new cell cycle, actin
moves from the new end which just formed at division to the old end thus directing the
initiation of cell growth only from the old end resulting in monopolar growth. In G2
phase the actin shifts to both ends, dynamically changing the monopolar growth to
bipolar growth. Bipolar growth continues until mitosis when the actin patches are
directed to the medial region where the new septum forms. NETO requires DNA
replication to be completed and a critical cell size achieved as a requirement to make this
important event occur (Mitchison and Nurse, 1985). NETO is restricted by a signalling
pathway that monitors actin polymerisation and depolymerisation during cell cycle
progression (Koyano et al., 2010). Deletion of the ssp1 gene results in monopolar growth,
however the Ssp1 substrates involved are not understood.

11

Figure 2: New End Take Off regulation through cell cycle
New daughter cells have actin patches in the new end which is produced at cell separation and not
at the old ends. The actin moves to the old end and monopolar growth starts. In early G2 after
DNA replication and when a cell reaches a critical size, NETO occurs and actin localizes to both
ends and bidirectional growth starts. At the end of mitosis and septum formation initiates, the
actin moves to the medial region. Adapted from Martin and Chang, 2005.
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1.14 The Spc1 MAP Kinase stress response pathway.
The Spc1 MAPK pathway is critical for survival when S. pombe cells are exposed
to external stress. Extracellular stress stimulates a small G- protein. This activates a
MAPKKK to initiate the MAPKK- MAPK cascade (reviewed in Hill and Treisman 1995;
Marshall, 1994).
In S. pombe Wak1 (Wis4) and Win1 MAPKKKs are required for MAPKK Wis1
phosphorylation (Samejima et al., 1997) (Figure 3). Wak1 dependent phosphorylation of
Wis1 on S469 and T473 signals oxidative and osmotic stress (Shiozaki et al., 1998)
leading to downstream phosphorylation of MAPK Spc1. Spc1 is phosphorylated on
amino acid residues T171 and Y173 (Millar et al., 1995). Wis1 briefly localizes in the
nucleus after stress and then is exported to the cytoplasm since its cytoplasmic
localization is essential for Spc1 nuclear accumulation and induction of the Spc1
downstream stress response. Wis1 dependent phosphorylation of Spc1 leads to Spc1
nuclear localization and its detachment from its regulators (Gaits et al., 1998; Gaits and
Russell 1999). Transcription factors Atf1 and Pcr1 are co-activated and are important for
anchoring Spc1 in the nucleus (Gaits et al., 1998). Spc1 is dephosphorylated on Y173 by
Pyp1 and Pyp2 phosphatases which are major negative regulators of Spc1 and therefore
stress induced gene expression (Millar et al., 1995). S171 is dephosphorylated by Ptc1
and Ptc2, members of the PP2 phosphatase family (Nguyen and Shiozaki, 1999).
Wis4 and Win1 MAPKKKs phosphorylate Wis1 during hyperosmotic stress but
are not essential in heat shock stress. Wis1 appears to have some constitutive activity and
it can phosphorylate Spc1 even in the absence of MAPKKKs (Zhou et al., 2010). This
finding is consistent with elevated Spc1 basal activity in a pyp1 deletion. Therefore,
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down regulation of Pyp1 is essential for the MAPK heat shock response (Shiozaki et al.,
1998; Nguyen and Shiozaki, 1999).
Ptc1 and Ptc3 are PP2C homologues that also have been shown to down regulate
Spc1 after heat shock stress (Gaits et al., 1997; Gaits et al., 1998). PP2C phosphatases
have a similar influence on p38 mammalian MAPK where PP2Cα dephosphorylates
threonine on p38 thus inhibiting the pathway in vitro (Takekawa et al., 1998). Similarly
PP2 phosphatases have an inhibitory effect on the budding yeast HOG1 pathway where
Ptc1p downregulates Hog1p (Maeda et al., 1994). Ptc1 and Ptc3 phosphatases also
dephosphorylate Spc1 T171 (Figure 3). Interestingly, Pyp2 (Degols et al., 1996) and
Ptc1 phosphatases are transcriptionally induced through the Spc1-Atf1 pathway and later
contribute to attenuation of Spc1 activity through a dual negative feedback regulatory
loop (Gaits et al., 1997). During heat stress the MAPK stress response pathway recruits
Polo kinase (Pol1) via phosphorylation on S402 and Pol1 is recruited to the spindle pole
body (Petersen and Hagan 2005). Pol1 is phosphorylated on the same serine residue
during temperature stress, specifically from 25 C to 36 C, within the physiological range.
The phosphorylated status of Pol1 S402 is important to initiate growth at cell tips after
being blocked during stress response (Petersen and Hagan, 2005).
Spc1 also phosphorylates Atf1 under low glucose conditions and in turn
heterodimerizes with Pcr1to positively regulate fbp1 expression by acting on UAS1
(Janoo et al., 2001; Neely and Hoffman, 2000).
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Figure 3: Mitogen Activated Protein Kinase pathway in response to extracellular stress.
The MAP kinase pathway is activated when the stress stimuli activate MAP kinase kinase kinases
Wak1 and Win1. Wak1 and Win1 MAP kinases phosphorylate and activate MAP kinase kinase
Wis1. Wis1 phosphorylates MAP kinase Spc1 at two conserved sites, T171 and Y173. Upon
phosphorylation of Spc1 by Wis1, Spc1 localizes to the nucleus and activates its substrate, the bZIP Atf1 transcription factor leading to expression of stress response genes. Two tyrosine
phosphatases, Pyp1 and Pyp2, negatively regulate Spc1 by dephosphorylating Y173 thus
regulating Spc1 activity through negative feedback. T171 is dephosphorylated by PP2C
phosphatase. Adapted from Quinn et al., 2002.
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1.15 Hypothesis and objectives
The Ssp1 Ser/Thr kinase has been implicated in growth polarity and new end take
off, actin depolymerization and turnover, and the regulation of AMPK (Matsusaka et al.,
1995; Rupes et al., 1999; Valbuena and Moreno, 2011; Hanyu et al., 2009). Ssp1 is
essential for proliferation at high temperatures in the presence of additional stressors
(Matsusaka et al., 1995; Rupes et al., 1999). Its functions overlap with Spc1 MAP kinase,
the major stress response pathway although they act independently. In addition, Ssp1 has
been shown to be essential for normal cell proliferation in a limited glucose environment
(Hanyu et al., 2009) acting as a calmodulin kinase kinase (CaMKK).
I hypothesize the unbiased Hermes transposon mutagenesis system for an
insertional mutagenesis (Park et al, 2009) screen would rescue an ssp1 gene disruption
strain under restrictive conditions, since such genetic suppression exists (Freitag et al
2014). The results will aid in identifying pathways acting downstream of Ssp1 in stress
response. In this project, I identified several loci which when mutated suppress the Ssp1
stress sensitive cell cycle block phenotype. These mutations broaden our current
understanding of Ssp1‟s role in the cell.

16

Chapter 2: Materials and Methods

2.1 Strains, media and growth conditions
Fission yeast was cultured in YEA (Yeast Extract plus Adenine) or EMM (Edinburgh
Minimal Medium) (Moreno et al., 1991) supplemented as needed with 100 mg/ml each of
adenine, uracil and leucine (Alfa et al., 1993). EMM medium was supplemented with 15 µM
thiamine to repress the nmt1 promoter on the Hermes transposase plasmid (Park et al., 2009).
Kanamycin resistant strains were selected on YEA containing 100 mg/L G-418. Selection for
loss of the Hermes kanamycin cassette plasmid was on YEA containing 1mg/ml FOA (5fluoroorotic acid) to select for the loss of the uracil marker (Park et al.,2009). EMM medium was
adjusted to pH 3.5 for stress experiments (Karagiannis and Young, 2001). Growth temperature
was 30 C unless otherwise indicated. Genetic crosses and transformation used standard laboratory
methods. Genotypes of different strains were verified by outcrossing and tetrad analysis. The
culture density was measured using the Multisizer 3 Coulter Counter (Beckman Coulter).

2.2 The Hermes transposon system
The Hermes transposon system from Musca domestica for mutagenizing S. pombe
was used in this study (adapted from Park et al., 2009). This method is unbiased with
respect to insertion site (Park et al., 2009; Guo et al., 2013). The Hermes mutagenesis
method has the potential to yield hypomorphic alleles of essential genes by insertion in
upstream sequences, making it a better choice than a deletion set alone which only allows
for the study of non-essential genes. Mutagenesis occurs when the transposase from the
expression plasmid allows the transposon from the donor plasmid to mobilize into the
yeast genome as shown in Figure4.
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Figure4: Hermes insertion to S. pombe genome.
The expression plasmid which includes the Transposase allows the tranposon
(kanmx6 and the two inverted terminal repeats on the right and left) to be inserted into the
chromosome. Transposase facilitates insertion through cleaving the Hermes right and left
to leave a random insertion sequence.
2.3 Mutagenesis of ssp1- cells with the Hermes transposon system.
The Hermes transposon system uses two plasmids. The first is the expression
plasmid containing the Hermes transposase. It is thiamine repressible and has the LEU2
marker allowing for nutritional selection. The second is the donor plasmid which consists
of the antibiotic resistance cassette, kanMX6, flanked by the inverted terminal repeats
Hermes right and left. It also contains the URA3 nutritional marker.
Both plasmids were transformed into an ssp1- strain and grown in the presence of
thiamine to repress the transposase gene (Figure 5). Single colonies containing both
plasmids were isolated. These cells were incubated overnight in EMM to derepress the
transposase and grown for 25 generations to allow transposon mobilization. After 25
generations the approximate transposon integration rate is 2% (Park et al., 2009).
Cells were then inoculated into 500 ml YEA + FOA (1mg/ml) + G418 (100
µg/ml) to select against the two plasmids. Treatment with FOA allows only ura4 - cells to
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grow and G418 resistance requires the kanmx6 resistance cassette to be present. Colonies
able to grow on media lacking uracil and leucine were separately tested on EMMAU and
EMMAL and on YEA + G418 plates. Strains lacking the donor plasmids but containing
an insertion in the S. pombe genome were isolated. Approximately 100,000 colonies
containing a transposon were screened for cells capable of forming colonies at pH 3.5
and 36 C (conditions lethal to ssp1- cells) (Rupes et al, 1999). Surviving colonies were
picked and given mutant names which start with an “S” for ssp1 and “m” for mutant and
a mutant serial number. 121 strains were recovered from the screen as illustrated in
Figure 5.

Figure 5: Screening for ssp1 suppressors. Donor and expression plasmid were
transformed to ssp1 disrupted strain. The transformant strain was inoculated for
sequential EMMA culture for about 25 generations. The genetic screen was generated at
36 C and pH 3.5 looking for rescues.
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2.4 Identification of insertion sites
A two- step strategy was used to characterize the strains (Figure 6). The first was
the identification of complementation groups and validating that the transposon insertion
site was responsible for the rescue. This was followed by identification of the transposon
insertion sites.
2.5 Complementation Assay
Pairs of kanamycin resistant strains were intercrossed on SPA mating plates and
the resulting spores subjected to free spore analysis to detect linkage (or lack of it)
between the kanamycin cassettes. Colonies on YEA plates were replicated to YEA G418
at a concentration 0.1 g/ L. Plates were compared to identify colonies sensitive to
kanamycin. Strains that failed to complement were tentatively assigned to the same
complementation groups for further investigation. Based on this, further work focused
mostly on loci with putative multiple insertions. In addition, throughout this effort
attention was paid to potential genetic interactions amongst the insertional mutants and
the strains were also out crossed to wild type to characterize any phenotype expressed in
a wild type background (Figure 6).
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Figure 6: Processing of mutant strains. Complementation assay was generated to identify
mutants with insertion in same genes through pairwise crossing. Mutants failed to complement
were outcrossed with a wild type strain and then were mapped.

2.6 Molecular identification of insertion sites
Strains contain a Hermes insertion were grown to stationary phase (YEA, 30 C)
and the genomic DNA isolated. EcoRI (Promega) digestion of 2 µg of genomic DNA was
followed by overnight self-ligation (T4 DNA ligase, Promega). Inverse PCR was used to
amplify DNA for sequencing. Sequence was analyzed using BLASTN, as is explained in
Figure 7.
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Figure 7: Identification of insertion sites. Mutants with transposon insertion were mapped by
extracting the genomic DNA which then were EcoRI restricted and T4 ligated. The genomic
DNA flanking the Hermes right was amplified using inverse PCR and the PCR products were
sequenced and blasted against S. pombe genome.

2.7 Genomic DNA extraction
Cells were grown to stationary phase in 100 ml liquid YEA culture at 30 C. Cells
were collected by centrifugation at 3000 rpm for 5 minutes and resuspended in
citrate/phosphate extraction buffer (50 mM citrate/phosphate pH 5.6, 40 mM EDTA pH
8.0, 1.2 M sorbitol) containing 2.5 mg of Zymolyse 20T (Sigma). Cells were incubated
for an hour at 36 C and then were checked in 2% SDS for loss of refractility using phase
contrast microscopy ( Leitz Biomed). Cells were centrifuged for 10 seconds at 14,000
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rpm and the pellet resuspended in 0.55 ml of TE with 1% of SDS and incubated at 65 C
for an hour. 175 µl of 5 M potassium acetate was added and the sample incubated for 5
minutes on ice. Cells were then centrifuged for 15 minutes at 10,000 rpm at 4 C. 0.5 ml
of the supernatant was mixed with 0.5 ml of ice cold isopropanol and incubated for 20
minutes at 20 C. Precipitate was recovered by centrifugation for 15 minutes at 10,000
rpm at 4 C, and the pellet washed with ice cold 70% ethanol. The pellet was resuspended
in 0.35 ml of TE containing 50 µg heat- treated RNase and incubated for an hour at 37 C.
1:1 phenol/chloroform extraction followed and then a third extraction with only
chloroform . DNA was ethanol precipitated using ice cold 95% ethanol and 3 M sodium
acetate and then washed with ice cold 70% ethanol. After drying, the pellet was
resuspended in TE and DNA was analyzed on a 0.8% agarose gel to test the yield and
quality (Figure 8).

Figure 8: Gel electrophoresis of a set of genomic DNA preparations from mutant strains.
Nine genomic DNA bands are shown in this agarose gel for nine different strains. The large
fragment size is indicated by the DNA ladder in the first well where the top band is 23 kb.
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2.8 Genomic DNA Digestion
1 µg of genomic DNA was digested with EcoR1 (Biolabs) or Sac1 (Promega)
restriction enzymes according to the manufacturer‟s protocol. Each of these enzymes has
a single cut site within the transposon (see Figure 7). Following digestion, DNA was
twice phenol/ chloroform extracted and the DNA recovered by precipitation.
2.9 Digested DNA Ligation
0.5 µg of digested DNA was diluted to 1 ng/µl and ligated using T4 ligase
(Promega) according to the manufacturer‟s instructions.

2.10 Inverse PCR
Inverse Polymerase Chain Reaction was used to amplify the genomic junction at
the Hermes right. Go Taq polymerase (Promega) was used according to the
manufacturer‟s instructions. Incubations were in a Thermocycler (Mastercycler,
Eppendorf). Two primers, HL1430 (GCCTCGACATCATCTGCCC) 5‟primer within
kanmx6 and HL1431 (CTCTAGCGGTGATCTTAACATC) 3‟ primer in Hermes right
were used (Park et al., 2009). PCR products were separated by 0.8% agarose gel
electrophoresis to purify bands which were recovered for sequencing using ez-10 spin
column DNA gel extraction kit (Bio Basic) as per manufacture‟s recommendations.
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Figure 9: Inverse PCR products from various mutant strains separated on 0.8%
agarose gels. Samples were electrophoresed for 45 minutes. The PCR products were
isolated and sequenced. The DNA ladder is EcoR1 digested lambda phage.
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2.11 Microscopy
Bright field, DIC and fluorescent images were acquired using a Hamamatsu Orca
ER camera on a Zeiss AxioImager microscope. Images were taken using 40x and 100x
oil lenses. Cell measurements and image analysis were performed using Slidebook image
analysis software (Intelligent Imaging Innovation).

2.12 S. pombe strains used in this study

Q#

h

Strain

Genotype

Source

Q3754

Q3754

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704

Lab collection

Q3676

Q3676

ura4-D18 leu1-32 h-

Lab collection

Q3677

Q3677

ura4-D18 leu1-32 h+

Lab collection

Q358

Q358

leu1-32 ura4-D18 ade6-210 h-

Lab collection

Q4362

h-

Sf182

ssp1::ura4 ura4-D18 leu1-32 h-

Lab collection

Q4361

h-

Sf108

ssp1::ura4 ura4-D18 ssp1:GFP- LEU2 leu1-32 h-

Lab collection

Q3750

Q3750

URA3+ hermes transposon kanMX6 cassette in E. coli

Levin Lab

Q3751

Q3751

LEU2+ hermes transposase in E. coli

Levin Lab

h-

spr1-sm1

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 spr1-1 :: kanMX6

This study

h+

spr1-sm1

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 spr1-1 :: kanMX6

This study

Q4259

h-

sgf29-sm2

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 sgf29 :: kanMX6

This study

Q4260

h-

cyp9-sm9

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 cyp9-9 :: kanMX6

This study

Q4261

h+

cyp9-sm9

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 cyp9-9 :: kanMX6

This study

Q4262

h-

spr1-sm11

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 spr1-11:: kanMX6

This study

Q4263

h+

spr1-sm11

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 spr1-11:: kanMX6

This study

Q4264

h-

scr1-sm14

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-14 :: kanMX6

This study

Q4265

h+

scr1-sm14

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-14 :: kanMX6

This study

Q4266

h-

scr1-sm20

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-20 :: kanMX6

This study

Q4267

h+

scr1-sm20

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-20 :: kanMX6

This study

Q4258
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Q4268

h-

scr1-sm23

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-23 :: kanMX6

This study

Q4269

h+

scr1-sm23

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-23 :: kanMX6

This study

Q4270

h-

spr1-sm24

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 spr1-24:: kanMX6

This study

Q4271

h+

spr1-sm24

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 spr1-24:: kanMX6

This study

Q4272

h-

scr1-sm41

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-41 :: kanMX6

This study

Q4273

h+

scr1-sm41

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-41 :: kanMX6

This study

Q4274

h-

scr1-sm42

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-42 :: kanMX6

This study

Q4275

h+

scr1-sm42

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-42 :: kanMX6

This study

Q4276

h-

cyp9-sm52

ssp1::sup3-5leu-32 ura4 –D18 ade6-704 cyp9-52 :: kanMX6

This study

Q4277

h+

cyp9-sm52

ssp1::sup3-5leu-32 ura4 –D18 ade6-704 cyp9-52 :: kanMX6

This study

Q4278

h-

scr1-sm60

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-60 :: kanMX6

This study

Q4279

h+

scr1-sm60

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-60 :: kanMX6

This study

Q4280

h-

scr1-sm93

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-93 :: kanMX6

This study

Q4281

h+

scr1-sm93

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-93 :: kanMX6

This study

Q4282

h-

scr1-sm95

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-95 :: kanMX6

This study

Q4283

h+

scr1-sm95

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-95 :: kanMX6

This study

Q4284

h-

scr1-sm104

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-104 :: kanMX6

This study

Q4285

h+

scr1-sm104

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-104 :: kanMX6

This study

Q4286

h-

scr1-sm113

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-113 :: kanMX6

This study

Q4287

h+

scr1-sm113

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 scr1-113 :: kanMX6

This study

Q4288

h-

cwf4-sm114

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 cwf4 :: kanMX6

This study

Q4289

h+

cwf4-sm114

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 cwf4 :: kanMX6

This study

Q4290

ptr8-sm119a

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 ptr8 :: kanMX6

This study

Q4292

set7-sm119b

ssp1::sup3-5 leu-32 ura4 –D18 ade6-704 set7 :: kanMX6

This study

Q4294

h-

spr1-1

leu1-32 ura4-D18 ade6-210 spr1-1 :: kanMX6

This study

Q4295

h+

spr1-1

leu1-32 ura4-D18 ade6-210 spr1-1 :: kanMX6

This study

Q4296

h-

sgf29

leu1-32 ura4-D18 ade6-210 sgf29 :: kanMX6

This study

Q4297

h+

sgf29

leu1-32 ura4-D18 ade6-210 sgf29 :: kanMX6

This study

Q4298

h-

cyp9-9

leu1-32 ura4-D18 ade6-210 cyp9-9 :: kanMX6

This study

Q4299

h+

cyp9-9

leu1-32 ura4-D18 ade6-210 cyp9-9 :: kanMX6

This study

Q4300

h-

spr1-11

leu1-32 ura4-D18 ade6-210 spr1-11 :: kanMX6

This study
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Q4301

h+

spr1-11

leu1-32 ura4-D18 ade6-210 spr1-11 :: kanMX6

This study

Q4302

h-

scr1 -14

leu1-32 ura4-D18 ade6-210 scr1-14 :: kanMX6

This study

Q4303

h+

scr1 -14

leu1-32 ura4-D18 ade6-210 scr1-14 :: kanMX6

This study

Q4304

h-

scr1 -20

leu1-32 ura4-D18 ade6-210 scr1-20 :: kanMX6

This study

Q4305

h+

scr1 -20

leu1-32 ura4-D18 ade6-210 scr1-20 :: kanMX6

This study

Q4306

h-

scr1 -23

leu1-32 ura4-D18 ade6-210 scr1-23 :: kanMX6

This study

Q4307

h+

scr1 -23

leu1-32 ura4-D18 ade6-210 scr1-23 :: kanMX6

This study

Q4308

h-

spr1-24

leu1-32 ura4-D18 ade6-210 spr1-24-:: kanMX6

This study

Q4309

h+

spr1-24

leu1-32 ura4-D18 ade6-210 spr1-24-:: kanMX6

This study

Q4310

h-

scr1 -41

leu1-32 ura4-D18 ade6-210 scr1-41 :: kanMX6

This study

Q4311

h+

scr1 -41

leu1-32 ura4-D18 ade6-210 scr1-41 :: kanMX6

This study

Q4312

h-

scr1 -42

leu1-32 ura4-D18 ade6-210 scr1-42 :: kanMX6

This study

Q4313

h+

scr1 -42

leu1-32 ura4-D18 ade6-210 scr1-42 :: kanMX6

This study

Q4314

h-

cyp-52

leu1-32 ura4-D18 ade6-210 cyp9-52 :: kanMX6

This study

Q4315

h+

cyp-52

leu1-32 ura4-D18 ade6-210 cyp9-52 :: kanMX6

This study

Q4316

h-

scr1-60

leu1-32 ura4-D18 ade6-210 scr1-60 :: kanMX6

This study

Q4317

h+

scr1-60

leu1-32 ura4-D18 ade6-210 scr1-60 :: kanMX6

This study

Q4318

h-

scr1-93

leu1-32 ura4-D18 ade6-210 scr1-93 :: kanMX6

This study

Q4319

h+

scr1-93

leu1-32 ura4-D18 ade6-210 scr1-93 :: kanMX6

This study

Q4320

h-

scr1-95

leu1-32 ura4-D18 ade6-210 scr1-95 :: kanMX6

This study

Q4321

h+

scr1-95

leu1-32 ura4-D18 ade6-210 scr1-95 :: kanMX6

This study

Q4322

h-

scr1-104

leu1-32 ura4-D18 ade6-210 scr1-104 :: kanMX6

This study

Q4323

h+

scr1-104

leu1-32 ura4-D18 ade6-210 scr1-104 :: kanMX6

This study

Q4324

h-

scr1-113

leu1-32 ura4-D18 ade6-210 scr1-113 :: kanMX6

This study

Q4325

h+

scr1-113

leu1-32 ura4-D18 ade6-210 scr1-113 :: kanMX6

This study

Q4326

h-

cwf4-114

leu1-32 ura4-D18 ade6-210 cwf4 :: kanMX6

This study
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Q4327

h+

cwf4-114

leu1-32 ura4-D18 ade6-210 cwf4 :: kanMX6

This study

Q4328

h-

ptr8119a

leu1-32 ura4-D18 ade6-210 ptr8 :: kanMX6

This study

Q4330

h-

ptr8119b

leu1-32 ura4-D18 ade6-210 set7 :: kanMX6

This study

Q4332

h-

spr1-1

ssp1::ura4 ura4-D18 leu1-32 spr1-1:: kanMX6

This study

Q4333

h+

spr1-1

ssp1::ura4 ura4-D18 leu1-32 spr1-1:: kanMX6

This study

Q4334

h-

cyp9-9

ssp1::ura4 ura4-D18 leu1-32 cyp9-9:: kanMX6

This study

Q4335

h+

cyp9-9

ssp1::ura4 ura4-D18 leu1-32 cyp9-9:: kanMX6

This study

Q4336

h-

spr1-24

ssp1::ura4 ura4-D18 leu1-32 spr1-24:: kanMX6

This study

Q4337

h+

spr1-24

ssp1::ura4 ura4-D18 leu1-32 spr1-24:: kanMX6

This study

Q4338

h-

spr1-11

ssp1::ura4 ura4-D18 leu1-32 spr1-11:: kanMX6

This study

Q4339

h+

spr1-11

ssp1::ura4 ura4-D18 leu1-32 spr1-11:: kanMX6

This study

Q4340

h-

scr1-23

ssp1::ura4 ura4-D18 leu1-32 scr1-23 :: kanMX6

This study

Q4341

h+

scr1-23

ssp1::ura4 ura4-D18 leu1-32 scr1-23 :: kanMX6

This study

Q4342

h-

scr1-93

ssp1::ura4 ura4-D18 leu1-32 scr1-93 :: kanMX6

This study

Q4343

h+

scr1-93

ssp1::ura4 ura4-D18 leu1-32 scr1-93 :: kanMX6

This study

Q4344

h-

cwf4

ssp1::ura4 ura4-D18 leu1-32 cwf4 :: kanMX6

This study

Q4345

h+

cwf4

ssp1::ura4 ura4-D18 leu1-32 cwf4 :: kanMX6

This study

Q4346

h-

scr1-95

ssp1::ura4 ura4-D18 leu1-32 scr1-95 :: kanMX6

This study

Q4347

h+

scr1-95

ssp1::ura4 ura4-D18 leu1-32 scr1-95 :: kanMX6

This study

Q4348

h-

scr1-104

ssp1::ura4 ura4-D18 leu1-32 scr1-104 :: kanMX6

This study

Q4349

h+

scr1-104

ssp1::ura4 ura4-D18 leu1-32 scr1-104 :: kanMX6

This study

Q4350

h-

spr1-1

ssp1::ura4 ura4-D18 ssp1:GFP- LEU2 leu1-32 spr1-1:: kanMX6

This study

Q4351

h-

sgf29

ssp1::ura4 ura4-D18 ssp1:GFP- LEU2 leu1-32 sgf29::kanMX6

This study

Q4352

h-

cyp9-9

ssp1::ura4 ura4-D18 ssp1:GFP- LEU2 leu1-32 cyp9-9:: kanMX6

This study

Q4353

h-

spr1-24

ssp1::ura4 ura4-D18 ssp1:GFP- LEU2 leu1-32 spr1-24:: kanMX6

This study

Q4354

h-

spr1-11

ssp1::ura4 ura4-D18 ssp1:GFP- LEU2 leu1-32 spr1-11:: kanMX6

This study

Q4355

h-

scr1-23

ssp1::ura4 ura4-D18 ssp1:GFP- LEU2 leu1-32 scr1-23 :: kanMX6

This study

Q4356

h-

scr1-93

ssp1::ura4 ura4-D18 ssp1:GFP- LEU2 leu1-32 scr1-93 :: kanMX6

This study
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Q4357

h-

cwf4

ssp1::ura4 ura4-D18 ssp1:GFP- LEU2 leu1-32 cwf4 :: kanMX6

This study

Q4358

h-

scr1-95

ssp1::ura4 ura4-D18 ssp1:GFP- LEU2 leu1-32 scr1-95 :: kanMX6

This study

Q4359

h-

scr1-113

ssp1::ura4 ura4-D18 ssp1:GFP- LEU2 leu1-32 scr1-113 ::

This study

kanMX6

Q4360

h-

scr1-104

ssp1::ura4 ura4-D18 ssp1:GFP- LEU2 leu1-32 scr1-104 ::
kanMX6
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This study

Chapter 3: Results

Using the Hermes transposon mutagenesis system (Park, 2009), a large number of
suppressor rescued strains of the ssp1- stress phenotype were isolated (Appendix 1). Mutants were
isolated on the basis of their ability to form colonies under low pH and high temperature
selection. All strains retained at least some of the ssp1- elongation phenotype, but the cell cycle
arrest was alleviated and they could survive and form colonies at pH 3.5 at 36 C.

3.1 Characterization of ssp1¯ suppressors
To characterize the relative growth rate of the suppressor strains, they were grown to
mid-logarithmic phase in liquid YEA medium overnight and the cell number determined. When
the concentration was about 1X10⁶ per ml, they were serially diluted by factors of 10. These
diluted cultures were then spotted onto EMM ALU pH 3.5 plates at 36 C for 4 days. The relative
growth rate was then assessed for various kanamycin resistant strains. 40 strains were assessed in
this fashion, and examples are shown in Figure 10.
Most strains grew at a rate close to that of wildtype, although some had rates reduced by
almost two logs, eg. sm104. which had a substantially slower growth rate. sm2 had a substantially
lower growth rate at 36 C although it could grow well at 34 C (data not shown).
These strains were clearly resistant to the low pH, high temperature block to cell
proliferation phenotype of the parental strain. The assumption is that this is due to suppression by
a gene disruption at the Hermes insertion site, however third site spontaneous mutations could
also conceivably be present. This will be addressed later.
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10⁶ 10⁵ 10⁴ 10³

10⁶ 10⁵ 10⁴ 10³
Wild type

Wild type

ssp1::ura4⁺ura4-D18 leu1-32

ssp1::ura4⁺ura4-D18 leu1-32

sm20

sm1

sm23
sm11
sm104
sm24

sm93
sm95

sm9

sm113

sm114

Figure 10: Spot dilution assay for growth rate comparison for mutant strains from screen.
Mutant strains are in an ssp1::sup3-5 background growing under restrictive conditions. Mutant
strains grow similar to wild type. The positive control was wildtype Q3676 and negative control
was ssp1::ura 4⁺ Q4362.

3.2 Genetic complementation
Genetic complementation is a direct genetic test to determine whether independent
mutations are tightly linked and therefore likely allelic. A total of 90 mutant strains were tested
by pairwise crosses and the progeny were then analyzed by free spore analysis. Failure to
complement (strong linkage or single locus) would yield 100% kanamycin resistant spores and
complementation (two independent loci) would be shown by the presence of kanamycin sensitive
progeny. Approximately 300 spores were phenotyped for each cross. The complementation assay
showed that the transposon had inserted in many different loci, however 18 strains failed to
complement in some crosses (Appendix 1 and Table 2). The 18 strains identified three
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multiallelic complementation groups. The complementation data is shown in Table 2.

Table 2: Genetic complementation data for a subset of the full strain set.
Results are shown as (C) complemented or (F) failure to complement. Empty cells indicate not
tested or failed to mate. The multiallelic groups are shown in colours. Full chart can be found in
Appendix 1.

3.2.1 Multiallelic complementation groups
The genetic complementation analysis found three putative multiallelic complementation
groups (Table 3). All other strains behaved as single loci and complemented in all combinations
tested (Appendix I). Four of these latter strains were later examined at the molecular level and
are included in Table 3 for this reason.
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group

strains

1

sm1

sm10

sm11

sm24

2

sm20

sm23

sm41

sm42

3

sm9

sm52

sm7

4

sm114

5

sm2

6

sm119a

7

sm119b

sm43

sm60

sm93

sm95

sm104

sm113

sm14

Table 3: Complementation groups subject to further analysis. Strains that failed to
complement fell into three multi-allelic groups. These three plus 4 single allele loci were subject
to further analysis.

3.3 Further genetic analysis of a subset of the strains
The strains in Table 3 were examined to ensure that the Hermes insertion site was the
second site suppressor and that no third site spontaneous mutations contributed to the result. The
reconstitution of the suppressed strain phenotype was possible in all cases.

3.3.1 Co-segregation of Hermes and the stress resistant phenotype
In order to ensure that the insertion resulted in suppression of the ssp1¯phenotype as
opposed to resulting from a spontaneous point mutation elsewhere in the genome, 90 strains from
Appendix 1 (including all strains in Table 3) were outcrossed to a wild type strain. Resulting
progeny were subjected to tetrad dissection to ensure that they had only one insertion of the
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Hermes transposon as shown by 2:2 segregation of G-418 resistance and that suppression of
ssp1¯co-segregated with the kanamycin resistance marker. At least 12 tetrads were analyzed from
every mating. Strain sm119 and sm14 (Table1) segregated 3:1 which indicates two kanMX6
cassettes were inserted in the genome.

3.3.2 Confirmation that rescue of the ssp1¯ phenotype at pH 3.5 and 36 C was due to
Hermes insertion
The outcross to wildtype allowed for the isolation of the kanMX6 insertion in a wildtype
ssp1 background. Such strains were crossed to the ssp1 deletion strain (ssp1::ura4⁺) to confirm
that the rescue was indeed because of the Hermes insertion. Tetrad dissection confirmed the
rescue phenotype of the initial screen results: the progeny co-segregated the Hermes insertion
and the ssp1¯ mutation, and this genotype represented about 25% of the spores. There was no
evidence for a third site suppressor segregating in the crosses which would have displayed as
rescues independent of the kanamycin resistance. These results confirm that the rescues were due
to insertion of Hermes into the genome. These crosses provided strains containing the various
insertions in both ssp1⁺ and ssp1¯ backgrounds.

3.4 Molecular identification of the insertion sites
To identify the genomic insertion sites, DNA was isolated from the strains and subjected
to restriction digestion, ligation and inverse PCR. The inverse PCR fragment was then sequenced
to determine the region flanking the transposon. The focus was on those strains in Table 3. The
insertion sites were identified by BLASTN searches against the fission yeast genome at NCBI.
The loci and distribution of insertions are listed below.
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3.5 Disruption of a spermidine transporter (proposed name spr1)
The first identified complementation group includes four strains (sm1, sm10, sm11 and
sm24) in Table 3. All four had insertions in the same uncharacterized gene (SPCC569.05c on
Chromosome III), one of the five putative spermidine tranporters in S. pombe (Table 3 and Figure
15). We have designated this gene spr1. sm1 and sm10 were identical insertions and presumably
represented a single insertion strain. In the final screening only a small portion of the total culture
is plated. The strains proliferated in the selection protocol prior to plating so that in the total cell
population multiple examples of the same insertion are possible. However, sm11 and sm24 had
independent insertion sites within the putative spermidine transporter gene. All three alleles
disrupted the open reading frame and presumably represent loss of function of the spr1 gene. This
is consistent with the similar growth characteristics for the three strains (Figure 14) however,
interestingly the cell length for these three alleles in an ssp1+ background increase in length
going from the most amino terminal to the most carboxy terminal insertion under both permissive
and restrictive conditions (Figure 18). The alleles are identified as (spr1-1, spr1-11 and spr1-24)
(Figure 15).

Figure 11. Hermes insertions in a spermidine transporter (spr1) locus.
A graphic representation for Hermes transposon insertions within the Spr1 locus (SPCC569.05c
on Chromsome III). Numbers represent the position in base pairs on the chromosome.
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3.6 Disruption of repressing transcription factor scr1
The second multiallelic complementation group included 11 strains (sm14, sm20, sm23,
sm41, sm42, sm43, sm60, sm93, sm95, sm104 and sm113) as shown in Table 3. Analysis revealed
10 independent insertion sites with sm41 and sm43 being identical to each other (Table4). These
insertions were distributed broadly over the inhibitory transcription factor scr1 locus
(SPBC1D7.02c) on chromosome II (Figure 16). Some of these were in the 5‟ untranslated region.
These alleles were identified as scr1-14, scr1-20, scr1-23, scr1-41, scr1-60, scr1-93, scr1-95,
scr1-104 and scr1-113.

Figure 12: Hermes insertions in the scr1 locus.
Hermes transposon insertion sites within the scr1 locus (SPBC1D7.02c on Chromosome II).

3.7 Disruption of a cyclophilin, cyp9
cyp9 (cyclophilin 9) was shown to be the third complementation group. Three strains were
included within this group (sm7, sm9, and sm52) (Table3). However, sm7 and sm9 were isolates
of the same insertion, leaving two independent insertions called cyp9-9 and cyp9-52. These
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insertion sites were on chromosome III in (or near) the cyp9 (SPCC553.04) locus (Figure 17 and
Table 4). One of the insertions, cyp9-9, is just downstream of the 3‟UTR of Cyp9 where the
transcription termination is listed as position 300014. It in fact falls outside of the recorded cyp9
transcript and within the 3‟ end of the non-coding RNA transcript of unknown function,
SPNCRNA 1128 (at 299889 bp), on the other strand which terminates at 299950. The failure to
complement test indicates close linkage or allelism to cyp9 and for the moment I am including
this as a cyp9 allele on the basis of this functional test and the low probability that two adjacent
genes would independently have the same phenotype in our tests. My assumption is that the
insertion interferes with the expression of cyp9. Whether or not such interference involves the
non-coding RNA remains to be tested.

Figure 13: Insertions in (or near) the cyclophilin 9 (cyp9) locus.
Hermes transposon insertions within the cyp9 locus (SPCC553.04 on Chromosome III).

3.8 Genes identified only once
Several single insertion sites were identified in various genes. It is more difficult to
assess the importance of these sites although the growth assays clearly demonstrate that they
suppress the ssp1¯ stress phenotype (data provided after this section). The sm2 strain has an
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insertion in the SAGA Complex subunit sgf29 gene on chromosome II (SPBC1921.07c) (Table
4).
sm114 mapped to chromosome II near the Cwf4 (SPBC31F10.11c) gene which belongs
to the group, complexed with cdc5, associated with splicing (Table 4). The insertion is just
downstream of the cwf4 transcript and disrupts a long non-coding RNA (SPNCRNA1637) on the
opposite strand (Pombase.org). I assume as a working hypothesis that this is affecting the Cwf4
locus however that is subject to further investigation.
sm119 contained two insertions. The two insertions were separated into different strains
through out-crossing to a wildtype strain, followed by tetrad dissection and then DNA was
recovered from each. One strain, sm119a, was identified to be on chromosome I in the
transcription factor TFIIH complex ERCC-3 subunit Ptr8 (SPAC17A5.0) (Table 4). The second
insertion site, sm119b, was in histone lysine methyltransferase, Set7 (SPCC297.04c) on
chromosome III (Table 4). Both, ptr8 and set7 insertions independently suppressed ssp1 deletion.
However, ptr8 is more effective.

Group

hits

Strain

allele

Gene

chromosome

Start
nucleotide

Spermidine

3

sm1

spr1-1

Spermidine

transporter Spr1

transporter spr1

(group1)

SPCC569.05c

39

III

2424665

spr1-11

2425364

sm24

spr1-24

2425654

sm113

scr1-113

sm11,
sm10

Scr1 (group2)

10

scr1

II

1752151

SPBC1D7.02c

sm93

scr1-93

1752251

sm23

scr1-23

1753492

sm95

scr1-95

1753591

sm14

scr1-14

1754170

sm104

scr1-104

1754392

sm20

scr1-20

1754408

sm60

scr1-60

1754586

sm42

scr1-42

1754811

sm41,

scr1-41

1754986

sm43
Cyclophilin 9

2

sm9,sm7

cyp9-9

Cyp9(group3)

Sgf29

cyp9

III

299889

SPCC553.04

1

sm52

cyp9-52

sm2

sgf29-2

301777
sgf29

II

2419954

II

3770655

I

1761558

III

1881923

SPBC1921.07c
Cwf4

1

sm114

cwf4-119

cwf4
SPBC31F10.11c
SPNCRNA1637

Ptr8

1

sm119a

ptr8-119

ptr8
SPAC17A5.06

Set7

1

sm119b

set7-119

set7
SPCC297.04c

Table 4. Summary of Hermes insertion sites. Mapped Hermes insertion sites and identification
of the disrupted loci are shown. Sequences recovered from inverse PCR are listed in Appendix 2.
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3.9 Effect of suppressors on cell growth and colony formation
It was important to characterize the extent and nature of the rescue of the stress sensitive
ssp1¯ phenotype by the disruption of the various genes identified in the screen. Cell cycle
phenotypes are identified by effects on cell length. Cells were measured for length and growth
under two different test conditions in both wild type and mutant ssp1¯ backgrounds. The

permissive growth condition was 30 C and the stress condition at 36 C and pH 3.5.
The strains with known insertion sites were grown to mid-logarithmic phase in liquid
YEA medium overnight and the cell number then determined. When the concentration was about
1X10⁶ per ml, they were serially diluted by factors of 10 (1X10⁶, 1X10⁵, 1X10⁴ and 1X10³).
These diluted cultures were then spotted onto EMMALU at 36 C and pH 3.5 for 4 days. The
relative growth was then assessed for various genes and alleles.

3.9.1 Mutants in ssp1⁺ background on EMM ALU pH 3.5 at 36 C
In this test, the growth of various strains was compared with wildtype and ssp1::ura4.
Most scr1 mutants grew similarly to wild type; however scr1-23 and scr1-95 had a small
reduction in growth rate (Figure14). Both of these insetions were near the amino terminus of the
protein. The ssp1¯ negative control was not viable under these conditions.
The spermidine transporter (spr1-1, spr1-11 and spr1-24) complementation group growth
rate was similar to wildtype. The cyclophilin 9 (cyp9), SAGA complex mutant sgf29 and cwf4
also grew well (Figure 14).
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10⁶ 10⁵ 10⁴ 10³

10⁶ 10⁵ 10⁴ 10³
Wildtype

Wild type

ssp1::ura4⁺ura4D18 leu1-32

ssp1::ura4⁺ura4D18 leu1-32

scr1-20

sgf29-2

scr1-23

cyp9-9

scr1-104

spr1-1

scr1-93

spr1-11

scr1-95

spr1-24

scr1-113

cwf4 -114

Figure14. Spot growth assay for comparison of growth rate for various Hermes insertions
mutants in a wild type ssp1 background. The growth assay was performed using 10X dilution
steps on EMMALU medium at pH 3.5 and 36 C. ssp1 wildtype (Q3676) was the positive control
strain and Q4362 ssp1:: ura4 strain was the negative control.

3.9.2 Test to show that Hermes insertions were sufficient to rescue ssp1¯.
Selected strains where the Hermes disruption was in a wildtype ssp1 background were
backcrossed to ssp1::ura4 to ask whether the disrupted gene alone was sufficient to rescue the
strain under stress conditions.

In this growth assay (Figure 15), rescuing the full deletion strain, the results are
consistent with the results of the initial screen where the background was a gene disruption,
ssp1::sup3-5. The SAGA complex subunit sgf29 mutant had low tolerance to stress at 36 C.
Sgf29 seems to not completely suppress the absence of ssp1.
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10⁶ 10⁵ 10⁴ 10³
Wild type
ssp1::ura4⁺ura4D18 leu1-32
spr1-11 ssp1::ura4⁺
sgf29-2 ssp1::ura4⁺
cyp9-9 ssp1::ura4⁺
spr1-24 ssp1::ura4⁺
spr1-1 ssp1::ura4⁺
scr1-23 ssp1::ura4⁺
scr1-95 ssp1::ura4⁺

Figure 15: Spot growth assay for the ability of gene disruptions to re-rescue ssp1¯. The
Hermes disruptions re-introduced into an ssp1::ura4 ⁺are tested on EMM ALU at 36 C and pH
3.5. All strains are able to re-rescue the ssp1 deletion.

3.9.3 Cell morphology and cell size of mutant strains

Cell morphology, length at septation and colony formation were examined for each of
the strains under permissive and restrictive conditions. Disruption mutants were tested in
ssp1⁺ and ssp1¯ backgrounds.

3.9.4 Phenotype of disruption mutants in an ssp1⁺ background at 30 C

Cells were grown in YEA medium to mid-logarithmic growth phase and cell length
and septation measured. Cell length of strains carrying mutant alleles of the spermidine
transporter (spr1), transcription factor scr1, cyp9 and cwf4 did not exhibit any cell elongation.
Photographs of the cells are shown in Figure 16. They were all within ± 1 µm of wildtype
length which is about 14 µm. Measured values are shown in Figure 18.
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spr1-1

spr1-11

cyp9-9

scr1-23

scr1-95

scr1-104

wildtype

cyp9-52

scr1-93

cwf4-114

ssp1::ura4⁺

Figure 16: Images of various mutant strains growing in YEA at 30 C. Mutants were grown at
30 C in liquid medium.
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3.10 Phenotype of disruption mutants in ssp1⁺ background at 36 C and pH 3.5
Images were taken of disruption mutants in an ssp1⁺ background at 36 C and pH 3.5
(Figure 17), and cell length at septation was measured (Figures 17, 18). Cells were incubated
in EMM ALU medium at 36 C and pH 3.5. Relative to the ssp1 deletion, cell lengths varied
widely, all strains were shorter and capable of growth. Somewhat surprisingly a number of
strains (scr1-95, scr1-104, scr1-23 and cyp9-52) were actually shorter than wild type at the
high temperature and low pH conditions (Figure 18).
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wildtype

spr1-24

scr1-23

scr1-104

spr1-1

spr1-11

cyp9-9

cyp9-52

scr1-93

scr1-95

cwf4-114
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ssp1::ura4⁺

Figure 17: Cell length phenotype for various mutant strains at 36 C and pH 3.5. Mutants
were grown at 36 C and pH 3.5 in liquid medium.

30
28
26
length (µm)

24

ssp1⁺ at 30 C
ssp1⁺ at 36 C pH3.5

22
20
18
16
14
12
10

Figure 18: Cell length at septation for various mutant strains at 30 C or 36 C and pH 3.5.
Error bars represent plus or minus the standard deviation of the mean (n>30).

3.11 Colony formation for various strains in an ssp1⁺ background at 36 C and pH
3.5 .
Various strains in an ssp1⁺ background were tested for colony morphology and size at
36 C and pH 3.5. Cells were plated from mid-logarithmic growth cultures. All strains could
form colonies but with noticeable differences in growth rates (Figure 19).
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spr1-1

spr1-11

spr1-24

cyp9-9

cyp9-52

cwf4-114

scr1-23

scr1-93

scr1-104

wild type

scr1-95

ssp1::ura4⁺

Figure 19: Colony forming ability for various mutant strains growing on solid media at 36 C
and pH 3.5. Cells were plated from mid-logarithmic liquid cultures.
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3.12 Phenotype of disruption mutants in an ssp1⁻ background at 30 C
ssp1¯ has an elongated phenotype which is exacerbated by stress. The overall effect
of the suppressors on cell length was assessed by measuring cells during normal growth
conditions. Strains were grown overnight to mid-logarithmic phase at 30 C, and images were
taken (Figure 20). All strains are longer than wild type and comparable with ssp1 alone at
this temperature.
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spr1-1 ssp1::sup3-5

spr1-11 ssp1::sup3-5

spr1-24 ssp1::sup3-5

scr1-23 ssp1::sup3-5

scr1-93 ssp1::sup3-5

scr1-95 ssp1::sup3-5

scr1-104 ssp1::sup3-5

cwf4-114 ssp1::sup3-5

cyp9-9 ssp1::sup3-5

wildtype

cyp9-52 ssp1::sup3-5

ssp1::ura4⁺

Figure 20: Cell length phenotype for various mutant alleles in an ssp1¯ background at 30 C
growing in liquid YEA.
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3.12.1 Phenotype of disruption mutants in an ssp1⁻ background at 36 C and pH 3.5

ssp1 deletion cells at 36 C and low pH elongate and arrest as single cells. All of the
suppressor strains retained an elongated phenotype but were capable of proliferating under
these conditions (Figure 21, 22).
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spr1-1 ssp1::sup3-5

spr1-11 ssp1::sup3-5

cyp9-9 ssp1::sup3-5

cyp9-52 ssp1::sup3-5

scr1-23 ssp1::sup3-5

scr1-93 ssp1::sup3-5

scr1-95 ssp1::sup3-5

scr1-104 ssp1::sup3-5

cwf4-114 ssp1::sup3-5

wildtype

52

spr1-24 ssp1::sup3-5

ssp1::ura4⁺

Figure 21: Cell length phenotype for various suppressor alleles in an ssp1¯ background at

length (µm)

36 C and pH 3.5.

40

ssp1⁻ at 30 C

35

ssp1⁻ at 36 C pH3.5

30
25
20
15
10

Figure 22: Cell length at septation for various mutant alleles in an ssp1¯ background at 30 C
or 36 C and pH 3.5. Error bars represent plus or minus the standard deviation of the mean
(n>30).

3.12.2 Colony formation in various strains in an ssp1¯ background at 36 C and pH 3.5.

The gene disruption mutants in an ssp1¯ background were tested for colony
morphology at 36 C and pH 3.5. Mutants were still able to form, however the colonies clearly
showed the very elongated cell morphology and an uneven pattern of growth relative to the
rounded shape of wild type cell colonies.
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spr1-1

spr1-11

spr1-24

scr1-95

scr1-23

scr1-93

scr1-104

cwf4-114

ssp1:: ura4

Figure 23: Colony formation phenotypes for Hermes disrupted mutants in
ssp::ura4background at 36 C and pH 3.5 on solid EMM media. ssp1:: ura4 alone is not able
to initiate colonies.
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3.13 Localization of Ssp1:GFP in various mutant backgrounds.
Spermidine transporter (spr1) mutants, scr1 transcription factor mutants, cyclophilin
(cyp9) mutants and the cwf4 strain were crossed with an ssp1-GFPint strain and imaged to
assess the subcellular localization of Ssp1:GFP. At 30 C in EMM AU medium at midlogarithmic phase Ssp1 localizes mainly in the cytoplasm and septum. It is absent from the
nucleus. Strains with second site suppression did not reveal any changes at 30 C in any group
of insertions. However in EMM AU pH 3.5 at 36 C the Ssp1:GFP localization remains
mainly cytoplasmic, however, it disappeared from septa (Figure 24).
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30 C

36 C, pH 3.5

ssp1:GFP

spr1-1

spr1-11

spr1-24

cyp9-9

56

scr1-23

scr1-93

scr1-95

scr1-104

Figure 24: Localization of Ssp1:GFP in various mutant strains at 30 C or 36 C
with pH 3.5. The Ssp1:GFP localization was mainly cytoplasmic at 30 C and 36 C, pH 3.5.
The Ssp1:GFP was absent from the septum at 36 C, pH 3.5.
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3.14 ssp1:GFP expression on solid YEA media after 24 hours.
Cells were collected from YEA plates and examined after 24 hr growth. Spermidine
transporter and cyp9 mutants had a similar Ssp1:GFP expression as at 30 C in EMM AU
liquid culture at mid-logarithmic phase with Ssp1-GFP mainly cytoplasmic and displaying
expression at the septum.
Interestingly, all scr1 insertion mutants showed Ssp1:GFP expressed in both the
cytoplasmic and nuclear compartments as shown in Figure 25. Cells on plates are diffusion
limited for nutrients and and even though the concentration of glucose in both liquid and
solid media is the same, this may affect whether the cells sense some starvation or not.
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Q4361

scr1-23

scr1-95

scr1-104

spr1-1

spr1-11

scr1-93

scr1-113

spr1-24

cyp9-9
Figure 25: Localization of Ssp1:GFP in various mutant. Cells were grown on YEA solid media
at 30 C for 24 hrs. scr1 disrupted strains show Ssp1:GFP localizes in the nucleus.
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Chapter 4: Discussion
4.1 Transposon mediated mutagenesis system is efficient in S. pombe.
Insertional mutagenesis is widely used due to the ease of identification of the
mutation site. In fission yeast, prior to the development of the Hermes based system by
the Levin lab (Park et al., 2009) the only available insertional mutagenesis protocols
depended on the native retrotransposon (Bushman, 2003; Sandmeyer, 2003; Dai et al.,
2007) or illegitimate recombination (Chua et al., 2000). The native fission yeast
retrotransposon is of limited utility since it shows a preference for specific sites in the
fission yeast chromosomes. The illegitimate recombination system is non-selective and
effective but with relatively low insertional rates (Chua et al., 2000). Park and his
colleagues (2009) have developed a Hermes transposon system which overcomes the
obstacle of specific targeting in the fission yeast chromosomes. The house fly Hermes
transposon system actively inserts in unbiased targets in the host chromosome open
reading frames and functions as an efficient mutagen (Park et al., 2009).
This unbiased mutagenesis system showed excellent results when used in a
suppressor screen of cells lacking Ssp1 activity and placed under selection for growth at
high temperature and low pH, a condition under which ssp1¯ strains cannot form
colonies. Many different loci were identified showing a variety of chromosomal targets
on all three fission yeast chromosomes. This project confirms the efficiency of the
Hermes transposon as a mutagen and its utility in genetic screens in S. pombe.

60

4.2 Rescuing ssp1¯ under non-permissive conditions
Our data show that ssp1¯ plated under non-permissive conditions could be
rescued by inactivation of a number of different genes (Table 4). These second site
suppressors of ssp1¯ allowed ssp1¯ cells to grow as shown in Figure 21 and form
colonies as shown in Figure 23. The second site suppressor genes were confirmed
through outcrossing and reintroduction of the mutated gene to an ssp1¯ strain yielding the
same rescue phenotype (Figure 15). Three multi-allele loci were found as well as four
identified by only a single allele. Introduction of these various suppressor mutations to an
independent ssp1¯ strain resulted in restoration of colony forming ability. However,
these data do not provide insight into whether the interaction with Ssp1 is direct or
indirect.
4.3 Phenotypic characterization of disrupted mutants in ssp1⁺ and ssp1¯
backgrounds under various stress conditions
All mutants were viable in ssp1⁺ backgrounds at both 30 C and 36 C. During
permissive growth at 30 C in an ssp1⁺ background, all strains containing a suppressor
mutation grew well and within a wild type cell length range with the exception of spr1-1
which had a shorter phenotype and scr1-93 was significantly longer.
For the same mutants at 36 C and pH 3.5, the scr1 disruptions had a shorter cell
length than at 30 C except for scr1-93 which showed significantly longer cells. scr1 has a
long 5‟-UTR which often correlates with complex translation control such as in cdc25
and cdc13 (Moreno and Nurse 1994). The insertion site for scr1-93 is near the beginning
of this UTR and conceivably this has resulted in dysregulation rather than loss of function
for the gene. For spr1, spr1-1 was the same under both conditions, but spr1-11 and
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spr11-24 showed significantly longer phenotypes that did not prevent them proliferating.
All three of the spr1 alleles were in the open reading frame and therefore likely loss of
function. cyp9-9 elongated at 36 C. This insertion is in a non-coding RNA on the
opposite strand and very close to the end of the 3‟UTR, whereas cyp9-52 with an
insertion in the open reading frame had a shorter cell length at 36 C. cwf4-114 had a
slightly longer phenotype at the higher temperature.
In an ssp1¯ deletion background at 30 C, all strains had obvious cell elongation
phenotypes (Figure 22). When strains were exposed to non-permissive condition, 36 C
and pH 3.5, all strains further elongated however they were able to continue to form
colonies. Finding that only a limited number of genes could suppress the ssp1 loss of
function phenotype provides an important resource for further investigation of the
important pathways affected by or interacting with Ssp1 activity.

4.4 Deletion phenotype of genes disrupted in our screen
The Hermes transposon mutagenesis system has the potential to yield
hypomorphic alleles of essential genes since upstream and downstream insertions can
affect gene expression or translational controls. Since a gene deletion set is available for
fission yeast, the phenotypes of genes that were identified in this project can be compared
to a null allele in the form of a gene deletion. Summaries of these data can be found at
Pombase.org. The scr1transcriptional repressor deletion is viable and displays increased
glycerol dehydrogenase activity in glucose minimal medium (Matsuzawa et al., 2010).
The spermidine transporter (spr1) deletion phenotype is viable with normal morphology
and normal vegetative growth in a variety of stress conditions (Kim et al., 2010; Hayles
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et al., 2013). Interestingly, there are several spermidine transporters annotated from the
genome project but little information on their biology is known and only spr1 was found
in our screen. cyp9 deletion results in a viable cell with normal morphology and normal
vegetative growth in glucose rich medium (Kim et al., 2010; Hayles et al., 2013). cwf4
deletion results in abnormal mitotic cell cycle progression which affects the cell viability
after spore germination ending up with elongated germ tube even in glucose rich medium
(Mizuki et al., 2007; Kim et al., 2010; Hayles et al., 2013). The phenotype of the sgf29
deletion has been reported to have stress sensitivity to cadmium, caffeine and decreased
cell population growth at high temperatures (Kennedy et al., 2008; Helmlinger et al.,
2011). The detailed biology of these various genes is discussed more fully below.

4.5 scr1 transcriptional repressor
Insertions in the scr1 gene, with 10 independent alleles found, were the most
common class of suppressors (Table 4 and Figure 12). Clearly, scr1 a Zn finger
containing transcriptional repressor disruption allows the ssp1 deletion to overcome the
36 C and pH 3.5 restrictive conditions (Figure10 and 15)

4.5.1 Scr1 functions in glucose repression through protein kinase A
In the presence of glucose, cells activate adenylate cyclase through the
heterotrimeric G protein α- subunit Git8 (Isshiki et al.,1992), β- subunit Git5 (Landry et
al., 2000) and γ- subunit Git11 coupled to the G protein receptor Git3 (Welton and
Hoffman, 2000). This complex activates Cyr1 (Git2) adenylate cyclase which produces
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cAMP from ATP (Hoffman, 2005). High levels of cAMP activate protein kinase A
activity by inhibiting the regulatory subunit Cgs1 and dissociating it from the catalytic
subunit, Pka1. Activation of Pka1 leads to repression of glucose repressed genes. For
example, fbp1 which encodes fructose-1,6-bisphosphatase, is a target of the PKA
pathway which is repressed by recruiting the Zn finger protein Scr1 to one of the
Upstream Activating Sites (UAS2) (Neely and Hoffman, 2001). PKA mediated
recruitment of Scr1 at UAS2 in repression condition suppresses fbp1 expression.

4.5.2 Association of Scr1 and Tup11 and Tup12 for glucose repression
The orthologue of Scr1 in budding yeast is Mig1p (Tanaka et al., 1998) which
interacts with the global corepressor Tup1p (Janoo et al., 2001). This complex is a
repressor for chromatin structure around the promoter of Fbp1 (Hirota, et al., 2003;
Hirota et al., 2006). Scr1 interacts with Tup1 like proteins Tup11 and Tub12 at UAS2 of
Fbp1 in fission yeast (Neely and Hoffman, 2000) ensuring repression and chromatin
folding (Hirota, et al., 2003 and Hirota et al., 2006). Double deletion of tup11 and tup12
blocks repression and leads to a 100 fold increase in fbp1 expression in the presence of
glucose whereas single deletion shows low level expression (Janoo et al., 2001). Strains
lacking both Tup11 and Tup12 lose the selectivity of stress response where fbp1 is
reported to be upregulated in response to glucose starvation; however, a change in
chromatin structure is found in response to other stress like osmotic and cation stress
(Hirota et al., 2004).
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4.5.3 In response to glucose starvation, Scr1 is replaced by another Zn finger
protein Rst2
Scr1 association with Tub11 and Tub12 exists in the nucleus as long as there is a
high level of cAMP and protein kinase A is activity (Figure 26A).When the c-AMP level
drops (low glucose) Pka1 activity is inhibited leading to disassociation between Scr1 and
Tup11 and Tup12 proteins and Scr1 is exported from the nucleus to the cytoplasm.
Another Zn finger protein, Rst2, which functions downstream of PKA, has been shown to
replace Scr1 by binding Tub11 and Tub12 (Hirota et al., 2006). Rst2 is required in
glucose starved cells since it acts as an fbp1 transcription factor. In rst2 deleted strains no
fbp1 mRNA could be detected under derepression conditions (Kunitomo et al., 2000). In
strains lacking Pka1, the expression of fbp1 and ste11 was constitutive but this
constitutive expression was abolished in strains lacking both pka1 and rst2 (Kunitomo et
al., 2000).
Rst2 acts as a transcriptional activator antagonizing Scr1. Binding Rst2 to Tup11
and Tup12 converts the co-repression function to co-activation. The Rst2-Tup11-Tup12
complex initiates chromatin re-modelling and expression of fbp1 (Hirota et al., 2006).
Rst2 is localized in the cytoplasm in repression conditions and enters the nucleus in
derepression conditions (Kunitomo et al., 2000; Hirota et al., 2006). Rst2 is
phosphorylated in derepression conditions (Kunitomo et al., 2000). In Cyr1 deleted cells
Rst2 localizes in the nucleus in repression condition; however this nuclear localization
was reversed by adding cAMP to the medium (Kunitomo et al., 2000).
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4.5.4 In response to glucose starvation, Scr1 is phosphorylated by AMPK
S. pombe Scr1 is phosphorylated by AMP dependent protein kinase, Ssp2
(AMPK) a major monitor of energy status in all cells. This phosphorylation is responsible
for Scr1 export from the nucleus to the cytoplasm in the absence of glucose in the
medium (Matsuzawa et al., 2011). Moreover, in the ssp2¯ strain, Scr1 is found to be
nuclear in both glucose rich and glucose depleted media whereas in ssp2⁺ cells Scr1-GFP
localizes to the nucleus in glucose rich medium, and Scr1 is exported to the cytoplasm in
glucose depleted medium. Significantly, Ssp2 dependent phosphorylation is responsible
for delocalization of Scr1 from the nucleus to the cytoplasm (Matsuzawa et al., 2011).
Putative phosphorylation sites are conserved from Mig1p (S278, S311, S312, S381 and
S383) (Treitel et al., 1998) to Scr1 (S235, S332, S333, S408 and S410). Deletion of ssp2
prevented Scr1 nuclear export in derepression conditions; however, alanine substitution
of those serine residues did not completely prevent Scr1 export which might indicate
additional phosphorylation sites on Scr1 (Matsuzawa et al., 2011) than those found in
Mig1p. The potential additional phosphorylation site is S401 (Wilson-Grady et al., 2008).
Furthermore, in mutants of atf2 transcription factor or spc1 MAPK, Scr1:GFP did not
change nuclear localization, nor did it change upon pka1 or cgs1 deletion. Scr1:GFP
localization also stays nuclear in tor1 mutants (Hirota et al., 2006). The derepression state
is illustrated in Figure 26 B.

4.5.5 How Scr1 loss partially suppresses ssp1 deletion
Ssp2 cannot function in response to glucose in the absence of its upstream kinase
Ssp1 (CamKK) which activates and allows Ssp2 to localize to the nucleus. In ssp1ˉ
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strains, Ssp2 remains cytoplasmic. In low glucose medium Ssp1: GFP is found to be in
the nucleus although it was only possible to show this by reducing nuclear export with a
partial cold sensitive crm1 nuclear exportin mutation (Freitag et al., 2014). In the scr1
mutations there is strong localization of Ssp1 to the nucleus on solid media indicating a
role for scr1 or downstream effectors in Ssp1 export (Figure 25). In cases of nutritional
stress, Ssp1 mediated phosphorylation of Ssp2 is required to phosphorylate Scr1 thus
causing Scr1 to be exported from the nucleus and freeing UAS2 at the fbp1 promoter
from transcriptional repression. Freeing Tup11 and Tup12 from Scr1 while PKA activity
is inhibited results in the Zn finger Rst2 coactivator interacting with Tup11 and Tup12
thus activating Fbp1 UAS2. In our scr1 mutants, fbp1 and presumably a number of other
relevant genes are expressed. One major role of Ssp1 is to activate a pathway leading to
Scr1 inactivation. This might give an interpretation for why ssp1¯ cells cannot pursue
colony formation and have low glucose sensitivity. Cells might suffer glucose starvation,
shut down of transport or problems with metabolism.

4.6 Spc1 phosphorylation of Atf1 might be Ssp1 dependent
Mammalian cells activate P38 MAPK in response to extracellular stress. P38
phosphorylates and activates the ATF2 transcription factor (Wilkinson et al. 1996) which
then activates stress response gene expression. In S. pombe, the MAPK Spc1 is activated
by MAPKK Wis1 and then Spc1 phosphorylates the Atf1 transcription factor, a homolog
of mammalian ATF2. In mammalian cells phosphorylation of ATF2 by P38 is found to
be CamKK dependent (Iglewsk, 2009). When cells were incubated with a CamKK
inhibitor, the P38 dependent phosphorylation of ATF2 was blocked (Iglewsk, 2009). This
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finding indicates that CamKK may be involved in the activation of P38 and ATF2. From
mammalian P38 to yeast Spc1 MAPKs share a conserved pattern in stress adaptation
(Wilkinson et al. 1996; Shiozaki and Russell, 1996; O„Rourke et al., 2002 and Millar et
al., 1995). In fission yeast the relationship of Ssp1 activity to Spc1 is unknown, however
the synthetic lethality of double deletion of ssp1 and spc1 indicates that it acts
independently of Spc1 (Rupes et al., 1999).
A

B
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Figure 26: The role of Ssp1 and Ssp2 in glucose derepression at Fbp1 promoter.
A. In high concentrations of glucose, protein kinase A is active. PKA represses
glucose repressed genes through inhibiting the MAPK pathway and the Rst2 Zn finger
repressor . The UAS2 in the Fbp1 promoter is repressed by Tup11 and Tup12 interacting
with Scr1. B. When glucose is limited the activity of PKA is inhibited by association of
Cgs1 and Pka1. Spc1 MAPK activates Atf1 that interacts with Pcr1 and occupies the
UAS1 in Fbp1 promoter while Ssp2 is activated by Ssp1. When Ssp2 is active in limited
glucose conditions it phosphorylates Scr1 on multiple sites, and upon this
phosphorylation the association between Tup11, 12 and Scr1 is lost. Then Scr1 is
exported to the cytoplasm. While Tup11 and Tup12 persist at UAS2 the activator Zn
finger Rst2 localizes in the nucleus and interacts with Tup11 and Tup12 promoting the
derepression and fbp1 is expressed.

4.7 Loss of spermidine transporter Spr1 (SPCC569.05c ) partially rescued ssp1-.
Polyamines including putrescine, spermidine and spermine interact with DNA,
RNA and proteins that are negatively charged. They have different roles in cellular
growth, cellular survival and cellular proliferation (Bachrach, 2010). Also, polyamines
have been shown to play roles in stress response and disease (Wallace and Fraser, 2004).
Polyamines are tightly regulated by biosynthesis, catabolism and export (Minois et al.,
2011).
In fission yeast, there is an absolute requirement for polyamines for cellular
growth and proliferation (Chattopadhyay et al., 2002). In fission yeast deletion of spe2
encoding S-adenosylmethionine decarboxylase involved in spermidine and spermine
biosynthesis leads to spermidine depletion resulting in an overall delay in cell cycle
progression (Chattopadhyay et al., 2002). Polyamine depletion results in elongated cells,
proliferation arrest and abnormal actin cytoskeleton distribution and cell polarization.
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Polyamines such as spermidine and spermine along with their precursor, putrescine, in
the diamine biosynthetic pathway are the focus of active research (Minois et al., 2011).
Spr1 has been identified as being a Golgi or endoplasmic reticulum protein in a
large scale ORFeome project (Matsuyama et al., 2006). Interestingly the three alleles
identified display a progressive increase in cell elongation in going from the amino to the
carboxy end of the protein in an otherwise wild type background. This may suggest that
only the most amino terminal insertion (spr1-1) is a full loss of function and that the other
alleles, expressing a substantial portion of the ORF either have an altered transport
capacity or are interfering in some other way with cell metabolism. A full deletion of
spr1 in the Bioneer deletion set has been annotated as having a normal vegetative cell
morphology (Hayles et al., 2013). It is possible that the translated partial ORFs behave in
a dominant negative fashion although this has not been tested. It is also of interest that the
gene appears to be expressed at very low levels (~1 mRNA molecule per cell) under
normal and nitrogen deficient growth conditions (Marguerat et al., 2012).
4.7.1 Polyamine transport is pH sensitive
In budding yeast there is an active uptake and excretion of polyamines.
Polyamines (spermidine and spermine) transport is pH dependent. Polyamine uptake
occurs at alkaline pH ≈ 8.0 but is inhibited at pH ≈ 5.0. In budding yeast, Tpo1, the
orthologue of the Spr1spermidine and spermine transporter, was reported to have a role in
polyamine excretion in low pH environments (Uemura et al., 2005). Furthermore, Tpo1
activity is regulated by phosphorylation and dephosphorylation (Igarashi and Kashiwagi,
2010; Uemura et al., 2005). The acidic extracellular environment has been shown to
activate polyamine excretion in E. coli (Higashi et al., 2008).
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4.7.2 Spermidine improves longevity by activating autophagy
Recently, spermidine, an acetylase inhibitor, has been shown to increase the life
span in different model systems. In budding yeast, spermidine supplemented medium led
to life span elongation by 4 times in old and young cells (Eisenberg at al., 2009).
Furthermore, spermidine promoted life span longevity in flies, worms, human cells and
mice (Eisenberg at al., 2009). Spermidine is thought to improve longevity due to
acetylase inhibition such as Histone 3 acetyltranferases (IKI3 and SAS3) leading to
epigenetic reprograming in the transcriptome (Morselli et al., 2011).
The second mechanism for spermidine to improve longevity is by enhancing
autophagy. It has been reported that spermidine enhanced autophagy is AMPK dependent
where a reduction in energy is one of the main triggers of autophagy (Kroemer et al.,
2010). Deacetylation of LKB1 by SIRT1 in mammalian cells causes translocation from
nucleus to cytoplasm where it phosphorylates and activates AMPK (Ruderman et al.,
2010). In mice, overexpression of spermine /spermidine acetyltransferase leads to
depletion of the ATP pool and improvement in glucose tolerance, high insulin sensitivity,
and the activation of the AMPK pathway. Low levels of ATP in adipocytes leads to
activation of AMPK which is reversible by addition of a polyamine inhibitor (Pirinen et
al., 2007; Koponen et al., 2012). These results show a correlation between the polyamine
levels and glucose consumption and AMPK pathway activity. Additionally, AMPK
initiates autophagy machinery where AMPK downregulates the mTOR pathway and
thereby suppresses protein synthesis (Tirupathi et al., 2011).
Spermidine decreases apoptosis and induces autophagy in pancreatic beta cells.
Spermidine activated AMPK overcomes the unfolded protein stress response in the
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endoplasmic reticulum (Pichiah et al., 2011). Thus, spermidine is suggested to have
therapeutic intervention in type 2 diabetes.

4.7.3 How spermidine transporter (Spr1) inactivation suppresses ssp1 deletion
The role of spermidine in enhancing autophagy by reduction of acetylation,
suppression of mTOR and reduction of apoptosis by activating AMPK might have an
interpretation in suppressing aspects of ssp1¯ phenotype. In our screen based on low pH
and high temperature, spermidine would be excreted (Uemura et al., 2005). The loss of
function of spr1 might lead to retention of spermidine intracellularly where it could
inhibit acetylation and perhaps more importantly activate AMPK in the absence of Ssp1.
This would lead to Scr1 phosphorylation and removal from the nucleus, thus removing
glucose repression. In the scr1 mutant, Ssp1:GFP was found in the nucleus on solid
media. However, in spr1 mutants, Ssp1:GFP could not be found in the nucleus but was
found in the cytoplasm as in mammalian cells where LKB1 activates AMPK to initiate
autophagy. Ssp1:GFP in spr1-1, spr1-11 and spr1-24 shows a patchy distribution in the
cytoplasm (Figure 25).

4.8 cyp9 disruption suppresses ssp1¯ stress phenotype
One independent Hermes insertion (cyp9-52) disrupted cyp9 and another, cyp9-9
is just downstream of the 3‟UTR open reading frame. Both cyp9-9 and cyp9-52
suppressed ssp1¯ at 36 C and pH 3.5.
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It is intriguing that cyp9-9 disrupts the 3‟ region of a non-coding RNA,
SPNCRNA 1128, of unknown function. The most likely functional relationship is that
the position of the insertion is interfering with cyp9 transcription and hence I have
included cyp9-9 as an allele of cyp9. It remains to be tested whether the non-coding RNA
is important either by itself, or by affecting cyp9 or some other gene, in suppressing ssp1-.
Several possibilities are worthy of further investigation.
One possibility is that the reported position of the 3‟ cyp9 termination is not
correct. This is subject to testing by analyzing the transcript.
To test whether the insertion functions in cis on cyp9 could be tested by
constructing a diploid and testing under restrictive conditions.
SPNCRNA1128
cyp9::KanMx6
_________________________________________
SPNCRNA1128::KanMx6(cyp9-9)
cyp9

ssp1::ura4-D18
_____________
ssp1::ura4-D18

Last, if SPNCRNA1128 functions in trans then a deletion of the 5‟ portions of the
non-coding RNA to disrupt it at a greater distance from cyp9 and presumably block the
transcription of the full gene, might be expected to have the same phenotype as a cyp9
disruption in a haploid.

4.8.1 Cyclophilins function in immunosuppression
Cyclophilins catalyze cis/trans isomerization of proline residues in proteins and
function in many cellular pathways (Fischer et al., 1989; Horowitz et al., 2002 and Jurica
et al., 2002). Cyclophilins are the target of cyclosporin A which serves as an
immunosuppressant drug. Cyclosporin A binds to cyclophilin thus blocking it from
activation of the Ca++ regulated serine/threonine phosphatase, calcineurin (Bram et al.,
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1993). Targeting cyclophilins for immune suppression has been employed clinically, for
example, cyclosporin A is one of the most famous immunosuppressants, functioning by
blocking calcineurin in T-cells (Colgan et al., 2005).
There are nine putative cyclophilins in fission yeast based on the genome
sequence. All cyclophilins contain a single peptidyl-prolyl cis/trans isomerase PPIase
conserved domain (Pemberton and Kay, 2005). In addition to the PPIase domain, Cyp9 in
S. pombe contains one complete WD40 motif and two divergent WD40-like motifs in its
N- terminus. These features make Cyp9 unique among the nine fission yeast cyclophilins.
The WD40 family of proteins function in assisting the assembly of multiprotein
complexes (Neer et al., 1994). Also, the region between the PPIase domain and WD40
motif shows a high degree of sequence conservation between orthologues. Cyp9 has a
single nuclear localization sequence in its N- terminus.
cyp9 shows upregulation during oxidative stress (Pemberton and Kay, 2005).
PPWD1 the mammalian orthologue of S. pombe cyclophilin 9 has been associated with
pre-mRNA splicing (Davis et al., 2008).
4.8.2 CamKK (Ssp1) might have a role in splicing machinery
In a broad proteomic search for phosphopeptides in fission yeast, a Cyp9 peptide
was identified (Wilson-Grady et al., 2008). S13 is phosphorylated in consensus
DVSPVGLPK. In addition, the CamKK consensus suggests the S237
(YIFKKQKSVPTSLEV) and T540 (LKHDRPFTVMANSG) sites are potential Ssp1
phosphorylation sites. Furthermore, Hübner and Phi-Van (2004) have suggested a role of
CamKK in splicing machinery regulation through the cyclophilins suggesting that they
must be phosphorylated by CamKK since selective inhibitors also affect pre-mRNA
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splicing (Hübner and Phi-van, 2004). In addition, CamKK deficient mice showed an
alteration in splicing factors Srp20 and Sfrs3 (Antunes-Martins et al., 2007). Recently, a
study by Liu and Tang (2013) found that pre-mRNA splicing is regulated by CamKK
through TGF-β-activated kinase 1(TAK1) in mechanical stress in the Ca²⁺ efflux pathway
(Liu and Tang, 2013). These publications establish a role for CamKK regulation of
aspects of the splicing machinery.
4.9 Cdc5 and its complexed subunits
The cdc5 gene in S. pombe was originally identified as essential for cell cycle
progression with cells arresting in G2 phase (Nurse et al., 1976). Cdc5 is part of the
spliceosome complex. It shares significant similarity to the DNA binding domain of
vertebrate proto- oncoprotein Myb (McDonald et al., 1999).
Cef1 is the S. cerevisiae orthologue of Cdc5 and arrests as a large budded cell
(Ohi et al., 1998). Cdc5 co-purifies with snRNAs like U2, U5 and U6 indicating
association of Cdc5 with snRNPs in S. pombe. (McDonald et al., 1999).
4.9.1 Subunits complexed with Cdc5, Cwfs
Many of the proteins complexed with Cdc5 function in pre-mRNA splicing. Some
of these genes are named gene complexed with Cdc5 or CWFs. Cwf3 and Cwf4 crooked
neck protein splicing factors have tetratricopeptide repeats (TPR). A number of Cdc5associated proteins are essential. cwf1,2,3 and 4 deletions are not viable (McDonald et
al., 1999). As an essential gene, it is of interest that the insertion is in the non-coding
RNA on the opposite strand and does not disrupt the cwf4 ORF. The working assumption
is that the insertion interferes with Cwf4 expression but does not eliminate it.
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The human orthologue of Cwf4 is CRNKL1. CRNKL1 co-localizes with SR and
SM protein splicing factors implicated in snRNP biogenesis (Chung et al., 2002).
CRNKL1 is essential for splicing (Chung et al., 2002). In addition, The S. cerevisiae
orthologue Clf1 is a member of the Nine Teen Complex which contains Prp19 and
stabilizes U6, the catalytic form of snRNP in spliceosome (Jurica et al., 2002). Recently,
S. pombe Cwf4 was found to be a Nine Teen complex (Prp19) member that is essential
for spliceosome activation (Ren et al., 2011). Clf1 is essential for the 5‟ end splicing site
cleavage of pre-mRNA in vivo and in vitro. In addition, Cwf4 orthologue Syf3 in
budding yeast has been found to be transiently associated to U6 and U5 snRNPs (Sapra et
al., 2004) which is required in pre mRNA splicing and its deletion resulted in cell cycle
arrest in G2/M (Russell et al., 2000). In early spliceosome function, Syf3 was reported to
be associated with U1 and U2 snRNPs (Sapra et al., 2004).
4.9.2 Ssp1 co-immunoprecipitated with Cwf10
Very interestingly, in an immunoprecipitation experiment performed with Ssp1
FLAG, besides the 14-3-3 proteins Rad24 and Rad25, Cwf10 was also coimmunoprecipitated (Hanyu et al., 2009). Cwf10 is complexed with Cdc5 which
represents the GTPase component of U5 snRNP. Cwf10 is proposed to be involved in
conformational changes of the spliceosome (McDonald et al., 1999; Ren et al., 2011).
The association of Cwf10 with Ssp1 might make the interaction direct or indirect with
Cwf4 or other spliceosome components being involved. Looking for interaction between
CamKK and Cwf4 using a motif scan tool to identify potential phosphorylation sites, two
residues on Cwf4 can be phosphorylated by CamKK. First, S276
(DFMPRSKSMELYKEY) and T262 (KEYERARTIFKYAID) are possible with S276
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being the most likely. The phosphorylation of Cwf4 by Ssp1 might be required for
splicing.
4.9.3 Two Ssp1 suppressors implicated in spliceosome
This study provides new insight into interaction between Ssp1 and two proteins
(Cyp9 and Cwf4) which have been implicated in pre-mRNA splicing. Such genetic
interaction between serine/threonine kinase Ssp1 or its orthologues in different models
should be a subjects for further comprehensive future study to demonstrate the effect of
this kinase activity on the splicing factors and whole dynamic spliceosome complex.
4.10 The transcription factor TFIIH complex subunit (ERCC-3) Ptr8 is an Ssp1
suppressor
Ptr8/ ERCC-3 is the homologue of SSL2 in budding yeast (Guzder et al., 1994;
Prakash and Prakash, 2000) whose mutation results in mRNA export defects. The
temperature sensitive ptr8 mutant shows accumulation of (polyA) RNA in the nucleus at
non-permissive temperature (Mizuki et al., 2007). The Ptr8 homologue XPB in human
has an established function in Nucleotide Excision Repair (NER) and transcription (Fuss
and Tainer, 2011; Oksenych and Coin, 2010). In S. pombe Ptr8 is essential for cell
viability however the Hermes insertion is in the 5‟ UTR (position 1761558 bp) and this
presumably is affecting transcription rates but allowing sufficient Ptr8 protein to be
translated to ensure viability.
4.11 Future directions
My results have outlined several pathways and points of regulation representing
downstream targets of Ssp1. Some of these, based on the literature are likely to be via
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Ssp1‟s activation of Ssp2 AMPK and its subsequent actions. Others are likely to be
direct. Following severe stress, the diverse targets suggest that there are multiple ways to
tip the balance back towards growth following Ssp1 deletion. The most important of
these are concerned with the regulation of glucose metabolism directly or indirectly and
others clearly implicate shifts in the broader transcriptional machinery and the processing
of mRNAs. The results also point to the regulation of aspects of metabolism by the
diamine pathway. How all of these relate to each other points to major gaps in our
understanding of stress response. There is much to be done.
Detailed understanding of how these changes affect cell growth and division will
require substantial efforts focused on the individual genes.
The screen was not saturated and it could be broadened. This could be done by
pooled whole genome sequencing of a larger pool of suppressed strains.
These are large projects and there is clearly ample room for further exploration.

4.12 Conclusion
1. The Hermes transposon system is an efficient mutagenesis system in S. pombe.
Several multiallelic complementation groups were discovered (scr1, spr1, cyp9
which, when disrupted, rescues ssp1 deletion at 36 C and pH 3.5.
2. Several other genes with single disruptions affecting splicing or transcription also
alleviated the ssp1- phenotype at high temperature and low pH.
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3. In two cases (cyp9 and cwf4) disruption of long coding RNAs overlapping with
ORFs on the opposite strand or near the 3‟ ends of ORFs appear to affect the
activity of the associated coding gene.
4. All suppressor strains display elongated phenotypes at 36 C and pH 3.5in the
absence of ssp1 but were capable of colony formation.
5. Ssp1: GFP in scr1 disrupted strains has nuclear localization on solid meida
whereas other suppressors show Ssp1: GFP to have patchy cytoplasmic
localization.
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Appendix 1: Full Complementation Table. Different mutant strains outcrossed and three
major Groups identified. red :spr1, green: scr1, yellow: cyp9, light blue: tested, dark blue: not
tested.
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Appendix 2: Sequences recovered from inverse PCR identifying insertion sites
strain

sequence

sm1

GANAATACTCGNGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAAC
NNNNNNGNTNATCTATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGATAGCGGT
ACCTCGATGCTTGTTAGAATACATGTCAGCAAATGCTGCAGCAACGACAGTAAGAGGAGCA
CTAGCAAAGAAACCGCTGAAAAATCGACACATCATTATTGTTTGGATATCTTTTGCAACAG
CAACACTAATATTGAAAATACCGAATCCAAACATTCCAATCAGTAGGGGAAGCTTTCTGCC
GCTAAGCTCAGACAGAGGAGCCCAAACAATAGGTCCTGCAATGTAACCACATAAAAATAC
GGTCATAGTTAACAAAGAAACGGTTAAACTGATATGAAAAATGGNAGTAATAGCTTCGGC
AGGAACGGAAAAGACAGATGANGCAAAAGTAGAACACAAAGCGACATATGAATAAACNC
AAGTGANTTTCAGTTTTTTTCTAAAAGGCCAATTTACNGCGANCNNAGGGCTTNNNGNGTC
TATTGAAAAGACAAANCGATCA

sm11

CTCGNGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAANNNNNNTGCTTATC
TATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGGTGCTTACCGTACCTGACGTTG
CAAAAAATTATTTGTTGGTTCCAATGAAACTGTTGTTTACGGAGCCCATCGTTTTCTTAATT
ACACTGTATAGCTCATTTGTTTATGCTATCCTTTATTTATTACTTGAGGCTTATCCCATCATC
TTTAGCGAGAAACGACATTTCTCTATGGGTGTTGCCGAATTACCATATATCGGTCTCTTGGT
TGGAGTTTTCATTGGCTCTGCCATCAATATTTCCTTCGAGCCATGGTACTATAGAAGATGTT
TGGCACTTGGTGGGAAGCCTGATCCGGAAGCTCGTCTACCTCCAATGATGATTGGCTGCTTT
ATGTTTCCAGCCGGTATTTTTTGGTTATCATGGTCCGGTTATTACTCTTATGTACATTGGATT
GTGCCTACATTATCCGGATTAGCTACAGGTTGTGGAATCTTACTAATTTTTTTACAATGTCT
AAATTATTTAATCGACGCGTACTTGTTTCNAGNTGCTTCTGCAGTTGNTGNNAACACTANTN
ATGCGAAGTGCAATGNCGNNCGNATTTCCANNATTCNNAGTGCAAATGTTTCATNNATATG
NNNNNNNNATG

sm10

AATNCNCGTGTATAAAANNNTACTTGNACTCNAAAGGCTTGANACCCAANNNNNNNNNNN
ATCTATGTGGCTTACGTTTGCCTGTGGNNNGNNNNNAGTTCTCTGGTGCTTACCGTACCTGA
CGTTGCAAAAAATTATTTGTTGGTTCCAATGAAACTGTTGTTTACGGAGCCCATCGTTTTCT
TAATTACACTGTATAGCTCATTTGNTTATGCTATCCTTTATTTATTACTTGAGGCTTATCCCN
TCNTCTTTANCGAGAAACGACATTTCTCTATGGGTGTTGCCGAATTACCNTATATCGGTCTC
TTGGNTGGANTTTTNNTTGGCTCTGCCATCNATATTTCCTNCNNNNNCTGGTACTATANAAN
ATGTNNGNNACTTGNNGNNAGNNNNNNNNNNANNNNNNCNANCTN

sm24

ACTCGTGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAACACTTGTGCTTAT
CTATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGATCCGGAAGCTCGTCTACCT
CCAATGATGATTGGCTGCTTTATGTTTCCAGCCGGTATTTTTTGGTTATCATGGTCCGGTTAT
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TACTCTTATGTACATTGGATTGTGCCTACATTATCCGGATTAGCTACAGGTTGTGGAATCTT
ACTAATTTTTTTACAATGTCTAAATTATTTAATCGACGCGTACTTGTTTCGAGCTGCTTCTGC
AGTTGCTGCAAACACTATTATGCGAAGTGCAATGGCGGCCGGATTTCCATTATTCGCAGTG
CAAATGTTTCACAATATGGGTGTTGGATGGGCTGGCTCACTTTTGGGCTTTATTGCAGTTGC
TTTAATCCCCATGCCTTTTGCTTTCTTTTTCTTTGGGCGGAAGATTCGTGAAAAAAGCAAGA
TGGCTGTTGTATTGTGAGGCGTCAACAAAATGGTTAGACTTTAATTCACTTTTTGACTTAAT
TTAATTTTCTCTGTCTCCGGGTTTGAACGAGAAGGAAATATTTTTATATATGTCTAAATA
AATACATGAAAGAACGTATGTATTTTTATTTTTTGTTGTTCGCTTAAAATTCGTTATCGGTA
AAACTTATTTTTGATTTTCAGTCTAAATTTTCGCATTGTTTACTTTGCAGGTTTTTCTGTTTTT
ACTTTTTTTTGTTGTATAAATAATTTGAATACCGATAATTAAAGAAAAGGAAACGAATTCG
AGCTCGTTTNAACTGGATGGCGGCGTTAGTATCGAATCGACAGCAGTATAGCGACCAGCAT
TCNCATACNNATNGACGCATGATATTACTTTNCTGCGCACTTAACTTCGCATCTGGGNANA
NNNNNNNNNCNAA

sm113

CTCGTGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAACNCNTGNGNTTATC
TATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGATACTCAAAGTAAATCAAGCT
CCACCGGTAGTATCCCCATACTACCAGTGTGTGACAAAGTGAAAATTTTTTAATTTCAAGGC
TTCAAGACTTGTTTGCTTGCTTTCTTCCATTTGACTTGGGTTTTCATAGCATTTCCTTCAGTTC
TCTGCGTTGCCTGCTACTTTGGGATTTCCTTAGAGTCGTAAATTTTTTTTTTTCTTTCCCAATT
TTTTCAATTTTCNCTTTTCATTCTTCCTTTTATTATNATTTTATTTTNAGNN

sm93

ACTCGTGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAACaCtTGtGctTATCTA
TGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGCTTTCTTCCATTTGACTTGGGTTT
TCATAGCATTTCCTTCAGTTCTCTGCGTTGCCTGCTACTTTGGGATTTCCTTAGAGTCGTAAA
TTTTTTTTTTTCTTTCCCAATTTTTTCAATTTTCTCTTTTCATTCTTCCTTTTATTATTATTTTAT
TTTTAGTTTTATTCTATTTTATATTTTTCTCCCTTTCCTTTCTTTTCCTTCATTCTTCTTTTTTG
NTNGGGGGNCGGNTTTTATTCAATTTTTTCCNCTTCTACTTCTTCTGNATTTTCCTTACNTCC
AACTTTGGAAAATCTCATCCATCCNNCTTACNTTGCCTCNACTTTGTATCNANNGNTTTTTT
CTCACCTCATCTGCTTTGNTTTGCTTTGCATTTTNNNANNTCAATCCGGTNCNNGNTGNATT
CGGCCCGTTAATTTTTAAATTTGNCGCCTTCTCNCTACATCATTCCTCTCTTCGNTCNANCGA
GGNANCCGTCTTTTTTCTTTCNNCAACAAATTGANTNGNNNATNCTTCCNCCNCTTTCNCCT
TTTCTTTTTNGNCCATCNNTNANNCCTTCNGNGNGTNCGNCTNCNNNNGCCACNCACATAA
NCGNCTNGNNGNANCCTTTTTCTNGANNCCCATTCAANCNCCTTTTTTTNATCNCTTCNAAA
ACTNGNNNAANNNNNGNNTGNTTTTTTNTTTTNNNNNTTNNNNCNNNTNCGNCCNANANTT
NANNNNNNCTTNANAANNTTTCNNNCCATNCGCCNNATNNANANNNATTNNNNCNATNAN
NANAANNNAGGNNANCTGGNNNATNGNTNNCCTTNTCNNTGNNNCCNTCNTNGNNNTTNN
CNNANN

sm23

ACTCGTGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAACNCTTGTGCTTAT
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CTATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGACCCGTAACATGGATTGTAG
TACCATTTTGAGTGGTATGAAGGGCATCGGGAATACCGTAGATAGTGGCAGGTTGAGCTTG
AGCGGGTAGGTTGTGAGGCTGTCCATTACTAACGAAAGTAGCTTGTTGTTGTTGCACTGAA
GCCGAGTAATGGTGAGGATAACTCATGGAAACGGCGGCAGTGGCGACGGGAGGTGCAACC
GACATGCCAACTTGAGGAATGAACACGGGGTAGGAAGGATTCACATTAGGATTCATTGAA
GCATTGGTCATATGCACACCAGCATTGTTTGTAGATGGTTCTAAATTGCCAGCAGGAGAAT
TGGAGCTTCTAGCAGAATTATTAGCGGCAGCGGCAGCAGCAGCGTTCCTTCTAGAGTTTGC
ATTTGTATGGATGCGTGCATGTCTCGTCAATTCATCGCTACGAGAGAA
TCGTTTGGCACACCCAGGAAAAGTACAAACATGAGGCTTTTCACCCGTATGCGTTCGAATA
TGACGGGTTTGATGCTCTAAACGATAGAAGGCCTTGGTGCATAGTGNGCATTTGTAAGGAC
GAGGAGCGTCAGGATTCTTGGTAGAGCGGGATGGCTTACCGGTTGTTGNGGCAGTGGTGGC
TTCGGANATGACGAAGTAATAAACAGAGCACGGCAAAGAAGGNAGAAGTAANAAANAGA
GAANAAAAANNTANCNCGAGTAAGNGNNAGNATTTAATAAAAAATAGCTTNNTTCNCCNN
ANANAGANAANNNAANNN

sm95

CTCNNGTATAANANNNTACTTGCACTCAAAAGGCTTGACACCCAANNN
NNNNNNNNNNNNNTCTATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGGTCCGA
AGCCACCACTGCCACAACAACCGGTAAGCCATCCCGCTCTACCAAGAATCCTGACGCTCCT
CGTCCTTACAAATGCCCACTATGCACCAAGGCCTTCTATCGTTTAAAGCATCAAACCCGTCA
TATTCNAACGCATACGGGTGAAAAGCCTCANGTTTGTACTTTTCCTGGGTGTGCCAAACGA
TTCTCTCGTANCGATGAATTGACNAGACATGCNCNCATCCATACNANNGNNAACTCTANAA
NGAACGCTGCTGCTGCCGCTGCCGCTAANAATTTCTGCTANAANCTCCNATTCTCCTGCTGG
CAATTTANAACCNTCTNCNAACNANGNNNNGNGNTGCATATNACCAANGNNNNNATGAAT
CCTANNNNNAATCCTTCCNACCCCGTGTTNANNCCTCAAGTTGGCATGTCCNGTTGNN

sm14

TACTCGTGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAacacttgtgcttATCTAT
GTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGCTACCTACTACATTCATCTGCTTCG
GTGGGGAAGGAGCATTAGATAAAGGCATTAAATTAACACCCGAAGACTTTGTAGGAGTGA
TTCTAGGGGCAGCATCCAATTGATTAGCAGCCGCTGAAGCCAACAATTGCATCTCGTTCAT
GGACGACAATCTGGAATCGGGTTCCGAGCGTTGAGAAACAGCACCCGGAGGGGTACCCGT
AACATGGATTGTAGTACCATTTTGAGTGGTATGAAGGNNATCGNNAANACCGNANATANN
GNCNNGNTGAGCTNGANCGNNNNNNTTNNNANNNTNNTTTTNNNN

sm104

AGTTGNGNNNNNNCTCGTGTATAAAAAAATACTTGCACTNAAAAGGCTTGACACCCAAAA
CaCtTGtGcTTATCTATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGGTGTAGACG
CGGAAAAGGCGTTAGGATCACACTTCAAAGGAGGAATTAACGGAACTTGAGAAGGTCGTA
GAGAAAGCGAGCGGATAGAAGGTAATTGAACGCAAGATGGATCATCCATGGGTCTCAAAC
GAGGAGAATGTGCCGGTGTAACGAGAGGTGTGACGTCTGGGGTGGGACTAAAGCTCCTAG
TGGAAAAGGTAGGACTACTCGGTGCAGTGCTGCAGGGGGAAACCGGGCGAGAGCGACGCT
GGTATCGGAAATGGGCAAAATCACTTGACGAAGAATCATCATCAAAGCCATTGGATACGCT
GGGTCGAGAATAAGGCAAATAGTTGTAATGGGCATAACGTAAAGACTGAGGAGCGTAAGC
CGTAGTACCAACGCCATACATTGAATGAAGGCAGTACTACTGTTAGATTTGCTAGGCAGAT

104

AGGGAGTCTGCATAGACGAATTACTATATAAAGAGTTCTCGAGCCATTAGTATACTTTGTA
AATGAACCAGTGGATGAGTTAGAAGTTAAGCCTCTATTGGGAACCGATGCGAGATGATTAG
GAGAAGTATTGNATGATGATGGNNGACTACCTACTACATTCATCTGCNNNNNNNNGNNAA
NGAGCATTNNANNNGNNNNTTNNATTNANNCCCNNNNNACTTTGTNNGANNGATNN

sm20

CTCGTGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAACACTTGTG
CTTATCTATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGGTAGTCTGCCATCATC
ATCCAATACTTCTCCTAATCATCTCGCATCGGTTCCCAATAGAGGCTTAACTTCTAACTCAT
CCACTGGTTCATTTACAAAGTATACTAATGGCTCGAGCAACTCTTTATATAGTAATTCGTCT
ATGCAGACTCCCTATCTGCCTAGCAAATCTAACAGTAGTACTAGCCTTCATTCAATGTATGG
CGTTGGTACTACGGCTTACGCTCCTCAGTCTTTACGTTATGCCCATTACAACTATTTGCCTTA
TTCTCGACCCAGCGTATCCAATGGNTTTGATGANGATTCTTCGTCAAGTGATTTTGCCCATT
TCCGATACCAGCGTCGCTCTCGCCCGGTTTCCCCCTGCAGCACTGCACCGAGTANTCCTACC
TTTTNCACTANGAGCTTTAGTCCCACCCCAGACGTCACACCTCTCGTTACACCGGCACATTC
TCCTCGTTTGANANCNNTGGATGANCCATCTTGCGTTCAATTACCTTCTATCCGCTCGCTTT
CTCTACGANCTTCTCAAGTTNCGTTANNTCCTCCTTNGAAGTGTGATCCTAACGCCTTTTTN
CGCGTCTACACCAGCCTCTGGNGCTGTCTCTCGTACTCCATCGTCCGTCTCTCTGANCTCGT
TTAAACTGGATGGNGGNGTTNGTATCGAATCGACAGCAGTATANCGACCNGCATTCNCATA
CGATTGACGCATGATATTNNTTTNNNNNCACTTANNTTCNCATCTGGGNAGANGA

sm60

ACTCGTGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAACACTTGTGCTTAT
CTATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGGTACTAGCCTTCATTCAATGT
ATGGCGTTGGTACTACGGCTTACGCTCCTCAGTCTTTACGTTATGCCCATTACAACTATTTG
CCTTATTCTCGACCCAGCGTATCCAATGGCTTTGATGATGATTCTTCGTCAAGTGATTTTGC
CCATTTCCGATACCAGCGTCGCTCTCGCCCGGTTTCCCCCTGCAGCACTGCACCGAGTAGTC
CTACCTTTTCCACTAGGAGCTTTAGTCCCACCCCAGACGTCACACCTCTCGTTACACCGGCA
CATTCTCCTCGTTTGAGACCCATGGATGATCCATCTTGCGTTCAATTACCTTCTATCCGCTCG
CTTTCTCTACGACCTTCTCAAGTTCCGTTAATTCCTCCTTTGAAGTGTGATCCTAACGCCTTT
TCCGCGTCTACACCAGCCTCTGGTGCTGTCTCTCGTACTCCATCGTCCGTCTCTCTGAGCTCG
TTTAAACTGGATGGCGGCGTTAGTATCGAATCGACAGCAGTATAGCGACCAGCATTCACAT
ACGATTGACGCATGATATTACTTTCTGCGCACTTAACTTCGCATCTGG

sm42

CTCGTGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAaACaCTTGTGCTTATCT
ATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGCTTTAGTCCCACCCCAGACGTC
ACACCTCTCGTTACACCGGCACATTCTCCTCGTTTGAGACCCATGGATGATCCATCTTGCGT
TCAATTACCTTCTATCCGCTCGCTTTCTCTACGACCTTCTCAAGTTCCGTTAATTCCTCCTTT
GAAGTGTGATCCTAACGCCTTTTCCGCGTCTACACCAGCCTCTGGTGCTGTCTCTCGTACTC
CATCGTCCGTCTCTCTGAGCTCGTTTAAACTGGATGGCGGCGTTAGTATCGAATCGACAGCA
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GTATAGCGACCAGCATTCACATACGATTGACGCATGATATTACTTTCTGCGCACTTAACTTC
GCATCTGGGCAGATGATGTCNAGGCAN

sm41

CTCGNGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAACACTTGTGCTTATC
TATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGGTCTACACCAGCCTCTGGTGCT
GTCTCTCGTACTCCATCGTCCGTCTCTCTGAGCTCGTTTAAACTGGATGGCGGCGTTAGTAT
CGAATCGACAGCAGTATAGCGACCAGCATTCACATACGATTGACGCATGATATTACTTTCT
GCGCACTTAACTTCGCATCTGGGCAGATGATGTCGAGGCA

sm43

CTCGTGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAACACTTGTGCTTATC
TATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGGTCTACACCAGCCTCTGGTGCT
GTCTCTCGTACTCCATCGTCCGTCTCTCTGAGCTCGTTTAAACTGGATGGCGGCGTTAGTAT
CGAATCGACAGCAGTATAGCGACCAGCATTCACATACGATTGACGCATGATATTACTTTCT
GCGCACTTAACTTCGCATCTGGGCAGATGATGTCGAGGCN

sm9

CTCGTGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAACACTTGTGCTTATC
TATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGATGTTGTGCACAGGATTGAGC
AAGGTGAAACAGATAAATATGATCGTCCTTTGGAGCCAACAAAAATAATTAACATCAGTAT
CGTTTATACCTAATTCTCTCTGTATTATTTACAGGATAGCCCATACGCGCTTTAGATACACG
TCCATGTACAGTAGAAGGACCTTTGGCAGAAACAGTGGGATTTTACACTATATAAGCCATA
CTGTTCTAAGAAAATTAAATCTCTATTAATTTAGTAAATTGCAATTACCGGATAGAAATATC
TTCTTTTATTTGATGCTGGTGTTATTCTGTTAAGCATAATGATATATCCTTCTTTTCCTGCTC
GCTGCAGAAAGTCTAACATCTAGCCATGTGATTCAAAAAAATAATGTAACTCGAATAATAT
TTTTAAGCGAAGGAAAGGTTAAATGCCGACTAAATTTGAATTGTAAACAATCAATAATTTT
GCTTCTATTATTGCACACATGCATATTAATTATTTTGGTACGTAAATATTCATTTAT
TCAATAAATAAGACACTATGGAGTAATTGTAGAATTCGAGCTCGTTTAAACTGGATGGCGG
CGTTAGTATCGAATCGACAGCAGTATAGCGACCAGCATTCACATACGATTGACGCATGATA
TTACTTTCTGCGNACTTNANCTTCGCATCTGGGCAGATGANNNTCGAGGC

sm52

ACTCGTGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAACACTTGTGCTTAT
CTATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGATGGATATGTCAAATTTTGG
CACAAAACACCAAACGGNGTGGAATACATTAAAGAGTTTCATGCTCATAATGCAATGCTTC
TTTCANCTGAGTTAAGTCAGGATGAGAGATTATTTATTACTGGTGCAGATGATAAATCGTTA
AAAGTATTTGACGTTGAAANCNNTGACTTANTGNNTATTATTGATTTAGAATTCGAGCTCG
NTNNNACTGGATGGCNNNNTTNNNNTCNNATCGACNGCANNATNNNGACNNNCNTTCACA
T

sm114

ATACTCGTGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAACAC
TTGTGCTTATCTATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGTGCCACAGGTT
GTTAAGAAACGCCGTAGACTTGAAGACGGTTCATTCGAAGAATATTTGGACTATCTGTTTC
CGGATACGGCGACTGATCAAGGAGATAAGATGCGCAAAATGCTCGAACTTTCGCGAAAAT
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GGAAAGAGGAAATGGCTAAAAAGAAGCTGGAGGCCTAGATTACATATGACATTTATTGGC
GCTATCAGTTTAATATTTAGTAATCGTGTAAAATATTAGTAATTAATTGTTTACGAGGCAAT
GGGTCATGTAAATGGACGTTGTTACGAAGTTGAGGATATTCAGCGCTTTGGACTGTTCGGA
TAATAATAAAATAACTGTTTTTGCATTTGAAAGGCCGGAATGGCGCGTANAAATAAGACAA
GCAATCCATATTAGTATTATTAACCTTGAGTTTCNANCTGAGTTNACTTACTAAGCNAGATA
ANCNAAAAATTNATGGATATTATGTTGAGGGAATCACACTNNNGAAATGANAAAGTTGNA
NACATGACNATTTNGANNANTNCNANNCNATTTCGTAANTANNNCATTANN

sm2

CTCGTGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAACACTTGTGCTTATC
TATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGATGTGACATCCATGTGGGTTA
AATTTCATGAAAGCCTAAATCCCATTCGGTCTAGTTTAATAAAACAAGAAGAATGTTATAA
AACGGTTGATGGCGACGATAATCCAATTGAAGAAAGAATTAAAGCGTGTGACGCGGGAAT
TCGAGCTCGTTTAAACTGGATGGCGGCGTTAGTATCGAATCGACAGCAGTATAGCGACCAG
CATTCACATACGATTGACGCATGATATTACTTTCTGCGCACTTAACTTCGCATCTGGGCAGA
TGATGTCGAGGCAA

sm119b

CTCGTGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAACaCTTGTGCTTATCT
ATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGGTACCATGACCCGAAGTATCAC
CACAATAGGTTTAAGGAGTCTTATAGCTGCCTTATTTGGGAAAAATAAATTTTTTCCTATTA
ACTTACTAACTATTTTTGCCATTCGTATATGTGAAATAAGTTCCTTGTTTGGTTTATTTCTAT
TAGAAATTACTAATTTAATATATGAAAAAAGAAAGACATCAAACGTGAGCCCAAAGAAAT
CAACTCCCTGGCTCATCTATAAAGACACNAAACATCTAAAATTAAGTAATTCACAAAAGGN
GTAAGAAGTGAAGCACACCGATCATTAAGACAGTTGTCAAATTGATTTTGTAATGCGGATT
CNTGTTATTCGTANTCCGCTTGANGCAANGNATTGNANGATANNNNNANNATNNNNNANN

sm119a

ACTCGTGTATAAAAAANTACTTGCACTCAAAAGGCTTGACACCCAAaACaCtTGTGCTTATCT
ATGTGGCTTACGTTTGCCTGTGGCTTGTTGAAGTTCTCTGACACACACCCACAGGAGAACCT
CCTTTTCTTTTGTGCTTATAAATTTAAAAGTGACAGCTGAAAAGTTACGAAACTTAATAATC
AGTTGAGAGTTGTTGCTTTAAATTTCTTTTGATTGGCCTCGCATCTTGGTTTGTCGTTTACTG
CTGCAAATTATTATTGCCATACGGCAACTCATTTTCAAAGAGTTTGAGTCATTAGCTATTTA
TAAACATTTCATATTAAATAATGAGCCTAAAGAGAAAAAATAATGCAAGGGAAGGGACAC
CTGACGAGGATTTAGAAGAATATAGCGATTACAGCGATGTTGACAATTACGGTGAAGAGG
ATGATGATTCTTACAAGCCTGCACCCAGGATTCGTATAAACAACAATAAAACTAAAGCACA
AACCACGACTAATAGCAATGAAGCCCGCCNATCTGGGATTTCTGCTATGTTTGGCCAAAAC
GATTTTTCTAATTTNCNANGTTTAAAATTGGATCATACGGCTAGGCCACTTTGGANT
AATCCCNNTTGATGGNANAANNATCCTTGAANNNNNNAGCCCATTGGCTGANCAAGCTAT
CNACTTCTTGGNA
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