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Chapter 1

General introduction



Fission yeast

A fission yeast Schizosaccharomyces pombe is a rod shaped unicellular eukaryote, of which cell
size is 7-14 umin length and ~4 pm in width. S. pombe has been used as a model organism for investigating
basic cellular mechanisms through genetics and molecular biology, and also applied to bio-production of
foreign proteins or beneficial compounds [1]. S. pombe genome consists of three chromosomes of 5.7Mb,

4.6Mb, and 3.5Mb, which encode 5,118 proteins in total [2].

Life cycle and cell cycle in fission yeast

S. pombe grows in both haploid and diploid states, while haploid is more stable. S. pombe goes
through a typical eukaryotic cell cycle consisting of the G1, S, G2, and M phases in the mitotic growth
phase (Fig. 1-1A and [3]). However, when the cells are shifted to a nutrient restricted condition, they
proceed the sexual differentiation process; opposite mating type (A and /") cells conjugate and proceed
meiosis to generate haploid four spores. If nutrient condition is restored at the point after mating, the cells
enter the mitotic cycle to form diploids, and if it is happened after sporulation, the cells naturally grow by
haploids (Fig. 1-1).
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Fig. 1-1 The life cycle of S. pombe

(A) A life cycle of haploid mitotic cell cycle (left), and sexual differentiation process in meiosis (right). Under nutrient rich condition,
S. pombe haploid cells proliferate through mitotic cell cycle. However, when nutrient is starved, S. pombe undergoes sexual
differentiation process with opposite mating type, and make four spores. Spores start mitotic cell cycle when nutrients are sufficient

(B) A bright field image in mitosis (top) and sporulation of meiosis (bottom)



Mitotic phase

Each pair of chromosomes is separated to two identical and independent chromosomes during
mitosis, which consists of five stages including prophase, prometaphase, metaphase, anaphase, and
telophase (Fig. 1-2). In prophase, interphase microtubules in cells disappeared and condensed chromosomes
are formed. In prometaphase, cells form bipolar spindle pole bodies (SPBs), which are similar in the
function of mammalian centrosomes. In metaphase, microtubules adhere to kinetochore which are
monitored by the spindle assembly checkpoint (SAC). If a mistake is made in this attachment, anaphase-
promoting complex (APC) is activated, thereby preventing progression of metaphase to anaphase until the
proper attachment is resumed. Sister chromosomes are segregated by SPB during anaphase A and spindle
elongation occurs during anaphase B. In telophase, cells disassemble spindles, re-orientate interphase

microtubules, form septum, and proceed to cytokinesis.
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Fig. 1-2 Distribution of microtubules, chromosomes, and SPB during mitosis

(A) In interphase, microtubules (green) organizes 3-4 bundles and locate along the long axis. SPB (red) binds to the kinetochore of
chromosomes (blue). In prophase, interphase microtubules disappear and short spindles are formed from one SPB to another SPB. In
pro-metaphase, cells form bipolar spindle and oscillate sister-chromosomes. In metaphase, sister-chromosomes are aligned at the
center. In anaphase, spindle elongates and sister-chromosomes are segregated. In telophase, cells disassemble the spindle, reorient
interphase microtubule, form septum and proceed to cytokinesis. (B) Visualization of SPB and microtubules in S. pombe cells. SPBs
are visualized by Sad1-mRFP, which is the fusion of a component of SPB. Microtubules are visualized by GFP-Atb2, which is a

fusion of the component of a-tubulin.

Microtubules and microtubule associated proteins

Microtubules are the major cytoskeletal fibers in eukaryotic cells, and their localization is arranged along
the long axis of cells. Microtubules regulate material transport, cell shape formation, and chromosome
segregation. Microtubules are assembled into head to tail to form polar 13 protofilaments consisting of
tubulin polymers, which are made up of heterodimer of a-tubulin and 3-tubulin. Microtubule protofilaments
are polarized with the minus end that expose a-tubulin, and the plus end that expose B-tubulin. Normally,

microtubule minus ends are anchored in microtubule organizing centers (MTOC), which consist of y-



tubulin and y-tubulin associated proteins. On the other hand, the plus end switches between growing and
shrinking phases through rescue and catastrophe events, known as dynamic instability [4]. The dynamic
instability on the plus end is based on binding and hydrolysis GTP at the nucleotide exchangeable site of
B-tubulin. The dynamic instability is regulated by microtubule associated proteins (MAPs). Especially, the
plus end tracking protein (+TIP), such as XMAP215, EB1, CLIP170, and CLASPI, has a pivotal role [5,6].
Fission yeast has two a-tubulins (Nda2 and Atb2) [7], one B-tubulin (Nda3) [8], and one y-tubulin (Gtb1)
[9,10]. In fission yeast, interphase microtubules extend along the long axis of cell, and mitotic microtubules

(spindle) form the liner structure to both poles. [6].
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Fig.1-3 Microtubule structure and dynamic instability
The growing microtubule is polymerized with GTP type tubulin hetero dimer at the plus end. The incorporated GTP-tubulin is
subsequently hydrolyzed, thus GTP-type tubulin is found only at the microtubule growing end. This structure is called "cap", and this
structure promotes the elongation of microtubules. Loss of this structure causes microtubule collapse and caused microtubules
shrinking. Switching between microtubule extension and shortening is called 'Rescue’, and switching from shortening to extension is
called 'Catastrophe'.
Kinesin

Kinesin is a type of ATP-dependent motor proteins that moves along microtubules. There are three
major groups of kinesins classified according to the position of motor domain; N-terminal kinesins, middle
kinesins, and C-terminal kinesins [11]. Fission yeast has nine types of kinesin, which include a type-5
kinesin family Cut7 and a type-14 kinesin family Pkl1/Klp2 [12]. Cut7, Pkll and Klp2 regulate bipolar

spindle formation in mitosis. Since Cut7 is N-terminal kinesin and forms heterodimer, microtubule is

crosslinking antiparallel microtubule and this motor protein moves toward the microtubule plus end [13].



Because Pkl1/Klp2 are C-terminal kinesin, these motor proteins move toward the microtubule minus end
[14-16]. If the proper force is unbalanced by Cut7 and Pkl1/Klp2, cells increase the monopolar spindle
[17-19].

The EB1 family protein in fission yeast

End-binding 1 protein (EB1) was first identified by genetic screening as an Adeno tumor polyposis
coli (APC) protein binding partner in human [20]. EB1 is a plus-end tracking protein (+TIP) and binds to
the microtubule growing end. EB1 binds with various proteins, such as CLIP170, CLASP, and XMAP215.
The EBI1 protein controls microtubule dynamics on the plus end for proper microtubule function. The EB1
family proteins are approximately 300 amino acid residues in length, and consists of two high conserved
domains (the CH and EB1 or EBH domains), the flexible linker domain, the C-terminal coiled-coil region,
and the flexible C-terminal sequence EEY/F motif [21]. The CH domain is highly conserved in eukaryotes
and binds to microtubules in its C-terminal region. The EB1 domain is also conserved in eukaryotes from
yeasts to human. It has been reported that EB1 function from yeast to human is regulated by

phosphorylation, but its role is poorly understood and kinase of EB1 is not known [22].
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Fig. 1-4 Structural organization and post-translational modifications of EB orthologs.

Schematic diagram of functional domains and post-translational modifications among human EB1, EB2, EB3, and yeast Bim1 and
Mal. Two asterisks indicate phosphorylation sites that are validated and their kinases are identified, and one asterisk in Mal3 indicates
the validate phosphorylation sites but their kinases are not known. Note that K220(A) and Y268(Tyr) residues in EB1 are sites of
acetylation and detyrosination, respectively. CH, calponin-homology; EBH, EB-homology (EB1);C-ter, Carboxy-terminal region.
Amino-acid numbering is indicated below each EB polypeptide [cited from [22]]



Mal3 is an orthologue of the EB1 family protein in fission yeast. Beinhauer et al., identified mal3
as a gene that restored the phenotypes of the mal3-1 mutant, which exhibited mini-chromosome loss and
microtubule inhibitor sensitive phenotypes [23]. Mal3 regulates maintenance of cell polarity in interphase
and chromosome segregation in mitosis. In interphase, Mal3 mainly localizes to the microtubule plus end
and recruits the cell polarity regulatory proteins including Tea2, Tip1, Teal/Tea4 complex [24,25][26].
The loss of functional Mal3 causes shorter microtubules and abnormal morphology such as bent and T-
shape [23]. In mitosis, Mal3 binds to kinesin/Klp2, Blinkin/Spc7 and TOG/Disl but function of Mal3 is
not completely understood [27-29].

Mal3 binds to the corner of tubulin dimer, through the CH domain of Mal3. The CH domain of
Mal3 mutants have been analyzed for their microtubule binding activity by several groups. Mal3 (K63D)
and Mal3 (Q89E) fail to bind to microtubules, while Mal3 (Q89A) and Mal3 (Q89R) bind excessively to
microtubules, both in vitro and in vivo [30,31]. These mutants site is proximity site with four tubulin

dimers. Q89R mutation of Mal3 causes hyper phosphorylation on the coiled-coil region of Mal3 [30].
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Fig. 1-5 Consequences of S. pombe microtubule architecture for Mal3 binding.

Left figure ; Mal3 contacts with a-tubulinl and a-tubulin2 (dark green), B-tubulinl and B-tubulin2 (light green). Middle figure ; The
figure representing the tubulin surface which is considered to be contact with Mal3 surface. Mal3 contact site indicated purple. Right
figure ; top, The figure representing the Mal3 surface which is considered to be contact with tubulin surface. Tubulin contact site
indicated green and labeled; bottom, charge distribution of the Mal3 microtubule-binding surface. The black arrows indicate the four
contact points of Mal3 with the microtubule. These contact sites is including microtubule binding activity mutants of Mal3. [cited
from [32]]



The cAMP/PKA pathway

S. pombe predominantly utilizes glucose as carbon source. To survive in various environmental
conditions, cells need to respond rapidly toward nutrient state, specifically, carbon source availability.
Cyclic adenosine monophosphate (cAMP)-dependent protein kinase, also known as protein kinase A
(PKA), is a serine/threonine kinase that is highly conserved from yeasts to mammals [33—36]. In fission
yeast, the cAMP/PKA pathway consists of the G protein-coupled receptor Git3, a heterotrimeric G
protein alpha subunit (Gpa2), a beta subunit (Git5), a gamma subunit (Gitl 1), an adenylate cyclase
(Cyrl), a protein kinase A regulatory subunit (Cgsl), and a protein kinase A catalytic subunit (Pkal).
cAMP, generated by Cyr1 from adenosine triphosphate (ATP), binds with Cgs1, a regulatory subunit of
PKA, to release Pkal, which then executes its catalytic activity [33,37-42]. This pathway is known to be
involved in glucose repression, chronological aging, stress responses to KCI and CaClz, chromosome
regulation, and regulation of transit from mitosis to meiosis [33,43—47]. However, much more unveiled

biological roles of the cAMP/PKA pathway are expected.
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Fig. 1-6 The cAMP/PKA pathway in S. pombe

The cAMP/PKA pathway consists of the G protein-coupled receptor Git3, a heterotrimeric G protein alpha subunit (Gpa2), a beta
subunit (Git5), a gamma subunit (Gitl 1), an adenylate cyclase (Cyrl), a protein kinase A regulatory subunit (Cgs1), and a protein
kinase A catalytic subunit (Pkal).






Chapter 2

Materials and methods



Yeast strains, media, and genetic methods

The S. pombe strains used in this study are listed in Table 2-1. Standard yeast culture media and

genetic methods were used [48,49]. S. pombe cultures were grown in either YES medium (0.5% yeast

extract, 3% glucose, 225 mg/L adenine, 225 mg/L uracil, 225 mg/L leucine, 225 mg/L histidine, and 225

mg/L lysine), YES glucose-limited medium (0.5% yeast extract, 0.1% glucose, 3% glycerol, 225 mg/L

adenine, 225 mg/L uracil, 225 mg/L leucine, 225 mg/L histidine, and 225 mg/L lysine), or synthetic

minimal medium (EMM) with appropriate auxotrophic supplements [48]. Mutant and transgenic strains

were constructed by genetic crossing and selection with markers using standard yeast genetics techniques.

Table 2-1 S. pombe strains used in this study

Strain Genotype Source
PR109 " leul-32 ura4-DI18 P. Russell
YMP28 W leul-32 ura4-DI18 cyrl::ura4 [44]
YMP40 W leul-32 ura4-DI18 cgsli::ura4 [44]
YMP36 W leul-32 ura4-D18 pkal::ura4 [44]
YMP58 W leul-32 ura4-DI18 cyrl::LEU2 cgsl::ura4 [44]

TTPI1 " leul-32 ura4-DI18 mal3::natMX6 This study
TTP2 h* leul-32 ura4-D18 mal3: :natMX6 [50]

TTPS W leul-32 ura4-DI18 cgsl::ura4 mal3::natMX6 This study
TTP7 W leul-32 ura4-DI18 pkal ::ura4 mal3: :natMX6 This study
TTP3 " leul-32 ura4-D18 mal3-GFP(S65T)-natMX6 [50]
TTP26 W leul-32 ura4-D18 cgsl::ura4 mal3-GFP(S65T)-natMX6 This study
TTP20 W leul-32 ura4-DI8 pkal::ura4 mal3-GFP(S65T)-natMX6 This study
TTP4 h leul-32 ura4-DI18 mal3-13Myc-natMX6 This study
TTP24 W leul-32 ura4-DI18 cgsl::ura4 mal3-13Myc-natMX6 This study
TTP22 h leul-32 ura4-D18 pkal::ura4 mal3-13Myc-natMX6 This study
MY273 h his2 ade6-M210 Chl6 NBRP
(FY8144)

TTP101 " ade6-M210 leul-32 ura4-D18 Chl6 This study
TTP104 h ade6-M210 leul-32 ura4-D18 pkal::ura4 Chl6 This study
TTP69 h" ade6-M210 leul-32 ura4-D18 Chi6 This study
TTP70 h" ade6-210 leul-32 ura4-D18 mal3::kanMX6 Chl6 This study
TTP103 " leul-32 ura4-D18 sadl-mREFP-hphMX6 This study
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TTP110 " leul-32 ura4-D18 pkal ::ura4 sadl-mRFP-hphMX6 This study
TTP113 " leul-32 ura4-D18 mal3::naMX6 sadl-mRFP-hphMX6 This study
TTP76 " leul-32 ura4-DI18 kanMX6-nmt81-GFP-atb2 sadl-mRFP-natMX6 | This study
TTP171 " leul-32 ura4-D18 kanMX6-nmt81-GFP-ath2 sadl-mRFP-hphMX6 | This study
mal3::natMX6
TTP218 h- leul-32 ura4-D18 kanMX6-nmt81-GFP-ath2 sadl-mRFP-natMX6 | This study
pkal::ura4
JW952 h- ade6-M210 leul-32 ura4-D18 torl::ura4 NBRP
(FY13663)
TTP233 h- leul-32 ura4-D18 torl::ura4 This study
MBY 1748 h- leul-32 ura4-D18 ssp2::ura4
MY2187 h- leul ura4 cut7-446 NBRP
(FY10087)
YMP324 h leul-32 ura4-DI18 cut7-446 This study
YMP351 W leul-32 ura4-DI8 pkal::ura4 cut7-446 This study
TTP157 W leul-32 ura4-DI18 cut7-446 kanMX6-nmt81-GFP-ath2 sadl- This study
mRFP-natMX6
TTP277 W leul-32 ura4-DI18 pkal::ura4 cut7-446 kanMX6-nmt81-GFP-atb2 | This study
sadl-mRFP-natMX6
JW217 h90 ade6-M216 leul-32 ura4-DI18 tipl::ura4 NBRP
(FY13543)
X527 h- ade6-M210 leul-32 ura4-D18 ssm4.::ura4 NBRP
(FY13477)
TTP223 W leul-32 ura4-DI8 tipl::ura4 This study
TTP224 W leul-32 ura4-DI18 ssm4.::urad This study
PB871 h90 ade6? ura4? leul-32 cutl1-7 pkll::kanMX6 kip2::LEU2 NBRP
(FY31472) madl (K244 K254) GFP-atb2-ura4 mis6-2mCherry-bsd sfil-CFP-
natMX6
TTP254 W leul-32 ura4-DI18 kip2::LEU?2 This study
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Plasmid construction and induction of expression under the nmtl promoter

The oligonucleotide primers used for plasmid construction in this study are listed in Table 2-2. To
construct pGBKT7-Mal3, the oligonucleotide primers Mal3-BF and MAL3-SSR were used to amplify a
927 bp fragment containing the complete mal3 protein coding sequence from S. pombe cDNA. The
amplified mal3 gene fragment was digested with BamHI and Sal/l and ligated into the corresponding sites
of pGBKT?7 (Clontech) to generate the plasmid pGBKT7-Mal3. To construct pGBKT7-Mal3 (1-143),
pGBKT7-Mal3 (1-197), pGBKT7-Mal3 (1-218), pGBKT7-Mal3 (1-241), and pGBKT7-Mal3 (135-308),
the pGBKT7-Mal3 plasmid was used as the template DNA. The oligonucleotide primer set MAL3-BF and
MAL3-143SSmR for pGBKT7- Mal3 (1-143), the primer set MAL3-BF and MAL3-197SSmR for
pGBKT7- Mal3 (1-197), the primer set MAL3-BF and MAL3-218SSmR for pGBKT7- Mal3 (1-218), the
primer set MAL3-BF and MAL3-241SSmR for pGBKT7- Mal3 (1-241), and the primer set MAL3-135BF
and MAL3-SSR for pGBKT7-Mal3 (135-308) were used to construct the corresponding plasmids. To
construct pGAD424-Mal3, pGAD424-Mal3 (1-143), pGAD424-Mal3 (1-197), pPGAD424-Mal3 (1-218),
pGADA424-Mal3 (1-241), and pGAD424-Mal3 (135-308), each of the pGBKT7-derived plasmids was
digested with BamHI and Sa/l and ligated into the corresponding sites of pGAD424 (Clontech).

To construct pREP3X-Mal3, pREP3X-Mal3 (1-143), pREP3X-Mal3 (1-197), pREP3XMal3 (1-218),
pREP3X-Mal3 (1-241), and pREP3X-Mal3 (135-308), each of the pGBKT7-derived plasmids was
digested with BamHI and Smal and cloned into the corresponding sites of pREP3X [51]. To construct
pREP3X-Mal3 (Q89E) and pREP3X-Mal3 (Q89R), pGBKT7-Mal3 plasmid was used as the template DNA.
The oligonucleotide primer sets MAL3-BF/MAL3(Q89E)-R and MAL3(Q89E)-F/MAL3-SSR were used
to construct pREP3X-Mal3(Q89E), and the primer sets MAL3-BF/MAL3(Q89R)-R and MAL3(Q89R)-
F/MAL3-SSR were used to construct pREP3X-Mal3 (Q89R). To construct pREP3X-Mal3 (135-241), the
oligonucleotide primers MAL3-135BF and MAL3-241SSmR were used to amplify a 340 bp fragment from
pREP3X-Mal3. The amplified mal3 (135-241) fragment was digested with BamHI and Smal and ligated
into corresponding sites in pREP3X to generate the plasmid pREP3X-Mal3 (135-241).

Construction of pREP3X-Mal3 (1-241 Q89E) was performed according to the method described
previously using pREP3X-Mal3 (1-241) as a template. To analyze whether the level of Mal3 expression
affected phenotypes, pPREP41X-mal3, containing the nmt41 promoter rather than the nmt/ promoter, was
constructed using the restriction enzymes BamHI and Smal from pREP3X-Mal3 and pREP41X. Other
plasmids used were described previously.

The plasmids pEGFP-N-human EB1 [52] and pGFP-NKB-mouse EB1 [53] were used as the template
and the oligonucleotide primer sets HSMAPRE1-XF and HsMAPRE1-BR, and MmMAPRE1-XF and

MmMAPRE1-BR were used to construct pPREP3X-HsMAPRE]1 (human EB1) and pREP3X-MmMAPREI1
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(mouse EB1), respectively. The plasmids pET32-FHP-ATEB1a, pET32-FHP-ATEB1b, and pET32-FHP-
ATEBI1c[54] were used as the template and the oligonucleotide primer sets ATEB1a-SF and ATEB1a-BR,
ATEBIb-SF and ATEBI1b-BR, and ATEBIc-SF and ATEB1c-BR were used to construct pREP3X-
AtEBla (Arabidopsis thaliana EB1), pREP3X-AtEB1b (4. thaliana EB1b), and pREP3X-AtEBlc (4.
thaliana EB1c), respectively. Saccharomyces cerevisiae genomic DNA was used as the template and the
oligonucleotide primer set BIM1-SF and BIM1-BR was used to construct pREP3X-BIM1 (S. cerevisiae
EB1).

To construct pPGBKT7-Tip1, the oligonucleotide primers Tip1-BF and Tip1-SSR were used to amplify
a 1,386 bp fragment containing the complete tip/ protein coding sequence from S. pombe genomic DNA.
The amplified tip! gene fragment was digested with BamHI and Sa/l and ligated into the corresponding
sites of pGBKT7 to generate the plasmid pGBKT7-Tipl. To construct pGAD424-Tipl, the plasmid
pGBKT7-Tipl was digested with BamHI and Sall and ligated into the corresponding sites of pGAD424.

S. pombe genomic DNA from the Mal3-GFP strain (TTP3) was used as the template and the
oligonucleotide primer set MAL3-BF and GFP-SR was used to construct pREP41X-Mal3-GFP. To
construct pREP41X-Mal3(1-143)-GFP and pREP41X-Mal3(135-308)-GFP, the plasmids pREP41X-
Mal3-GFP was used as the template and the oligonucleotide primer sets MAL3-BF, MAL3(1-143)GFP-F,
MAL3(1-143)GFP-R, and GFP-SR for pREP41X-Mal3(1-143)-GFP, and MAL3-135BF and GFP-SR for
pREP41X-Mal3(135-308)-GFP were used. The amplified fragments were digested with BamHI and Smal
sites, and ligated into the appropriate sites of pREP41X.

Wild-type, mal3A, pkalA, torlA, ssp2A tipl A, and ssm4A cells were transformed with the pREP3X-
derived plasmids (LEU2 marker) and transformants were selected onto EMMU (EMM containing uracil
but lacking leucine) plates containing 15 pM thiamine to repress gene expression from the nmt!
promoter. To test the growth following mal3 overexpression, transformants were grown on EMMU
containing 15 uM thiamine for 2 days at 30°C, and were then transferred onto EMMU without thiamine,
to induce mal3 expression from the nmtl promoter, and incubated for 1 day at 30°C. Cells were then
spotted on EMMU plates in the presence or absence of 15 pM thiamine and incubated for 3 to 5 days at
30°C.

When mal3 expression was induced from the nmt¢/ promoter, cells were first grown in EMM containing
15 puM thiamine to mid-log phase (~5 x 10° cells/mL) at 30°C. The cells were then washed three times with

water and resuspended in EMM lacking thiamine and incubated for an additional 24 h at 30°C.
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Table 2-2 Oligonucleotide primers used for making plasmids in this study.

Primer name Sequence

MAL3-BF 5’-TATGGATCCTCATGTCTGAATCTCGGCAAGAG-3’
MAL3-SSR 5’-ACAGTCGACCCGGGTTAAAACGTGATATTCTCATC-3’
MAL3-135BF 5’-TATGGATCCTCATGACTGGCCCTTCTCGTCGCCGTC-3’

MAL3-143SSmR

5’- ACAGTCGACCCGGGTTAAACCTGACGGCGACGAGAAG-3’

MAL3-197SSmR

5’-ACAGTCGACCCGGGTTAACCAAACATCGTCTCATTAAC-3’

MAL3-218SSmR

5’-ACAGTCGACCCGGGTTAAGTTTGTACAAGTATTTCAAT-3’

MAL3-241SSmR

5’-ACAGTCGACCCGGGTTAAGTAGAATAAAGTATTGCTTG-3’

MAL3(Q89E)-F

5>-TTGTAAAATGGAAGATAATCT-3’

MAL3(Q89E)-R

5’-AGATTATCTTCCATTTTACAA-3’

MAL3(Q89R)-F

5-TTGTAAAATGAGAGATAATCTG-3’

MAL3(Q89R)-R

5’-CAGATTATCTCTCATTTTACAA-3’

HsMAPRE1-XF

5’-TATCTCGAGATGGCAGTGAACGTATACTC-3’

HsMAPRE1-BR

5’-ACAGGATCCTTAATACTCTTCTTGCTCCTC-3’

MmMAPRE1-XF

5’-TATCTCGAGATGGCAGTGAATGTGTACTC-3’

MmMAPRE1-SmR

5’-ACACCCGGGTTAATACTCTTCTTGTTCCTC-3’

ATEBIla-SF 5’-TATGTCGACATGGCGACGAACATCGGAATG-3’
ATEBIla-BR 5’-ACAGGATCCTTAGGCTTGAGTCTTTTCTTC-3’
ATEBI1b-SF 5’-TATGTCGACATGGCGACGAACATTGGGATG-3’
ATEB1b-BR 5’-ACAGGATCCTTAAGTTTGGGTCTCTGCAG-3’
ATEBIc-SF 5’-TATGTCGACATGGCTACGAACATTGGGATG-3’
ATEBIc-BR 5’-ACAGGATCCTCAGCAGGTCAAGAGAGGAG-3’
BIM1-SF 5’-TATGTCGACATGAGTGCGGGTATCGGAGAATC-3’
BIM1-BR 5’-ACAGGATCCTTAAAAAGTTTCCTCGTCGATG-3’

MAL3(1-143)GFP-F

5’-CTTCTCGTCGCCGTCAGGTTTCGTACGCTGCAGGTCGACG-3’

MAL3(1-143)GFP-R

5’-CGTCGACCTGCAGCGTACGAAACCTGACGGCGACGAGAAG-3’

GFP-SR

5’-ACACCCGGGAGATCTATATTACCCTGTTA-3’

TIP1-BF

5’-TATGGATCCAAATGTTTCCTCTTGGCAGTGTC-3’
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TIPI-SSR 5’-ACAGTCGACCCGGGTTAAGCTTCGTCTGTGCTG-3’

Yeast two-hybrid system

The yeast Matchmaker Two-Hybrid System 3 (Clontech) was used to examine the in vivo self-
interaction of the truncated Mal3 proteins. For the assays, the plasmids of two fusion constructs into
pGBKT?7 (a Gal4 DNA-binding domain vector for Gal4-BD fusion) and pGAD424 (a Gal4-activating
domain vector for Gal4-AD fusion) were then co-introduced into AH109 yeast cells using the lithium
acetate method. Transformed yeast cells were grown on the synthetic dextrose medium (SC) lacking
leucine and tryptophan (SC-LW) plate, for 3 days at 30°C. The specific protein-protein interaction was
determined by the growth of yeast cells on SC medium lacking leucine, tryptophan, and histidine (SC-
LWH).

Mini-chromosomal loss assay

This assay was performed as previously described [55]. Two independent Ade" isolates of the wild
type, pkalA, and mal3A strains, were analyzed for the stability of the mini-chromosome16 (Ch16)
containing the ade6-M2 10 mutation, on adenine-limited EMMU plates, in the presence or absence of 7.5
pg/mL TBZ. The host ade6-M210 cells are rendered Ade” by allelic complementation. Transformed cells
were plated on adenine-limited EMMU plates in the presence or absence of 7.5 pg/mL TBZ and
incubated at 30°C for 3 to 5 days and then at 4°C for 1 to 2 overnight periods to allow deepening of the
red color of the Ade™ colonies. The frequency of chromosome loss was determined by counting the total

colonies and the red colonies.

Fluorescence microscopy of GFP or mRFP fusion protein

S. pombe cells were grown in EMMU liquid medium containing 15 pM thiamine, washed three
times with water, transferred to EMMU liquid medium lacking thiamine, and incubated for 24 h at 30°C.
GFP-tagged Atb2 and mRFP-tagged Sadl proteins in living cells were visualized and imaged using a
BX51 microscope (Olympus) equipped with a DP74 digital camera (Olympus) or on a BZ-X700

microscope (Keyence).

Preparation of cell lysates and detection of Mal3 protein or 13Myc fusion protein
by immunoblotting
S. pombe cell lysates were prepared as previously described [56]. Protein lysates were separated by

SDS-PAGE, after which western blot analysis was performed using an ECL detection system (GE
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Healthcare) according to the supplier’s instructions. Rabbit polyclonal anti-Mal3 (diluted 1:1000)
antibody was provided by Drs. M. limori (Kyushu University) and T. Matsumoto (Kyoto University).
Mouse monoclonal anti-Myc (diluted 1:1000), and Rabbit polyclonal anti-PSTAIRE (Cdc2; diluted
1:1000) antibody was purchased from Santa Cruz Biotechnology. Horseradish peroxidase-conjugated

anti-rabbit IgG antibody (Promega) was used as the secondary antibody.

Fluorescence-activated cell sorting (FACS) of DNA contents

Cells were cultured to mid-log phase in EMMU containing 15 pM thiamine at 30°C, washed three
times with water, resuspended in EMMU without thiamine, and cultured for 24 h at 30°C. Cells were then
fixed for 1 day on ice using 70% ethanol and washed with 50 mM sodium citrate. Fixed cells were
suspended into 0.1 mL of 50 mM sodium citrate containing 1 mg/mL RNase A and incubated for 3 h at
37°C. After RNA degradation, the suspended cells were stained with 2 pg/mL propidium iodide. Stained

cells were analyzed using a FACSCalibur flow-cytometer (Becton-Dickinson).

Data and statistics

Experiments were performed in triplicate and the average values and standard deviation (SD) were
calculated. Data from controls and cells overexpressing Mal3 were compared using a two-sample #-test.
P-values <0.05 were considered statistically significant. All statistical analyses were performed using
EZR version 3.61 (Saitama Medical Center, Jichi Medical University, Saitama, Japan) [57], which is a

graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria).

Reproducibility

Experiments were conducted at least twice to confirm the reproducibility of the results.
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Chapter 3
Mal3 is a multi-copy suppressor of the sensitivity to microtubule-

depolymerizing drugs and chromosome mis-segregation in a fission yeast
pkal mutant

17



Introduction

Microtubules are the major cytoskeletal fibers in eukaryotic cells, which maintain the structure of
cells and provide platforms for substance transport. Microtubules grow by the polymerization of the tubulin
dimer, which consists of the a-tubulin and B(-tubulin, and shrink by depolymerization. In mitosis,
microtubules dramatically change their structure and regulate chromosome segregation. Microtubule
associated proteins (MAPs), such as XMAP215, EB1, CLIP170, and CLASPI1, regulate microtubule
function and stability [5,6]. Microtubule destabilizing drugs such as nocodazole, benomyl, thiabendazole
(TBZ), and carbendazim (MBC), inhibit microtubule polymerization, especially that of B-tubulin, resulting
in shorter microtubules. These microtubule destabilizing drugs have benzimidazole as a basal structure and
are used as anti-fungal and anti-helminthic drugs [58,59]. Because TBZ and MBC inhibit microtubules
formation and cause chromosome mis-segregation, these drugs have been used to understand the
mechanism of microtubule formation and chromosome segregation [60,61]. EB1 was first isolated as a
protein that interacts with the C-terminus of adeno tumor polyposis coli, by screening in a yeast two-hybrid
system [20]. EB1 is one of the MAPs that bind to microtubules, especially at the microtubules plus-end,
and therefore, is known as a plus-end tracking protein (+TIP) [26], which also include EB1, CLIP-170,
XMAP215, and CLASP1 [6]. The +TIP proteins play a role in the proper formation of microtubules, cell
polarity, and cell elongation [6]. EB1 has the Calponin homology (CH) domain at the N-terminus, the coiled
coil domain in the middle, and the end-binding (EB1) domain at the C-terminus [62]. The CH and the
coiled-coil domains are responsible for the dimerization of EB1 [63]. The EB1 domain plays a role in the
interaction with binding partners such as EB1, CLIP-170 and CLASP1 [5].

Mal3, in the fission yeast S. pombe, is a homolog of EB1, which is required for microtubule integrity
and the maintenance of cell morphology [23]. The deletion of mal3 gene results in shorter microtubules
increases the loss of mini-chromosome during chromosome segregation, and exhibits the TBZ-sensitive
phenotype [23]. Mal3 mutants have been analyzed for their activity on microtubule binding by several
groups. Mal3 (K63D) and Mal3 (Q89E) fail to bind to microtubules, while Mal3 (Q89A) and Mal3 (Q89R)
bind excessively to microtubules, both in vitro and in vivo [30,31]. Mal3 (Q89R) causes hyper
phosphorylation on the coiled-coil region of Mal3 [30]. However, the kinase responsible for the
phosphorylation of Mal3 has not been identified. The cyclic adenosine monophosphate (cAMP)-dependent
protein kinase, also known as protein kinase A (PKA), is a serine/threonine kinase that is highly conserved
among organisms ranging from yeasts to mammals [33-36]. cAMP, generated by the adenylate cyclase
(Cyrl), from adenosine triphosphate (ATP), binds with Cgs1, a regulatory subunit of PKA, to release and
activate Pkal [37-39]. In S. pombe, this pathway is known to be involved in glucose repression,

chronological aging, regulation of transit from mitosis to meiosis, and stress responses to KCl and CaClz
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[33,43—47]. However, the biological roles of the cAMP/PKA pathway are not fully understood. In this
study, the author and Yamaga found that pka /4 showed the TBZ-sensitive and chromosome mis-segregated
phenotypes. Yamaga screened multi-copy suppressors from a S. pombe cDNA library that suppress the
TBZ-sensitive phenotype of the pkalA strains and isolated the mal3 gene (unpublished results). Domain
analysis revealed that the CH domain of Mal3 is sufficient for the multi-copy suppression of the TBZ-
sensitive and chromosome mis-segregated phenotypes in the pkalA and mal3A4 strains. The author shows
here the novel role of Pkal in microtubule organization and proposed a novel function for the Mal3 CH

domain.

Results
Multi-copy Mal3 suppresses the TBZ and MBC sensitive phenotype of pkalA strains.

To gain further the insight into the novel functions of Pkal in S. pombe, the sensitivity of the wild
type, cgslA, and pkalA strains toward various drugs were tested. While the wild type and cgs/A strains
grew on YES containing 0.1 uM Latrunculin A (LatA), 15 pg/mL thiabendazole (TBZ), 5 pg/mL
carbendazim (MBC), or 1M KCl, the pkalA strain did not on 0.1 uM LatA or 1M KCl containing media as
previously shown [39,41,44,64]. The author and Yamaga found the pkalA strain also exhibited growth
retardation by 15 pg/mL TBZ and 5 pg/mL MBC (Fig. 3-1A), which are microtubule-destabilization drugs.
The author next analyzed the role of Cyrl and its dependency of Pkal activity on the growth retardation
phenotype by TBZ. The author found that the cyr/A strain exhibited the TBZ-sensitive phenotype at the
concentration of 18 png/mL TBZ, as similarly observed in the pkalA strain, and deletion of cgs/ reversed
its phenotype (Fig. 3-1B). Deletion of cyr! results in the inactivation of Pkal and concomitant deletion of
cgs1 results in the constitutive activation of Pkal. These findings indicate that the TBZ-sensitive phenotype
in the cyrlA strain is dependent on the Pkal activity.

Because this phenotype of the pkalA strains was novel, the author first analyzed mitotic microtubule
of the pkalA strain. Both the wild type and pkalA strains showed normal mitotic microtubules structure in
the presence of TBZ similar to its absence (Fig. 3-1D). Because mitotic microtubules of the pkalA strain
was indistinguishable with the wild type strain, Yamaga next conducted a screening for a multi-copy
suppressor to identify the possible target of Pkal. The pkalA strain was transformed with pREP3X-S.
pombe cDNA library, which is under the control of thiamine-repressible nmt1 promoter, and screened on
EMMU containing 15 pg/mL TBZ. As a result, Yamaga obtained 15 candidates including Mal3, which is
a microtubule plus-end EB1 family protein. Next, the author examined whether Mal3 is a specific multi-
copy suppressor for the TBZ-sensitive phenotype of the pkalA strain (unpublished results). Toward this,

the pka A strain was transformed with pREP3X, pREP81-pkal, or pREP3X-mal3 and the transformed cells
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were spotted onto EMMU plates in the presence or absence of 15 pg/mL TBZ. Overexpression of Mal3
clearly rescued the TBZ-sensitive phenotype of the pkalA strains, although it did not rescue the growth on
IM KCl or 0.1 uM LatA (Fig. 3-1C). These results indicate that Mal3 is a specific multi-copy suppressor
for TBZ sensitivity in the pkalA strain.

To exclude the possibility of Mal3 abnormality in the pkalA strains, the author analyzed the
expression and localization of Mal3 in the Mal3-13Myc pkalA and Mal3-GFP pkalA strains. As a result,
the expression of Mal3-13Myc was not affected in the MBC treated pkalA strains (Fig. 3-1E). Mal3-GFP
was also normally localized at the microtubule in the pkalA strains after treatment with 20 ng/mL TBZ
(Fig. 3-1F). These results indicate that the function of Mal3 was not depressed in the pka /A strains. Because
the mal3A strain exhibited the TBZ-sensitive phenotype similar to the pkalA strains [23,29], the author
analyzed the genetic interaction between Pkal and Mal3 by growing the cgs/A mal3A and pkalA mal3A
double mutants on YES containing TBZ. As shown in Fig. 3-1G, the wild type and cgs/A strains were not
sensitive to TBZ, but the cgs/A mal3A double mutant as well as the mal3A strains exhibited sensitivity to
15 pg/mL TBZ. The TBZ sensitivity of the pkalA mal3A double mutant, however, was enhanced as it did
not grow on a lower concentration of TBZ (10 pg/mL TBZ) compared with the pkalA or mal3A strains.
The cgsIA strain also exhibited the TBZ-tolerance phenotype compared to the wild type strain (Fig. 3-1G).
Furthermore, the author investigated whether the sensitivity of microtubule polymerization inhibitors of
mal3 deletion strains was suppressed by overexpression of pkal. As a result, the sensitivity of mal3 deletion
strains was not suppressed (Fig. 3-1H). The result, that the deletion of pkal enhances the TBZ sensitivity

of the mal3A strain, suggests that Pkal has other targets in addition to Mal3.
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Fig. 3-1. Overexpression of Mal3 suppresses the TBZ-sensitive phenotype of the pkalA strains.

(A) Wild type (PR109), cgs!A (YMPA40), and pkalA (YMP36) S. pombe strains were grown on YES, harvested, and resuspended in
water at 107 cells/mL. The cell suspensions were serially diluted (1:10) and each dilution was spotted onto YES in the presence or
absence of 15 ug/mL TBZ, 5 ng/mL MBC, 0.1 pM LatA, IMKC], and incubated for 5 days at 30°C. (B) Wild type (PR109), cyriA
(YMP28), cgsIA (YMPA40), and cyriA cgs1A (YMP36) S. pombe strains were grown on YES, harvested, and resuspended in water at
107 cells/mL. Culture dilutions were prepared as described in Fig. 1A and spotted on YES in the presence or absence of 18 pg/mL
TBZ. The plates were incubated for 3 or 5 days at 30°C (YES for 3 days and YES+18ug/mL TBZ for 5 days). (C) The wild type
(PR109) and pkalA (YMP36) strains harboring pREP3X (vector), pPREP81-pkal, or pPREP3X-mal3 were cultured for 1 day on EMMU
(EMM with uracil) containing 15 uM thiamine at 30°C to repress its expression of the mai3 gene by the nmtI promoter. Cells were
washed three times with water, transferred onto EMMU lacking thiamine and incubated for 24 h at 30°C to induce mal3 by the nmt!
promoter. Culture dilutions were prepared as described above and spotted onto EMMU in the presence or absence of 15 ug/mL TBZ,
0.1 uM LatA, or IM KCIl. All plates were incubated for 5 days at 30°C. (D) GFP-ath2 sadl-mRFP (TTP76) and pkalA GFP-atb2
sadl-mRFP (TTP218) strains were cultured in EMMLU (EMM+leucine-+uracil) liquid medium to mid-log phase (~4 x 10°cells/mL).
Cells were cultured for 30 min in EMMLU liquid medium in the presence or absence of 20 pg/mL TBZ. Cells were observed by
fluorescence microscopy. Green and red colors show GFP-Atb2 and Sadl-mRFP, respectively. Scale bar: 10 um. (E) mal3-
13Myc (TTP4), cgsiA mal3-13Myc (TTP24), and pkalA mal3-13Myc (TTP22) strains were cultured in YES liquid medium to mid-
log phase (~4 x 10° cells/mL), and after addition of 10 mM HU, the cells were incubated for 4 h to arrest in the S phase. Cells were
harvested by centrifugation and resuspended in YES with 50 ug/mL MBC, and further incubated for 2 h to prepare the cell lysates.
To prepare asynchronous cells (As), the cells were cultured in YES liquid medium to mid-log phase (~4 x 10° cells/mL). Mal3-13Myc
protein were detected by an anti-Myc antibody. Anti-PSTAIRE was used as an internal loading control. (F) mal3-GFP (TTP3), cgsiA
mal3-GFP (TTP26), and pkalA mal3-GFP(TTP20) strains were cultured in YES liquid medium to mid-log phase (~4 x 10° cells/mL),
and after addition of 10 mM HU, the cells were incubated for 4 h to arrest in the S phase. Cells were harvested by centrifugation and
resuspended in YES with 20 ug/mL TBZ. Cells were observed by fluorescence microscopy at 2 h after incubation with TBZ. Scale
bar: 10 um. (G) Wild type (PR109), cgs/A (YMP40), pkalA (YMP36), mal3A (TTP1), cgsIA mal3A (TTPS), and pkalA mal3A
(TTP7) S. pombe strains were grown on YES, harvested, and resuspended in water at 107 cells/mL. Culture dilutions were prepared
as described in Fig. 3-1A and spotted on YES in the presence of absence of 10 pg/mL TBZ, 15 pg/mL TBZ, or 18 pg/mL TBZ. All
plates were incubated for 5 days at 30°C. (H) Wild type (PR109) and ma/3A (TTP1) strains harboring pREP3X (vector), pREP81-
pkal were cultured as described in Fig. 3-1C. Cells were streaked on EMMU in the presence of 18 pg/mL TBZ. All plates were
incubated for 4 days at 30°C
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Overexpression of the CH domain of Mal3 suppresses the TBZ-sensitive phenotype of the
pkalA strain.

Mal3 has three domains namely, the Calponin homology (CH) domain at the N-terminus (3—103), a
coiled-coil domain at the middle region (167-194), and an end binding (EB1) domain at the C-terminus
(197-241) [30]. To identify which domain is important for the suppression of the TBZ sensitivity of the
pkalA strains, the author constructed plasmids containing specific parts of Mal3 as shown in Fig. 3-2A.
The author first analyzed the interaction of the Mal3 fragments by a yeast two-hybrid system. Mal3 (1-
197), Mal3 (1-218), Mal3 (1-241), and Mal3 (135-308) interacted each other as well as with the full-length
Mal3 (1-308) (Fig. 3-2B). However, Mal3 (1-143) did not interact with itself as in Fig. 3-2B and also as
previously described [65].

Next, the author analyzed the suppression of the TBZ sensitivity of the pkalA strains by the
individual domains. As shown in Fig. 3-2C, the overexpression of Mal3 (1-143) and Mal3 (1-197) rescued
the TBZ-sensitive phenotype of the pkalA strains, while Mal3 (1-218) showed no effect. Mal3 (135-308)
exhibited a growth defect in the pkalA strains at 12 pg/mL TBZ, and Mal3 (1-241) exhibited growth
inhibition even in the absence of TBZ (Fig. 3-2C). Overexpression of the Mal3 CH domain is sufficient for
the suppression of the TBZ sensitivity of the pkalA strains and the coiled-coil domain has a negative effect
on growth (Fig. 3-2C). The author then analyzed the localization of Mal3 (full-length, 1-308) and Mal3
(1-143) by GFP fusion expressed under the nmt41 promoter in the pkalA sad1-mRFP strain, to visualize
the end points of the microtubules. As shown in Fig. 3-2D, the full-length of Mal3-GFP clearly localized
to the microtubules in interphase and mitosis. The author did not observe any localization of Mal3 (1-143)-
GFP in interphase, but detected localization on microtubules during prophase to anaphase in mitosis (Fig.
3-2D, arrowheads). These findings indicate that the microtubular localization of the CH domain of Mal3 is
important, but its self-interaction is not required for the suppression of the TBZ sensitivity of the pkalA

strains.
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Fig. 3-2. Interaction of individual domains of Mal3 and the suppression of the TBZ-sensitive phenotype
in the pkalA strains by the CH domain.

(A) The truncated Mal3 fragments used in this study. Mal3 has three domains; the CH domain (yellow), coiled-coil region (orange),
and EB1 domain (blue). (B) S. cerevisiae AH109 strain was co-transformed with pGBKT7-derived plasmid and pGAD424-derived
plasmid and selected on SC lacking leucine and tryptophan (SC-LW). Transformed cells were grown on SC-LW, harvested, and
resuspended in water at 107 cells/mL. The cell suspensions were adjusted to 0.4 at OD600, spotted onto SC-LW in the presence or
absence of histidine (SC-LW or SC-LWH), and incubated for 4 days at 30°C. (C) Wild type (PR109) and pkalA (YMP36) strains
harboring pREP3X (vector), pREP3X-mal3 (1-308: full-length), pREP3X-mal3 (1-143), pREP3X-mal3 (1-197), pREP3X-mal3 (1-
218), pREP3X-mal3 (1-241), or pREP3X-mal3 (135-308) were cultured as described in Fig. 3-1C. Culture dilutions were prepared
as described in Fig. 3-1A and spotted onto EMMU in the presence or absence of 12 ug/mL TBZ or 15 pg/mL TBZ. (D) pkalA Sadl-
mRFP (TTP110) strains harboring pREP41-Mal3 (1-308)-GFP or pREP41-Mal3(1-143)-GFP was grown in EMMU containing 15
uM thiamine for 1 day at 30°C. Cells were washed three times by water, transferred into EMMU without thiamine, and incubated for
24 h at 30°C. Mal3-GFP (green color) and Sad1-mRFP (red color) were observed by fluorescent microscopy; Sadl localizes to spindle
pole body which is similar to centrosome in mammals. Sadl-mRFP was used to visualize the end of microtubules. Arrowheads

indicate mitotic microtubules. Scale bar: 10 pm.

Microtubule binding ability of Mal3 is required for suppression and EB1 proteins from
other eukaryotes suppress TBZ sensitivity in pkalA strains.

It has been previously reported that the Mal3 (Q89R) mutant strongly binds to the microtubules, and
the Mal3 (Q89E) mutant does not [30,31]. We used the Mal3 mutants (Q89R and Q89E) to identify whether
microtubule binding of Mal3 is required for the suppression TBZ sensitivity of the pka /A strains on EMM.
As shown in Fig. 3-3A and Table 3-1, overexpression of the full-length Mal3 (Q89R) mutant caused growth
inhibition in the pkalA strains in the absence of thiamine (control panel) and the full-length Mal3 (Q89E)

weakly rescued the growth of the pkalA strains on 15 pg/mL TBZ. To further clarify the suppression by

23



the Mal3 mutants, the author next constructed the plasmids expressing the mutants of the CH domain:
pREP3X-Mal3 (1-143 Q89E) and pREP3X-Mal3 (1-143 Q89R). Mal3 (1-143 Q89R) resulted in the
rescue of the pkalA strains on EMM in the presence of 15 pg/mL TBZ or 5 pg/mL MBC, while Mal3 (1—
143 Q89E) showed no effect on the pkalA strains on the same media (Fig. 3-3A and Table 3-1). These
results indicate that the microtubule binding of Mal3 CH domain is important for the suppression of
sensitivity to the microtubule-destabilizing drugs, in the pkalA strains.

Mal3 localizes to the microtubule plus end as a plus-end tracking protein (+TIP), thereby controlling
cell morphology and microtubule dynamics in fission yeast. Therefore, the author next examined whether
the other +TIP proteins such as Tipl (CLIP-170), Teal (cell end marker), and Tea2 (kinesin), exhibit the
suppression of the TBZ-sensitive phenotype of the pkalA strains. As a result, the overexpression of Tip1,
Teal, or Tea2 did not rescue the growth defect of the pkalA strains on EMM containing 15 pg/mL TBZ,
although the overexpression of Tea2 caused growth defect under normal condition (Fig. 3-3C and Table 3-
1). The author also examined the effect of the other microtubule binding proteins Alp7 (TACC protein) and
Alp14 (TOG/XMAP215). As a result, Alp7 or Alp14 did not rescue the TBZ-sensitive phenotype of the
pkalA strain (Fig. 3-3C and Table 3-1). These results indicate that the CH domain of Mal3 has a specific
role in the suppression of sensitivity to the microtubule-destabilizing drugs of the pkalA strains.

Next, the author addressed whether the suppressive effect of Mal3 is conserved in higher eukaryotic
EBI1. To address this, the author examined the effect of human EB1 (HSEB1), mouse EB1 (MmEBI1), A.
thaliana EB1 (AtEBla, AtEB1b, and AtEBIc), and S. cerevisiae Bimlp (ScEB1). As shown in Fig. 3B
and Table 2, the overexpression of HSEB1, MmEB1, AtEBIla, and ScEBI1 rescued the TBZ-sensitive or
MBC-sensitive phenotype of the pkalA strains. However, the overexpression of AtEB1b and AtEBIc
showed no effects on the growth of the pka A strains on EMM with 15 pg/mL TBZ or 5 pg/mL MBC (Fig.
3-3B and Table 3-1). Therefore, the most of higher eukaryotic Mal3 orthologs as well as the budding yeast

Mal3 have conserved function in regard to the suppression of TBZ-sensitive phenotype of the pka /A strains.
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Fig. 3-3. Microtubule binding of Mal3 is responsible for the suppression of the TBZ-sensitive phenotype
in the pkalA strains.

(A) Wild type (PR109) and pkalA (YMP36) strains harboring pREP3X (vector), pREP3X-mal3 (Q89R), pREP3X-mal3 (Q89E),
pREP3X-mal3 (1-143), pREP3X-mal3 (1-143 Q89R), or pREP3X-mal3 (1-143 Q89E) were cultured as described in Fig. 3-1C.
Culture dilutions were prepared as described in Fig. 3-1A and spotted on EMMU in the presence or absence of 15 pg/mL TBZ. All
plates were incubated for 5 days at 30°C. (B) Wild type (PR109) and pkalA (YMP36) strains harboring pREP3X (vector), pPREP3X-
HsMAPRE1 (HsEB1), pREP3X-MmMAPRE1 (MmEB1), pREP3X-AtEBla (AtEBla), pREP3X-AtEB1b (AtEB1b), pREP3X-
AtEBlc (AtEBIc), or pPREP3X-BIM1 (ScEB1) were cultured as described in Fig. 3-1C. Culture dilutions were prepared as described
in Fig. 3-1A and spotted on EMMU in the presence or absence of 15 pg/mL TBZ. All plates were incubated for 5 days at 30°C. (C)
Wild type (PR109) and pkalA (YMP36) strains harboring pREP3X (vector), pREP3X-tipl, pREP3X-teal, pREP3X-tea2, pREP3X-
mal3, pREP41X-alp14, or pREP41X-alp7 were cultured as described in Fig. 3-1C. Culture dilutions were prepared as described in
Fig. 3-1A and spotted on EMMU in the presence or absence of 18 pg/mL TBZ. All plates were incubated for 5 days at 30°C.
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Table 3-1 Growth profile of pkalA strains by overexpression of various Mal3 domains or orthologs

The TBZ sensitivity and the MBC sensitivity were analyzed by spotting assay and streak assay, res

pectively. N.T.: not tested.

Plasmid No drug | +15 pg/mL TBZ +5 pg/mL MBC +10 pg/mL MBC
vector + - - -
Mal3 (1-308) + + + +
Mal3 (1-143) + + + -
Mal3 (1-197) + + + -
Mal3 (1-218) + - - -
Mal3 (1-241) - - - .
Mal3 (135-308) + - - -
Mal3 (Q89E) + + + -
Mal3 (Q89R) - - - -
Mal3 + - - -
(1-143 QB89E)

Mal3 + + + -
(1-143 Q89R)

HsEBI1 + + + -
MmEBI1 + + + -
AtEBla + + + -
AtEB1b + - - -
AtEBlc + - - -
ScEB1 + + + -
Tip1 + - N. T. N.T.
Teal + - N. T. N.T.
Tea2 - - N.T. N.T.
Alp7 + - N. T. N.T.
Alpl4 + - N. T. N.T.
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Overexpression of Mal3 (1-143) suppresses chromosome mis-segregation induced by TBZ in
the pkalA strain.

The observation that the Mal3 (1-143) rescues the TBZ-sensitive phenotype of the pkalA strains,
and localizes to mitotic microtubules, led us to hypothesize that Mal3 (1-143) may suppress the
chromosome mis-segregation of the pkalA strains. To address this, the author analyzed the chromosome
segregation by the mini-chromosome loss assay. Because mini-chromosome Ch16 has the ade6 gene and
in the strains that have the ade6-M210 mutation, the colonies show white color when the strains normally
segregate the mini-chromosome, whereas the colonies show red color when the strains mis-segregated the
mini-chromosome, on a plate containing low concentration of adenine [55]. Wild type strain harboring the
vector exhibited white color colonies in the presence of 7.5 pg/mL TBZ, whereas the pka A strain harboring
the vector yielded approximately 0.5% red colonies in the absence of TBZ and approximately 2% red
colonies in the presence of 7.5 pg/mL TBZ (Fig. 3-4A). Overexpression of the Mal3 (full-length), Mal3
(1-143), or Mal3 (1-197) rescued the mini-chromosome loss of the pkalA strain in the presence of TBZ
(Fig. 3-4A). Next, the author analyzed the chromosome mis-segregation by DAPI staining using
fluorescence microscopy. The wild type strain showed approximately 10% chromosome mis-segregation
in the presence of 10 pg/mL TBZ, whereas the pkalA strains exhibited a high frequency (approximately
40%) of abnormal mitosis including the cut phenotype in which cells are separated by the septum before
nuclear division and mis-segregated nucleus (Fig. 3-4B and 3-4C, and Table 3-2). Mal3 (full-length; 1—
308), Mal3 (1-143), and Mal3 (1-197) overexpressing cells rescued the abnormal mitosis phenotype in the
pkalA strains in the presence of 10 pg/mL TBZ (Fig. 3-4C and Table 3-2), indicating that the CH domain

of Mal3 rescued the abnormal chromosome segregation in the pkalA strains.

27



A 35 B Wild type / vector pka1A [ vector

3.0 - o -TBZ >
S o +TBZ
325
[
o
520 1
o
kel
215 A
k]
%1.0 1 .
0]z il i g |

*
Y F 6 C 0,
Wild type /  vector Mal3 Mal3 Mal3
vector (1-143)  (1-197)  (1-308) 40 4 |
pka1A

w
o
1

*k

N
o
1
*
*

*k

: M

Wild type /  vector Mal3 Mal3 Mal3
vector (1-143)  (1-197)  (1-308)

-
o
1

Rate of abnormal mitosis (%)

pka1A

Fig. 3-4. Overexpression of Mal3 (1-143) suppresses chromosomal mis-segregation in the pkalA strains
caused by the microtubule-destabilizing drugs.

(A) The wild type (TTP101) and pkalA (TTP104) strains harboring mini-chromosome Ch16 were transformed with pREP3X (vector),
pREP3X-mal3 (1-143), pREP3X-mal3 (1-197), or pPREP3X-mal3 (1-308; full-length). Cells were cultured as described in Fig. 3-1C.
Cultured cells were platted on EMMU containing 10 pg/mL adenine in the presence or absence of 7.5 pg/mL TBZ. Plates were
incubated for 7 days at 30°C. Red colonies and sector colonies were counted. Experiments were performed three times: averages with
S.D. are shown. Asterisks (*) indicate P-value < 0.05 for comparison with the pkalA strain harboring pREP3X (vector). (B) Wild
type (PR109) and pkalA (YMP36) strains were cultured in YES. Cells were incubated with 10 pg/mL TBZ for 24 h at 18°C. Cells
were stained with DAPI and observed by fluorescent microscopy. Arrowhead and asterisk show the cut phenotype and mis-segregation,
respectively. Scale bar: 10 pm. (C) Abnormal mitosis including the cut phenotype, in which cytokinesis takes place over the
unseparated chromosomes and mis-segregation was determined by DAPI staining. About 50 cells were analyzed in individual strains
and experiments were performed three times; averages with S.D. are shown. Double asterisks (**) indicate P-value < 0.01 for
comparison with the pkalA strain harboring pREP3X (vector).

Table 3-2 The ratio of abnormal mitosis in the presence of 10 pg/mL TBZ

Strain Plasmid Mis-segregation (%) Cut phenotype (%) Total (%)

Wild type vector 8.5+/-0.04 3.9 +/- 0.02 124+/-2.3

phkalA vector 29.6 +/- 0.06 9.5 +/- 0.04 39.1+/-45
Mal3 (1-143) 8.8 +/-0.03 4.5 +/-0.03 13.3+4/-35
Mal3 (1-197) 18.8 +/-0.01 4.7+/-0.01 23.5+/-1.6
Mal3 (1-308) 4.9 +/-0.02 0.8 +/-0.01 5.7+/-2.8
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Overexpression of the Mal3 CH domain suppresses growth defect and chromosome mis-
segregation in the presence of TBZ in mal3A strains.

It has been previously reported that mal3A results in the TBZ-sensitive phenotype and chromosome
mis-segregation [23]. The author next analyzed whether the deletion of the CH domain causes the TBZ-
sensitive phenotype in the mal3A strains. Toward this, the author used the plasmids expressing the
fragmented and mutated Mal3. The overexpression of Mal3 (1-143), Mal3 (1-197), Mal3 (1-218), and
Mal3 (1-308 full-length) rescued the growth of the mal3A strains on EMM in the presence of 15 pg/mL
TBZ, whereas the overexpression of Mal3 (135-308) exhibited growth retardation on 12 pg/mL TBZ (Fig.
3-5A and Table 3-3). The overexpression of Mal3 (1-241) exhibited growth inhibition even in the absence
of TBZ as observed in the pkalA strain (Fig. 3-5A and Table 3-3). Full-length Mal3 (Q89E) and Mal3
(Q89R) exhibited growth suppression on EMM containing TBZ and growth inhibition on EMM in the
mal3A strain, respectively. Because these results might be due to the effect of the EB1 domain, the author
next analyzed using the fragmented mutants of Mal3: Mal3 (1-143 Q89R) and Mal3 (1-143 QS89E).
Overexpression of Mal3 (1-143 Q89R), which is an enhanced microtubule binding mutant, rescued the
growth defect of the mal3A strains, similar to that observed in the pkalA strains, on EMM containing 15
pg/mL TBZ (Fig. 3-5A and Table 3-3) or 10 pg/mL MBC (Table 3-3). The mutant defective in microtubule
binding, Mal3 (1-143 Q89E), did not restore the sensitivity to 15 ng/mL TBZ (Fig. 3-5A and Table 3-3) or
5 pg/mL MBC in the mal3A strains, similar to that observed in the pkalA strains (Table 3-3), indicating
that the microtubule binding of Mal3 CH domain is required for the growth in the presence of microtubule-
destabilizing drug.

Next, the author analyzed whether the CH domain is functional for proper chromosome segregation
in the mal3A strains, by the mini-chromosome loss assay. As results, the overexpression of the Mal3 CH
domain (1-143) or the Mal3 full-length (1-308) rescued the mini-chromosome loss in the mal3A strains,
similar to that observed in the pka /A strains (Fig. 3-5B). These results indicate that the CH domain of Mal3
plays a role of maintenance in the normal segregation of chromosome.

Next, the author analyzed the suppression upon overexpression of other eukaryotic EB1s in the
mal3A strains. Overexpression of S. cerevisiae Bimlp (ScEB1), human EB1 (HsEB1), mouse EBI
(MmEB1), and 4. thaliana EB1a (AtEB1a) rescued the growth defect in the mal/3A strains in the presence
of 12 pg/mL TBZ but 4. thaliana EB1b (AtEB1b) and EB1c (AtEBIc) failed to do so, as observed in the
pkalA strains (Fig. 3-5C). These results indicate that the EB1 from yeasts to higher eukaryotes have

conserved role in the restoration of growth defect in the presence of microtubule-destabilizing drugs.
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Fig. 3-5. Overexpression of Mal3 (1-143) suppresses the growth defect and chromosome mis-segregation
caused by TBZ in the mal3A strains.

(A) Wild type (PR109) and mal3A (TTP1) strains harboring pREP3X (vector), pPREP3X-mal3 (1-143), pREP3X-mal3 (1-308; full-
length), pREP3X-mal3 (1-197), pREP3X-mal3 (1-218), pREP3X-mal3 (1-241), pREP3X-mal3 (135-308), pREP3X-mal3 (Q89R),
pREP3X-mal3 (Q89E), pREP3X-mal3 (1-143 Q89R), or pREP3X-mal3 (1-143 Q89E) were cultured as described in Fig. 3-1C.
Culture dilutions were prepared as described in Fig. 3-1A and spotted on EMMU in the presence or absence of 12 ug/mL TBZ or 15
pg/mL TBZ. All plates were incubated for 5 days at 30°C. (B) Wild type (TTP69) and mal3A (TTP70) strains harboring the mini-
chromosome Ch16 were transformed with pREP41X (vector), pPREP41X-mal3 (1-143), or pREP41X-mal3 (1-308; full-length). Cells
were cultured as described in Fig. 3-1C. Cultured cells were platted on EMMU containing 10 pg/mL adenine in the presence or
absence of 7.5 pg/mL TBZ. Plates were incubated for 7 days at 30°C. Red colonies and sector colonies were counted. Experiments
were performed three times; averages with S.D. are shown. Double asterisks (**) indicate P-value < 0.01 for comparison with the
mal3A strain harboring pREP3X (vector). (C) Wild type (PR109) and mal3A (TTP1) strains harboring pREP3X (vector), pREP3X-
mal3, pREP3X-HsMAPRE1 (HsEB1), pREP3X-MmMAPRE1 (MmEB1), pREP3X-AtEB1a (AtEB1a), pREP3X-AtEB1b (AtEB1b),
pREP3X-AtEBIc (AtEBI1c), or pREP3X-BIM1 (ScEB1) were cultured as described in Fig. 3-1C. Culture dilutions were prepared as

described in Fig. 3-1A and spotted on EMMU in the presence or absence of 12 png/mL TBZ. All plates were incubated for 5 days at
30°C.
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Table 3-3 Growth profile of mal3A strains by overexpression of various Mal3 domains or orthologs
The TBZ sensitivity and the MBC sensitivity were analyzed by spotting assay and streak assay, respectively.

Plasmid No drug +15 pg/mL TBZ +5 pg/mL MBC +10 pg/mL MBC
vector + - - -
Mal3 (1-308) + + + +
Mal3 (1-143) + + + "
Mal3 (1-197) + + + "
Mal3 (1-218) + + + )
Mal3 (1-241) - - - -
Mal3 (135-308) + - - -
Mal3 (Q89E) + + + -
Mal3 (Q89R) - - - -
Mal3 + - - -

(1-143 Q89E)

Mal3 + + + +

(1-143 Q89R)

HsEBI + + + -
MmEBI + + + -
AtEBla + + + -
AtEB1b + - - -
AtEBIc + - - -

ScEB1 + + + _




Overexpression of the Mal3 CH domain give rise to the TBZ-tolerance in the wild type
strain

As the author observed that overexpression of Mal3 (1-143) rescued the TBZ-sensitive phenotypes
of pkalA and mal3A strains, the author analyzed the effect of Mal3 (1-143)-overexpression in wild type
by looking at its phenotype. The wild type strain was transformed with pREP3x, pREP3x-mal3 (1-308;
full-length), pPREP3X-mal3 (1-143), or pREP3X-mal3 (135-308). Transformants were selected on EMMU
in the presence of 15uMthiamine. To test the TBZ- sensitivity, transformants were cultured on EMMU in
the absence of thiamine, transferred on EMMU in the presence or absence of TBZ, and incubated at 30 °C.
As a result, overexpression of Mal3 (1-308) or Mal3 (1-143) did not alter their growth even with the
presence of a high concentration of TBZ (60 pg/mL), although Mal3 (135-308)-overexpression caused
inhibition of cell growth (Fig. 3-6A). This result suggests that the pkalA and mal3A strains were rescued
by the TBZ-tolerance of the Mal3 CH domain (1-143).

Finally, the author tested the possibility that the Mal3 CH domain would affect the CLIP170
ortholog, Tipl. To do this, the author analyzed the interaction between the Mal3 CH domain and Tip1 by
the yeast two-hybrid system. As a result, Mal3 (1-143) did not interact with Tip1 although Mal3 (1-308:
full-length) interacted with Tipl (Fig. 3-6B). This result suggests that the suppression of the Mal3 CH

domain was not mediated by Tipl.
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Fig. 3-6. Overexpression of Mal3 (1-143) exhibits the TBZ-tolerance in the wild type strain.

(A) Wild type (PR109) strains harboring pREP3X (vector), pREP3X-mal3 (1-308; full-length), pPREP3X-mal3 (1-143), or pPREP3X-
mal3 (135-308) were cultured as described in Fig. 3-1C. Cells were streaked on EMMU in the presence or absence of 40 ug/mL TBZ
or 60 pg/mL TBZ. All plates were incubated for 5 days at 30°C. (B) S. cerevisiae AH109 strain was co-transformed with pGBKT7-
derived plasmid and pGAD424-derived plasmid and selected on SC lacking leucine and tryptophan (SC-LW). Transformed cells were
cultured and the cell suppression was spotted as described in Fig. 3-2B. All plates were incubated for 3 days at 30°C.
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Discussion

It has been reported that Pkal is involved in glucose repression, chronological aging, regulation of
transit from mitosis to meiosis, and stress response to KCl and CaClz in S. pombe [33,39,43—47]. Pkal also
regulates the transition from the G2 phase to M phase, as the overexpression of Pkal also causes growth
defect and mitotic defects leading to cell elongation and DNA content accumulation [66]. On the other
hand, PKA regulates the transition of G1/S phase in S. cerevisiae and the progression of G2/M phase in
Xenopus laevis [67,68]. These reports suggest that PKA regulates cell cycle progression at several phases.
However, its detailed mechanism is mostly unclear. In the M phase, S. pombe Pkal is involved in the
regulation of the anaphase-promoting complex (APC), but its detailed mechanism has not been elucidated
[69-73]. In this study, the author and Yamaga found that pkalA exhibits the TBZ-sensitive phenotype and
abnormal chromosome segregation in the presence of TBZ. In general, microtubule-destabilizing drugs
inhibit the progression of the M phase in the cell cycle. Spindle assembly checkpoint (SAC) proteins such
as Madl, Mad2, Mad3, Bubl, Bub3, and Mphl are not essential for the growth under normal condition.
However, inactivated SAC causes the TBZ-sensitive phenotype and chromosome mis-segregation in the
presence of microtubule destabilization drug [74]. SAC proteins negatively regulate APC for progression
from metaphase to anaphase in the M phase. These results and the authors observation, that the pkalA
strains exhibit the TBZ-sensitive phenotype and chromosome mis-segregation, together suggest that Pkal
regulates SAC and/or APC in the M phase.

To know how Pkal regulates chromosome segregation, Yamaga performed multi-copy suppressor
screening and isolated Mal3 (MAPs and +TIP protein) based on its ability to suppress TBZ sensitivity in
the pkalA strains. The CH domain (1-143) of Mal3, but not other domains, is responsible for this
suppression. The authors results suggest that the deletion of the pkal gene prevents the attachment of
chromosome to the microtubule and the CH domain of Mal3 enhances the binding stability between the
microtubule and chromosome. In fact, a microtubule unattached form of Mal3 (1-143 QS89E) failed to
restore the sensitive of TBZ in the pka A strains (Fig. 3-3A). The loss of functional Dis1, a TOG/XMAP215
microtubule plus end tracking polymerase, resulted in chromosome mis-segregation [75]. Leucine 841 and
proline 844 of Disl at C-terminus are responsible for binding to Mal3, while the C-terminus region from
174 to 247 amino acids residue containing a part of coiled-coil domain and EB1 domain of Mal3 are
required for binding with Dis1 [29]. Based on their report, the author suggests that the function of Disl is
not required for the suppression of the TBZ-sensitive phenotype in the pkalA strain. The CH domain of
Mal3 (1-143) did not localize to the microtubules during interphase and only localized to the microtubules
during prophase to anaphase. The +TIP proteins, Teal, Tea2, and Tipl, mostly play a role of in the cell

polarity of microtubules in interphase [24]. Teal, Tea2, and Tip1 bind through Mal3 to the microtubules
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[24]. This is because the formation of +TIP complex mediated by EB1 domain of Mal3 is required to attach
to microtubules in interphase, and the CH domain alone is not able to play this role as observed in the case
of Teal, Tea2, and Tipl [24,76]. Therefore, the function of mitotic microtubules is important for
suppression of the TBZ-sensitive phenotype in the pkalA strain. Overexpression of Alpl4, which is a
microtubule binding protein containing the TOG domain, functions similar to the CH domain of Mal3, but
failed to restore the TBZ sensitive phenotype in the pkalA, indicating that the CH domain of Mal3 is
required for microtubule stability in the pkalA strains [77]. The CH domain of Mal3 does not show
discernible differences from the TOG domain regarding the Pkal-mediated microtubule stabilization.
Beinhauer ef al. have shown that the mal3A strain exhibited the TBZ-sensitive phenotype and
chromosome mis-segregation [23]. These results were also supported in this study (Fig. 3-1D and 3-5). The
CH domain of Mal3 (1-143) is sufficient to suppress these phenotypes, while an unbinding form of Mal3
(1-143 Q89E) failed to reverse the TBZ sensitive phenotype of the mal3A strains (Fig. 3-5 and Table 3-3).
These results indicate that the microtubule binding ability of Mal3 is important for proper function. It has
been reported that the CH domain of Mal3 binds to microtubules in vitro [31], but function of the CH
domain has not been clearly understood in vivo. The authors result in this study showed that the CH domain
of Mal3 co-localizes with the microtubules and retains a role required for the proper segregation of
chromosome. It has also been shown that the Mal3 (Q89R) mutant strongly binds to the microtubules and
causes hyper phosphorylation at serine and threonine between 144 and 155 amino acids [30].
Overexpression of Mal3 (full-length Q89R) exhibited severe growth defect even under normal growth
condition, probably due to excessive binding to microtubule; whereas overexpression of Mal3 (full-length
Q89E) showed suppressive effect on the TBZ-sensitive phenotype of the pkalA and mal3A strains; even
the mutant has only weak microtubule binding ability, probably due to the moderate effect of this mutation.
Intriguingly, the effect of Q89 mutation was different when a truncated version of Mal3 was expressed.
While Mal3 (1-143 Q89R) suppressed the TBZ-sensitive phenotype of the pkalA and mal3A strains, Mal3
(1-143 Q89E) failed to do so. This suggests that Mal3 (1-143 Q89E) does not have sufficient microtubule
binding ability comparing with Mal3 (full-length Q89E) when overexpressed. The author also observed
that the overexpression of Mal3 (1-241) causes sever growth inhibition compared to full-length Mal3 and
other Mal3 fragmented proteins (Fig. 3-2C and 3-5A). These results suggest that the growth inhibition is
caused by overexpression of fragments, including both the CH domain and the EB1 domain. The analysis
to understand the cause of the severe growth inhibition observed with the truncated C-terminus mutant is
currently underway. Genetic analysis on the pkalA and mal3A mutants suggest that these two genes work
in parallel pathway, because the pkalA mal3A double mutant exhibited much severe sensitivity to TBZ

than each single mutant (Fig. 3-1D). Overexpression of Pkal did not rescue the TBZ-sensitive phenotype
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of mal3A (Fig. 3-1H), supporting the idea that Mal3 operates downstream of the cAMP/PKA pathway
during mitosis. In fact, the gain of functional PKA mutant, the cgs/A strain, rescued the TBZ sensitivity in
the cyrIA strain (Fig. 3-1B) and exhibited the TBZ-tolerance phenotype compared to the wild type strain
(Fig. 3-1D). This result suggests that the PKA activity is important for the response to the microtubule-
destabilizing drugs.

Finally, the author showed that the functional suppression is also observed in the EB1 orthologs S.
cerevisiae Bimlp (ScEB1), human EB1 (HSEB1), mouse EB1 (MmEBI1), and 4. thaliana EB1a (AtEB1a),
in the pkalA and mal3A strains. EB1 protein has the CH domain at the N-terminus and EB1 domain at the
C-terminus. In all these organisms, the EB1 protein binds to the microtubules and plays the role of
microtubule stabilization [22]. The author identified that the EB1 proteins is responsible for proper
chromosome segregation by genetic analysis. The authors complementation analysis indicates that the
function of Mal3 is mostly conserved from yeasts to high eukaryotes, as the overexpression of AtEB1b and
AtEBIc did not suppress the TBZ-sensitivity of the pkalA and mal3A strains (Fig. 3-3B). Because AtEB1c
has a tail region with patches of basic amino acid residues, its function and structure are different from
Mal3, budding yeast Bim1p (ScEB1), mouse EB1 (MmEB1), human EB1 (HsEB1), and AtEBla [54]. The
authors suppression results suggest that the function is conserved in fission yeast Mal3, budding yeast
Bimlp (ScEB1), mouse EB1 (MmEB1), human EB1 (HsEB1), and A. thaliana AtEBla. However, the
author has no explanation on why the overexpression of AtEBI1b failed to suppress the TBZ-sensitive
phenotype in the pkalA and mal3A strains.

In conclusion, in addition to the known roles of Pkal in meiosis, gluconeogenesis, chorological
aging, and stress response of S. pombe, the author propose that Pkal is also involved in the regulation of
chromosome segregation during mitosis. The authors findings provide new insights into the novel function
of Pkal in regard to the CH domain of Mal3, in the regulation of microtubule organization and chromosome

segregation in S. pombe.
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Chapter 4

Glucose limitation and pkal deletion rescue aberrant mitotic spindle

formation induced by Mal3 overexpression in Schizosaccharomyces pombe
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Introduction

The EB1 family of proteins, commonly known as microtubule-associated proteins (MAPs), is
conserved in eukaryotes ranging from yeast to human. EB1 proteins have several important roles in cellular
functions, such as in promotion of microtubule polymerization, regulation of cell polarity, and stabilization
of proper chromosome segregation [5,6]. In the fission yeast, S. pombe, EB1 protein Mal3 mainly regulates
cell polarity by maintaining proper formation of microtubules and actin during interphase, and also by
ensuring appropriate chromosome segregation by regulating microtubule-chromosome attachment in
mitosis [6,23,25]. Mal3 interacts with several proteins, including CLIP-170/Tipl and kinesin/Tea2 in
interphase, and blinkin/Spc7 and TOG/Disl in mitosis [24,28,29]. However, details regarding the mitotic
function of Mal3 are mostly unclear. Mal3 has two major domains: the Calponin homology (CH) domain
at the N-terminus and the end-binding (EB1) domain at the C-terminus [62,78]. The CH domain promotes
microtubule polymerization, but its [6,23,25]mechanism is also unclear [65]. The EB1 domain mediates
interactions between binding partners, such as EB1/Mal3, CLIP-170/Tipl, and CLASP1/Pegl [5]. Two
Mal3 mutants, Mal3 (K63D) and Mal3 (Q89E), that fail to bind microtubules in vitro have been isolated
[31], and another, Mal3 mutant (Q89R), was found to have excessive binding activity to microtubules, both
in vivo and in vitro [30,31].

The kinesin-5 family of proteins is responsible for establishing bipolar spindles in many organisms
[13,79-83], and inhibition of kinesin-5 activity results in monopolar spindle formation and chromosome
mis-segregation [83]. In S. pombe, kinesin-5 is encoded by the cut7 gene, which is essential gene for growth
[13]. A temperature sensitive cut7-446 mutant strain exhibits growth defects, abnormal chromosome
segregation (the cut phenotype), and monopolar spindle formation at high temperatures [13,19,74]. Notably,
mal3A strains rescued the temperature sensitive phenotype of the cut7-22 mutant [19].

The cAMP/PKA pathway is known as a major glucose response pathway in yeasts [84-87]. In S.
pombe, the cAMP/PKA pathway consists of the G protein-coupled receptor Git3, as well as a heterotrimeric
G protein alpha subunit (Gpa2), a beta subunit (Git5), a gamma subunit (Git11), an adenylate cyclase (Cyrl),
a protein kinase A regulatory subunit (Cgsl), and a protein kinase A catalytic subunit (Pkal) [33,37,39—
42,44]. This pathway has roles in glucose-sensing, regulation of transition to meiosis, chronological aging,
stress response, and regulation of proper chromosome segregation [33,39,43-47,88]. The author have
recently reported that the pkalA strains exhibit a TBZ-sensitive phenotype and chromosome mis-
segregation. These phenotypes were suppressed by overexpression of Mal3, and the ability of Mal3 to bind
microtubules was an important part of these effects [88]. The author have also shown that deletion of pkal
rescued growth defects caused by Mal3-overexpression in the wild-type strain, but detailed mechanistic

analysis has not been conducted [88].
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In this study, the author showed that Mal3 overexpression induced monopolar spindle formation in
addition to the growth inhibition, and these effects were suppressed by the deletion of pkal and by glucose
limitation. The author also showed that deletion of pkal and glucose limitation rescued the temperature
sensitive phenotype and monopolar spindle formation in the cut7-446 mutant. As glucose limitation masks
Pkal activity by the formation of the Pkal-Cgsl complex [89], the glucose-Pkal signaling pathway
somehow controls microtubule organization. This likely occurs either through direct or indirect

involvement of a microtubule-associated protein, such as Mal3.

Results

Overexpression of Mal3 induces monopolar spindle formation

Overexpression of Mal3 causes growth defects in wild-type cells [23]. To confirm this phenotype, wild-
type cells were transformed with pREP3x (empty vector) or pREP3x-mal3. Mal3-overexpressing cells
exhibited growth defects (Fig. 4-1A) as described previously [23]. FACS analysis of Mal3-overexpressing
cells showed that the number of cells with mitotic defects, as indicated by the presence of 4C DNA content
and chromosome mis-segregation, was significantly increased (Fig. 4-1B and 4-1C). Since Mal3-
overexpression caused mitotic defects, the author next observed microtubules, by GFP-Atb2, and spindle
pole bodies (SPB), by Sad1-mRFP. Around 25% of Mal3-overexpressing cells formed monopolar spindles,
observed as a V-shape (Fig. 4-1D and 4-1E). The author confirmed that Mal3-overexpression did not
significantly affect the protein expression level of a-tubulin (Fig. 4-1D). The author then used the nmit41
promoter, which is a weaker promoter than the nm¢/ promoter, to govern the expression of Mal3 to test
monopolar spindle formation. Mal3-overexpression under the nmt4/ promoter showed normal spindle
formation, although cells were elongated (Fig. 4-1D). Therefore, only a high level of Mal3 expression

caused the monopolar spindle formation.
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Fig. 4-1. Overexpression of Mal3 causes a growth defect, accumulation of 4C DNA, and monopolar
spindle formation.

(A) Wild-type (PR109) cells harboring pREP3X (vector) or pREP3X-mal3 (1-308; full-length) were cultured for 1 day on EMMU
containing 15 uM thiamine at 30°C to repress expression of the mal3 gene from the nmtI promoter. Cells were spotted onto EMMU
(2% glucose) in the presence or absence of 15 pM thiamine. All plates were incubated for 4 days at 30°C. (B) Cells were stained with
DAPI to visualize the nuclei and septum. Red arrowheads indicate chromosome mis-segregation. Scale bar: 10 um. (C) FACS profile
of cells overexpressing Mal3. Cells were fixed and stained with propidium iodide. (D) Whole-cell extracts were prepared from the
wild type (PR109) harboring pREP3X and wild type harboring pREP3X-Mal3 (1-308) strains. a-tubulin was detected by anti-a-
tubulin antibody. Anti-PSTAIRE was used as an internal loading control. Monopolar spindle formation is dependent on the level of
Mal3 expression. (E) A GFP-Atb2 (green color) and Sad1-mRFP (red color) expressing strain (TTP76) harboring pREP3X (vector)
or pREP3X-mal3 (1-308; full-length); Atb2 localizes to microtubules and Sadl localizes to spindle pole body which is similar to the
centrosome in mammals. Sad1-mRFP was used to visualize the end of microtubules. Arrowheads indicate monopolar spindles. Scale
bar: 10 um. (F) Enumeration of monopolar spindle formation in the transformants. Approximately 200 cells were analyzed in each
strain. Experiments were performed three times; averages with S.D. are shown. (G) A GFP-Atb2 (green color) and Sad1-mRFP (red
color) strain (TTP76) harboring pREP3X (vector), pREP3X-mal3 (1-308; full-length), or pREP41X-mal3 (1-308; full-length) was
cultured and observed by fluorescent microscopy. Arrowheads indicate monopolar spindles. Scale bar: 10 pum. (H) Enumeration of
monopolar spindle formation in the transformants. Approximately 200 cells were analyzed in each strain. Experiments were performed
three times; averages with S.D. are shown. Double asterisk (**) indicates P-value < 0.01 compared with the TTP76 strain harboring
pREP41X-mal3 (nmt41-mal3).
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Overexpression of the Mal3 CH with the EB1 domain causes monopolar spindle formation
Since Mal3 has two major domains, namely, the Calponin homology (CH) domain for microtubule binding
at the N-terminus (3-103) and the end-binding (EB1) domain for binding with other proteins at the C-
terminus (197-241), the author analyzed which domain caused growth defects and monopolar spindle
formation in Mal3-overexpressing cells. To do so, the author used five plasmids that included different
portions of the fragmented Mal3. The mal3A mutant was transformed with each plasmid, incubated in the
absence of thiamine to induce the mal3 expression, and cells were spotted onto EMMU in the presence or
absence of thiamine. Overexpression of Mal3 (1-308) or Mal3 (1-241) resulted in growth defects, whereas
Mal3 (1-197), Mal3 (135-241), and Mal3 (135-308) showed normal growth (Fig. 4-2A). FACS analysis of
Mal3 (1-308) and Mal3 (1-241) overexpressing cells showed 4C DNA content (Fig. 4-2B) and a substantial
frequency of monopolar spindles was noted in microscopic analysis (Fig. 4-2C and 4-2D). The protein
expression levels of the Mal3 fragments were not different from the full length Mal3 (Fig. 4-2E). These
results suggest that the combination of the Mal3 CH and the EB1 domains is responsible for defective

growth and monopolar spindle formation in the Mal3-overexpressing cells.
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Fig. 4-2. Overexpression of the CH and EB1 domain of Mal3 causes growth defects, accumulation of 4C
DNA content, and monopolar spindle formation.

(A) Wild-type (PR109) and mal3A (TTP1) strains harboring pREP3X (vector), pPREP3X-mal3 (1-308: full-length), pPREP3X-mal3 (1-
197), pREP3X-mal3 (1-241), pREP3X-mal3 (135-308), or pREP3X-mal3 (135-241) were cultured and spotted onto EMMU (2%
glucose) in the presence or absence of 15 pM thiamine. All plates were incubated for 4 days at 30°C. (B) FACS analysis of 2C and
4C DNA contents in the transformants. (C) A GFP-Atb2 (green color) and Sadl-mRFP (red color) expressing strain (TTP171)
harboring pREP3X (vector), pPREP3X-mal3 (1-308: full-length), pREP3X-mal3 (1-197), pREP3X-mal3 (1-241), pREP3X-mal3 (135-
308), or pPREP3X-mal3 (135-241). Arrowheads indicate monopolar spindles. Scale bar: 10 um. (D) Enumeration of monopolar spindle
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averages with S.D. are shown. Double asterisks (**) indicate P-value < 0.01 compared with the TTP76 strain harboring pREP3X
(vector). NS indicates no significant difference with the TTP76 strain harboring pREP3X (vector). (E) Mal3 protein was detected
using an anti-Mal3 antibody. Anti-PSTAIRE was used as an internal loading control.

Microtubule binding by the Mal3 CH domain is required for monopolar spindle formation
The author next investigated whether microtubule binding ability of Mal3 is responsible for the observed
growth defects and monopolar spindle formation using the Mal3 (Q89R) and Mal3 (Q89E) mutant. The
Mal3 (Q89R) mutant strongly binds to the microtubules but the Mal3 (Q89E) mutant does not [30,31].
Overexpression of the Mal3 (Q89R) mutant resulted in growth defects, whereas overexpression of the Mal3
(Q89E) mutant did not affect growth (Fig. 4-3A). Interestingly, the Q89E mutation in Mal3 (1-241)
abolished the defective growth phenotype (Fig. 4-3A), indicating that microtubule binding is important for
causing the growth defects in Mal3-overexpressing cells. The author also noted that the Mal3 (Q89R)
mutant had an increased amount of 4C DNA cells than Mal3 (1-308), and a substantial frequency of
monopolar spindle formation, similar to Mal3 (1-308) (Fig. 4-3B-D). Because a point mutation in Mal3
(Q89E) does not completely abolish microtubule binding by the CH domain, the Mal3 (Q89E) mutant
showed a lower, but nonzero, frequency of monopolar spindle formation (Fig. 4-3D). The Q89E mutation
in Mal3 (1-241) also resulted in reduced 4C DNA contents and monopolar spindle formation (Fig. 4-3B-
D). The author confirmed protein levels of Mal3 and its derivatives were not different among Mal3 (1-308),
Mal3 (1-241), Mal3 (Q89R), and Mal3 (Q89E) (Fig. 4-3E). These results suggest that microtubule binding
by the CH domain contributes to the defective growth phenotype and to monopolar spindle formation in

Mal3-overexpressing cells.
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Fig. 4-3. Microtubule binding of Mal3 causes growth defects, accumulation of 4C DNA, and monopolar
spindle formation.

(A) Wild-type (PR109) and mal3A (TTP1) strains harboring pREP3X (vector), pREP3X-mal3 (1-308: full-length), pPREP3X-mal3 (1-
241), pREP3X-mal3 (Q89R), pREP3X-mal3 (Q89E), or pREP3X-mal3 (1-241 Q89E) were cultured and spotted onto EMMU (2%
glucose) in the presence or absence of 15 uM thiamine. All plates were incubated for 4 days at 30°C. (B) 2C and 4C DNA content of
transformants were analyzed by FACS. (C) GFP-Atb2 (green color) and Sadl-mRFP (red color) expressing strains (TTP171)
harboring pREP3X (vector), pREP3X-mal3 (1-308: full-length), pREP3X-mal3 (1-241), pREP3X-mal3 (Q89R), pREP3X-mal3
(Q89E), or pREP3X-mal3 (1-241 Q89E) were cultured and observed by fluorescent microscopy. Arrowheads indicate monopolar
spindles. Scale bar: 10 pm. (D) Enumeration of monopolar spindle formation in the transformants after 24 h incubation without
thiamine. Approximately 200 cells were analyzed in each strain. Experiments were performed three times; averages with S.D. are
shown. Double asterisks (**) indicate P-value < 0.01 compared with the GFP-Atb2 Sad1-mRFP strain harboring pREP3X (vector).
NS indicates no significant different with the GFP-Atb2 Sad1-mRFP strain harboring pREP3X (vector). (E) Mal3 protein was detected
using an anti-Mal3 antibody. Anti-PSTAIRE was used as an internal loading control for Cdc2 protein.

Mal3 (1-241) and Mal3 (Q89R) reduce cell viability and cause high ratio of monopolar
spindle formation at early time point

Since the frequency of monopolar spindle formation was higher in Mal3 (1-308) and Mal3 (Q89R)
expressed cells than Mal3 (1-241) expressed cells (Fig. 4-3D), the author carefully examined the timing of
cell viability loss and monopolar spindle formation in Mal3 (1-308), Mal3 (1-241) and Mal3 (Q89R)
overexpressed cells. Overexpression of the Mal3 (1-241) and Mal3 (Q89R) mutants reduced cell viability
at the earlier point than overexpression of Mal3 (1-308) (Fig. 4-4A). Monopolar spindle formation was
substantially high (34-48%) at 18 h in Mal3 (1-241) and Mal3 (Q89R) overexpressed cells, then decreased

after 24 h, whereas overexpression of Mal3 (1-308) remained at substantially high frequency (28%) at 24
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h, then decreased at 30 h (Fig. 4-4B). Thus, expression of Mal3 (1-241) and Mal3 (Q89R) strongly induced
monopolar spindle formation at the early stage.
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Fig. 4-4. Mal3 (1-241) and Mal3 (Q89R) immediately induce monopolar spindle formation.

(A) Cells were cultured in EMMU in the presence of 15 uM thiamine, washed out, resuspended into EMM without thiamine, incubated
for 0, 24, and 36 h at 30°C. Cells were spotted onto EMMU in the presence or absence of thiamine and incubated for 4 days at 30°C.
(B) Enumeration of monopolar spindle formation in the transformants. Approximately 200 cells were analyzed in each strain.
Experiments were performed three times; averages with S.D. are shown. Double asterisks (**) and asterisk (*) indicate P-value <0.01
and P<0.05 compared with the GFP-Atb2 Sad1-mRFP strain harboring pPREP3X-mal3 (1-308) at each time point. NS indicates no
significant different with the GFP-Atb2 Sad1-mRFP strain harboring pREP3X-mal3 (1-308).

Loss of functional PKA rescues growth defects and monopolar spindle formation

The author have previously reported that overexpression of Mal3 rescues the TBZ-sensitive phenotype of
the pkalA mutant [88]. The author have also shown that the pka/A mutant grows normally when
overexpressing Mal3 (1-308; full-length), but showed growth defects from Mal3 (1-241) or Mal3 (Q89R)-
overexpression [88]. To test the relevance of Pkal in the phenotypes observed in this current study, the
pkalA mutant harboring pREP3X or pREP3x-mal3 was spotted onto EMMU plates and the DNA contents
of each transformant in the absence of thiamine was analyzed. The pkalA mutant did not exhibit the
defective growth phenotype and had lower 4C DNA contents in Mal3-overexpressing cells than were
observed in wild-type cells (Fig. 4-5A and 4-5B). The author also analyzed the phenotypes in cyr/A and
cgsIA strains because deletion of cyr/ results in Pkal inactivation and deletion of cgs/ results in
constitutive activation of Pkal[33,39,43—47,88]. The author found that the cyr/A strain rescued the growth
defects in Mal3-overexpressing cells but the cgs/A strain showed more severe growth defects (Fig. 4-5C),
indicating that Pkal activity is highly related to the suppressive effects of defective growth in Mal3-
overexpressing cells. The frequency of monopolar spindle was significantly decreased in the pka /A mutant
(Fig. 4-5D and 4-5E), further suggesting that Pkal is involved in the regulation of appropriate mitotic

spindle formation.
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Fig. 4-5. The pkalA strain rescues growth defects, accumulation of 4C DNA, and monopolar spindle
formation in Mal3-overexpressing cells.

(A) Wild-type (PR109) and pkalA (YMP36) strains harboring pREP3X (vector) or pREP3X-mal3 (1-308: full-length) were cultured
and spotted onto EMMU (2% glucose) in the presence or absence of 15 uM thiamine. All plates were incubated for 4 days at 30°C.
(B) 2C and 4C DNA content of transformants were analyzed by FACS. (C) Wild-type (PR109), cyrIA (YMP28), cgsIA (YMP40), or
pkalA (YMP36) strains harboring pREP3X (vector) or pREP3X-mal3 (1-308; full-length) were cultured and spotted onto EMMU
(2% glucose) in the presence or absence of thiamine. All plates were incubated for 4 days at 30°C. (D) The GFP-Atb2 (green color)
and Sadl-mRFP (red color) expressing strain (TTP76) and pkalA GFP-Atb2 Sadl-mRFP (TTP218) strains harboring pREP3X
(vector) or pPREP3X-mal3 (1-308: full-length) were cultured and observed by fluorescent microscopy. Arrowheads indicate monopolar
spindles. Scale bar: 10 um. (E) Enumeration of monopolar spindle formation in the transformants. Approximately 200 cells were
analyzed in each strain. Experiments were performed three times; averages with S.D. are shown. Double asterisk (**) indicates P-
value < 0.01 compared with the TTP76 strain harboring pREP3X (vector).

Glucose limitation rescues growth defects and abnormal spindle formation

Since the cAMP/PKA pathway is a known glucose response pathway, the author next investigated
whether glucose concentration affected growth defects and monopolar spindle formation in Mal3-
overexpressing cells. Mal3 (1-308; full-length)-overexpressing cells grew normally on glucose-limited
medium (0.1% glucose) (Fig. 4-6A), notably different from the defective growth observed on normal
glucose medium (3% glucose) (Fig. 4-2A). However, cell growth on glucose-limited medium was inhibited
in Mal3 (1-241)- or Mal3 (Q89R)-overexpressing cells (Fig. 4-6A), which had more severe phenotype
compared to that of Mal3 (1-308). The author next analyzed the DNA content of Mal3-overexpressed cells
under glucose-limited conditions (0.1% glucose). Accumulation of 4C DNA in Mal3 (1-308; full-length)-,
Mal3 (1-241)-, and Mal3 (Q89R)-overexpressing cells (Fig. 4-6B) was reduced under glucose-limiting
conditions (0.1% glucose). The monopolar spindle formation phenotype induced by Mal3 (1-308; full-
length) was rescued under glucose-limiting conditions, whereas the same phenotype was not rescued by

glucose limitation in Mal3 (1-241) or Mal3 (Q89R) expressing cells (Fig. 4-6C and 4-6D). These results
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indicate that glucose limitations partially antagonize the growth defect and monopolar spindle formation in
Mal3-overexpressed cells.

Because the TORC2 and AMPK pathways are also glucose response pathways in S. pombe [90,91],
the author next investigated whether a tor/A or ssp2A strain rescues defective growth in Mal3-
overexpressing cells. The growth defects caused by Mal3-overexpression were not rescued in the for/A and
ssp2A strains under normal glucose conditions (3% glucose) (Fig. 4-6E), indicating that only the

cAMP/PKA pathway is regulating the growth and monopolar spindle formation in Mal3-overexpressing

cells.
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Fig. 4-6. Glucose limitation rescues the Mal3-overexpression phenotype.

(A) Wild-type (PR109) and mal3A (TTP1) strains harboring pREP3X (vector), pPREP3X-mal3 (1-308: full-length), pPREP3X-mal3 (1-
241), or pPREP3X-mal3 (Q89R) were cultured and spotted onto EMMU glucose-limiting medium (0.1% glucose) in the presence or
absence of 15 uM thiamine. All plates were incubated for 4 days at 30°C. (B) Transformants were cultured into EMMU containing
15 uM thiamine at 30°C. Cells were washed, transferred into EMMU glucose-limited medium (0.1% glucose) without thiamine, and
incubated for 24 h at 30°C. Cells were fixed and stained with propidium iodide. (C) The GFP-Atb2 (green color) and Sad1-mRFP (red
color) expressing strain (TTP171) harboring pREP3X (vector), pREP3X-mal3 (1-308: full-length), pREP3X-mal3 (1-241), and
pREP3X-mal3 (Q89R) were cultured in EMMU glucose-limiting medium (0.1% glucose) and observed by fluorescent microscopy.
Arrowheads indicate monopolar spindles. Scale bar: 10 pm. (D) Enumeration of monopolar spindle formation in the transformants.
Approximately 200 cells were analyzed in each strain. Experiments were performed three times; averages with S.D. are shown. Double
asterisks (**) indicate P-value < 0.01 compared with the TTP171 strain harboring pREP3X (vector). NS indicates no significant
difference with the TTP171 strain harboring pREP3X (vector). (E) Wild-type (PR109), pkalA (YMP36), toriA (TTP233), and ssp2A
(MBY1748) strains harboring pREP3X (vector) or pREP3X-mal3 (1-308: full-length) were cultured and spotted onto EMMU (3%
glucose) in the presence or absence of 15 uM thiamine. All plates were incubated for 4 days at 30°C.
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The cut7-446 mutant is rescued by loss of functional PKA and glucose limitations

The cut7-446 mutant has previously been shown to exhibit monopolar spindle formation [13] as was
observed in Mal3-overexpressing cells, and the temperature sensitive phenotype in cut7-22 was rescued by
mal3 deletion [19]. Based on these observations, the author investigated genetic interactions between the
cut7-446 mutant and the pkalA strain and the effects of glucose limitation. The temperature sensitive
phenotype of the cut7-446 mutant was partially rescued at 30°C by pkal deletion (Fig. 4-7A) and by
glucose-limitation (Fig. 4-7B). Monopolar spindle formation was also abolished by pkal deletion and
glucose limitation at semi-restriction temperature (30°C) in the cut7-446 mutant (Fig. 4-7C and 4-7D). The
cut7-446 mutant showed higher DNA contents than 4C by FACS analysis (Fig. 4-7E). However, the cut7-
446 mutant exhibited monopolar spindle formation at a restrictive temperature, 37°C, from deletion of pkal
or limited glucose (Fig. 4-7F). Thus, loss of functional Pkal and glucose limitation partially rescues growth

defects and monopolar spindle formation in the cut7-446 mutant.
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Fig. 4-7. The phenotypes of the cut7-446 mutant are rescued by loss of functional Pkal and under
glucose-limiting conditions.

(a) Wild- type (PR109), cut7-446 (YMP324), pkalA (YMP36), and pkalA cut7-446 (YMP351) S. pombe strain were grown on YES,
harvested, and cell suspensions were spotted on YES (3% glucose) plates. All plates were incubated for 4 to 5 days at indicated
temperature (25 °C for 5 days; 30 °C for 4 days, and 34°C for 4 days). (b) Wild-type (PR109) and cut7-446 (YMP324) S. pombe
strains were grown on YES, harvested, and cell suspensions were spotted on YES (3% glucose) and YES (0.1% glucose) plates. All
plates were incubated for 4 to 7 days at indicated temperature (3% glucose 25 °C for 5 days; 3% glucose 30 °C for 4 days, 3% glucose
34°C for 4 days, 0.1% glucose 25 °C for 7 days; 0.1% glucose 30 °C for 7 days, and 0.1% glucose 34°C for 7 days). (¢) The cut7-446
GFP-Atb2 (green color) and Sadl-mRFP (red color) expressing strain (TTP157) and pkalA cut7-446 GFP-Atb2 Sadl-mRFP
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(TTP277) strains were cultured in EMMLU (3% glucose), washed three times with water, cultured in EMMLU (3% glucose) or
EMMLU (0.1% glucose) medium for 6 h at 30°C and observed by fluorescent microscopy. Arrowheads indicate monopolar spindles.
Scale bar: 10 um. (d) Enumeration of monopolar spindle formation in the same cells. Approximately 200 cells were analyzed in each
strain. Experiments were performed three times; averages with S.D. are shown. Double asterisks (**) indicate P-value < 0.01
compared with the cut7-446 strain grown for 4 h. (E) FACS profile of the cut7-446 mutant. Cells were incubated at 37°C, fixed, and
stained with propidium iodide. (F) The cut7-446 GFP-Atb2 Sadl-mRFP (TTP157) and pkalA cut7-446 GFP-Atb2 Sadl-mRFP
(TTP277) strains were cultured to mid-log phase at 25 °C or for 6 h at 37 °C as described in Figure 7c. GFP-Atb2 (green color) and
Sad1-mRFP (red color) were observed by fluorescent microscopy and monopolar spindle formation was enumerated. Approximately
200 cells were analyzed in each strain. Experiments were performed three times; averages with S.D. are shown. Double asterisk (**)
and asterisk (*) indicate P-value <0.01 and <0.05 compared with the cut7-446 strain at 37°C in 3% glucose. NS indicates no significant
difference compared with the cut7-446 strain at 25°C in 3% glucose.

The mal3 deletion did not suppress growth defect by overexpression of klp2, and
overexpression Mal3 failed to suppress growth defect of klp2, tipl, and ssm4 deletion
strains.

Kinesin-14/Klp2, causes growth inhibition with monopolar spindle formation by its overexpression.
Moreover, growth defect of the cu#7-22 mutant was suppressed by deletion of klp2[17]. Since Klp2 and
Mal3 have been reported to interact each other [27], the author investigated whether Mal3 is involved in
these phenotypes. As a result, growth inhibition due to Klp2 overexpression was not suppressed by the
mal3 deletion. Growth inhibition by Mal3 overexpression was not suppressed by the loss of functional
Klp2.The EBI1 family protein has an EEY/F motif at the tail, which is the binding site of the proteins
harboring a CAP-glycine motif (GKNDG). In S.pombe, Tipl and Ssm4 have the CAP-glycine motif
(GKNDG). Therefore, the author investigated whether overexpression of Mal3 is suppressed by these

deletions. As a result, overexpression of Mal3 was not suppressed by deletion of zip/ and ssm4. These

results suggested that Klp2, Tip1, and Ssm4 deletion don’t affect growth defect by overexpression of Mal3.
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Fig. 4-8. The mal3 deletion did not suppress growth defect by overexpression of k/p2, and Klp2, Tipl, and
Ssm4 deletion don’t affect growth defect by overexpression of Mal3

(A) Wild-type (PR109) and mal3A (TTP1) strains harboring pREP3X (vector), pPREP3X-klp2 were cultured and spotted onto EMMU
(2% glucose) in the presence or absence of 15 pM thiamine. All plates were incubated for 4 days at 30°C. (B) Wild-type (PR109) and
kip2A (TTP254) strains harboring pREP4X (vector), pREP4X-mal3 (1-308: full-length) were cultured and spotted onto EMMU (2%
glucose) in the presence or absence of 15 uM thiamine. All plates were incubated for 4 days at 30°C. (C) Wild-type (PR109), tipIA
(TTP223), and ssm4A (TTP224) strains harboring pREP3X (vector), pREP3X-mal3 (1-308: full-length) were cultured and spotted
onto EMMU (2% glucose) in the presence or absence of 15 uM thiamine. All plates were incubated for 4 days at 30°C.
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Discussion

In this study, the author investigated the role of Mal3 in mitosis by observing the cellular effects of
Mal3 overexpression. Overexpression of Mal3 resulted in a specific growth defect, increased 4C DNA
contents, chromosome mis-segregation, and monopolar spindle formation (Fig. 4-1) as has been described
previously [23]. Although microtubule dynamics are reportedly affected in Mal3-overexpressing cells [23],
the detailed molecular mechanism underlying this has not been described. The authors findings in this study
showed that overexpression of the CH domain (1-197) or the EB1 domain (135-308) alone did not result
in defective growth or elevated monopolar spindle formation, and that the phenotypes caused by
overexpression of Mal3 or Mal3 (1-241) were abolished by a mutation (Q89E) that renders the Mal3 protein
unable to bind microtubules (Fig. 4-3). It has been shown that the CH domain contributes to microtubule
binding and that the EB1 domain is involved in microtubule stability, proper chromosome segregation, and
interactions with binding partners, such as Disl/TOG, Tipl/CLIP-170, and Pegl/CLASP [22,24,27—
31,76,88]. Based on these observations, results from the authors current study suggest that the EB1 domain
is responsible for monopolar spindle formation when Mal3 binds to microtubules through the CH domain.
Bipolar spindle formation might be controlled by microtubule dynamics or Mal3 binding partners mediated
through the EB1 domain. One such binding partner, Klp2, causes monopolar spindle formation upon Klip2
overexpression [17]. Overexpression of Mal3 possibly recruits excess Klp2 around microtubules, which
results in monopolar spindle formation similar to that observed from overexpression of Klp2. However,
observed that mal3 deletion did not rescue the growth defect caused by Klp2-overexpression and conversely
klp2 deletion did not rescue the growth defect caused by Mal3-overexpression (Fig.4-8A). These
observations indicate that the growth inhibitory effect of Mal3-overexpression does not depend on Klp2
and suggest that Mal3-overexpression might cause monopolar spindle formation by regulating microtubule
dynamics or through the effect of yet unidentified binding partner(s). In the authors findings,
overexpression of a truncated Mal3 (1-241) exhibited more severe phenotype compared to the full-length
Mal3 (1-308), consistent with the authors previous report [88]. These results suggest that the 241-308 region
of Mal3 is required for proper chromosome segregation and might be responsible for viability or
suppression of monopolar spindle formation. The EB1 family protein has an EEY/F motif at the tail, which
is the binding site of the proteins harboring a CAP-glycine motif (GKNDG). S. pombe Mal3 has an ITF
amino acid sequence at the tail which is thought to have a function similar to that of the EEY/F motif [21].
S. pombe has at least 3 proteins including Tip1 (CLIP-170), Ssm4 (dynactin), and Alp11 (tubulin chaperone
cofactor B) that harbor the CAP-glycine motifaccording to the S. pombe gene function database ‘PomBase’.
These proteins are possible targets of mediated effects. Since #ip/A and ssm4A did not restore growth

defects caused by Mal3-overexpression (Fig4-8B), Tipl and Ssm4 are unlikely to be the target of Mal3.
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Because the alpl1 gene is essential for growth, the author was not able to test the loss of functional effect
of alpl1 upon Mal3-overexpression. Alpl1 remains as a possible target of Mal3 mediated effects.

Previously, the author had shown that the pka /A strain exhibits the TBZ sensitive phenotype, which
can be rescued by overexpression of Mal3 [88]. In the current study, the author identified that growth
defects and monopolar spindle formation were abolished by the loss of functional Pkal in Mal3-
overxpressing cells. Monopolar spindle formation of the cu¢7 mutant is rescued by deletion of pkl!/ or kip2,
both of which encode a kinesin-14 family minus-end directed microtubule motor [17,92]. Overexpression
of Mal3 elevated monopolar spindle formation, similar to that found in the cut7 mutant, and the growth
defect of the cut7 mutant is consistently rescued by mal3 deletion [19]. In the authors findings, deletion of
pkal and glucose limitation rescued growth inhibition and monopolar spindle formation in Mal3-
overexpressing cells and the cut7-446 mutant. These findings suggest that overexpression of Mal3 might
cause inactivation of Cut7, and deletion of pkal or glucose limitation might affect inactivation of kinesin-
14, Pkl1 and/or Klp2. Since overexpression of Mal3 and the cut7 mutation result in increased 4C DNA
contents and mitotic defects such as the cut phenotype or chromosome mis-segregation, some cells likely
progress DNA replication without mitotic arrest. It has been shown that loss of functional Pkal rescued the
temperature sensitive phenotype of many cut mutants, such as the cut1-693, cut2-364, cut4-533, cut9-665,
and cut20-100 mutants [69,71-73]. These results indicate that lowering Pkal activity has an apparent
benefit for mitotic progression during chromosomal segregation. Separase (Cutl) and securin (Cut2)
involve chromosomal segregation and the APC/C complex, of which Cut4, Cut9, and Cut20 ensure
chromosomal segregation through degradation of Cut2. Cut7 is a kinesine-5 microtubule motor protein
involved in spindle formation, and a cut7-446 mutant, in fact, has a mitotic defect in which cells are
separated by the septum before nuclear division that results in a mis-segregated nucleus [13]. Despite this,
it remains unclear why loss of functional Pkal would rescue a defective mitotic phenotype in many cut
mutants. One of the authors hypotheses is that Pkal may be involved as a spindle assembly checkpoint to
monitor aberrant spindle formation and loss of this function could enable mitotic progression. However,
further analysis is required to attribute the actual roles of Pkal to these phenomena.

The growth and cell cycle of S. pombe are affected by medium conditions, specifically the
concentration of glucose as a carbon source is important [48]. The author found that glucose limitation
restored monopolar spindle formation and growth defects caused by Mal3-overexpression and in the cut7-
446 mutant. Glucose limitation has been shown to re-localize Poml to cell sides by severe microtubule
destabilization and strongly delays mitosis [93]. For microtubule destabilization, Pkal activity is required
to regulate the microtubule rescue factor CLASP/Cls1/Pegl under glucose-limiting conditions [93]. Since

glucose limitation decreases cAMP levels and Pkal remains inactivated due to its binding with Cgsl
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[41,43], Pkal inactivation rescued the phenotypes observed in Mal3-overexpressing cells and the cut7-446
mutant, whereas neither the for/ nor the ssp2 deletion rescued Mal3-overexpressing and the cut7-446
mutant phenotypes, indicating that the glucose response pathways mediated by Torl and Ssp2 are not in
charge of microtubule formation. Overexpression of Mal3 (1-241) or Mal3 (Q89R) resulted in severe
growth defects and elevated monopolar spindle formation, both in the presence of 2% glucose and in the
glucose-limiting conditions (Fig. 4-3 and Fig. 4-6). As these phenotypes were not suppressed by the pkal
deletion [88], the effect of glucose and the relevance of the Pkal pathway is consistent.

In conclusion, the results of this study demonstrated that the EB1 domain of Mal3 plays a role in
proper spindle formation that is coordinated with binding of the Mal3 CH domain binding to microtubules.
The authors findings show a novel function for Pkal, regulating proper spindle formation, in regard to the
CH and EB1 domains of Mal3 and to the cut7-446 mutant.

The author propose that Pkal regulates bipolar spindle formation during mitosis in addition to the
known roles of Pkal in meiosis, gluconeogenesis, chorological aging, stress response, and proper

chromosome segregation in S. pombe.
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Conclusion

In this thesis, Mal3 was analyzed as a new target of the cAMP/PKA pathway. The results in this
study focused on the two proteins, pkal and mal3, which have a relationship that complements each other's
phenotypes of deletion strains, and clarified the relationship by analyzes such as genetics and molecular
biology. The results of these two different approaches both indicated that Pkal regulates microtubule or
Mal3 function during mitosis. This control system by Pkal plays important role for mitotic phase event,
such as stable chromosome segregation and bipolar spindle formation. Moreover, since it is suggested that
amount of glucose was also involved, cAMP/PKA pathway regulates mitotic phase event. In the pkal
deletion strain, it is considered that such a control system fails and the microtubule polymerization inhibitor
becomes fragile. These findings provide new insight that fluctuations in the extracellular glucose affect
microtubule function with microtubule binding protein Mal3 via the cAMP/PKA pathway.

In addition, this study also revealed some important phenotypes for the physiological function of
Mal3. It was revealed that the CH domain has a microtubule-stabilizing function and is conserved across
species, and that the EB1 domain and C-terminal region have a role in mitosis. These findings could be

useful research targets in future Mal3 research.
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Fig. 4-7. Schematic diagram of summary in this study.

Extracellular glucose affected Pkal activity. Pkal regulates through microtubule dynamics, or some targets. Pkal may phosphorylate
Mal3. Mal3 regulate mitotic events through microtubule dynamics or some targets.
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Summary

Fission yeast needs to adapt rapidly to any changes in the extracellular environments, and the
responsive pathways for these have been studied by many researchers as a model of unicellular organism.
The recognition of glucose, which is a major carbon source, is essential for survival for the living cells to
alter metabolism depending on its availability. The carbon source response involves several types of
signal transduction pathways, among which the cAMP/protein kinase A (PKA) pathway is a major one
and widely conserved from yeasts to humans.

The cAMP/PKA pathway in fission yeast is involved in gluconeogenesis, transition from
mitosis to meiosis, stress response and etc. However, other than these cellular responses, not so much
functions have been unveiled, and only a few targets for PKA have been identified. On the other
hand, it has been known that the loss of functional PKA (by pkal deletion) results in sensitivity to
various drugs such as CaCl,, microtubule polymerization inhibitors (mitotic phase inhibitors), and
DNA replication inhibitors. For this reason, it is expected that multiple unclear regulatory systems
may exist in the downstream of PKA.

The laboratory the author belonging to has been focused on the sensitivity by microtubule
polymerization inhibitor in pkal deletion strains, and the authors collaborator isolated mal3 as a
multi-copy suppressor which reversed the TBZ sensitive phenotype of the pkalA strains. Mal3 is a
microtubule-binding protein classified in a type of the EB1 family proteins. Mal3 consists of two
domains designated the CH and EB1 domains. The CH domain is a microtubule-binding domain,
and the EB1 domain, which is highly conserved in EB1 family proteins, involves morphogenesis and
chromosome distribution. The author conducted a study to clarify the cause of sensitivity to
microtubule polymerization inhibitor in pkal deletion strains and to clarify a new regulatory system
by PKA in conjunction with Mal3.

First, the author analyzed the phenotype of pkal deletion strains to microtubule
polymerization inhibitors. Since microtubule polymerization inhibitors such as TBZ act during
mitosis, DAPI staining and chromosome segregation analysis were conducted. As a result, in the
presence of TBZ, the pkal deletion strain had a significantly increased frequency of abnormal
chromosome segregation compared to the wild-type strain. Since the mal3 deletion strain exhibited
microtubule polymerization inhibitor sensitivity, the sensitivity of a double deletion strain of mal3
and pkal was tested by spot assay. The result showed the sensitivity became stronger than each
single deletion strain. This suggests that the sensitivity of individual pkal and mal3 deletion strain is
caused by a different factor. The author then fragmented Mal3 into two domains, and each was

expressed in a pkal deletion strain. Then, the suppression of microtubule polymerization inhibitor
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sensitivity and the function of each domain of Mal3 was investigated. As a result, the sensitivity was
suppressed only by expression of the CH domain, which has at least the functions of microtubule
binding and microtubule stabilization. The author further analyzed several mutants that affect the
ability of the CH domain to bind to microtubules. As a result, the suppression ability depended on
the ability of Mal3 to bind to microtubules. In addition, the author analyzed whether this function
was conserved in other species and in fact it was conserved in most species. Thus, the microtubule-
stabilizing function of the CH domain is critical for the suppression of sensitivity to microtubule
polymerization inhibitor by Mal3 overexpression in pkal deletion strains.

Next, the author analyzed the possibility that Pkal might affect Mal3 function.
Overexpression of Mal3 causes growth inhibition accompanied by monopolar spindle formation
during mitosis. The author attempted to elucidate the function of Mal3 during mitosis by analyzing
precisely this phenotype. As a result of analysis using fragmentation and mutants of Mal3, the author
observed that growth inhibition by Mal3 was caused by both the microtubule-binding ability of the
CH domain and the EB1 domain. The monopolar spindle formation caused by Mal3 overexpression
was suppressed in the pkal deletion strain. It has been known that glucose limitation causes a down
regulation of the cAMP/PKA pathway. Therefore, the author analyzed if glucose limitation also
suppressed the phenotype observed in the pkal deletion strain. Since the phenotype caused by high
expression of Mal3 was similarly observed in the cut7-446 mutant, the author examined and found
that phenotypes in cut7-446 was suppressed by pkal deletion and glucose limitation. These results
suggest that pkal deletion strains and glucose limitation regulate mitotic progression via Mal3 or
microtubule regulation.

The results of the present study by these two different approaches indicate that Pkal regulates
microtubule or Mal3 function during mitosis, and also contributes to the weakness of pkal deletion
strains to microtubule polymerization inhibitors. These findings propose a new mechanism of that
extracellular glucose level which is transmitted to the cAMP/PKA pathway affect microtubule

function through the microtubule-binding protein Mal3 and else.
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A OE T VAN Td 5 02T, Ml OBRBEOZ st L TR EIS T 2 MEN
bV FOIDDINEREE DO IRDEINATONTE T, FERRFWCTH DI L a—2ADF
WL, EMMERICE > CRERAIRTH Y . ZOIFERITIS U TERNICHE~ 7o R# 2L E 5
ST, REWOIEIT, BEEHO > 7T IVREREABE ST 203, 725CH cAMP/7 17
A F T —F APKARBEN EE LR THY, BN LE FETASAHFEINTNS,

OYBARERHIZ BT D cAMP/PKA #RII1E, FEgAE, AMEAILBRE~OBIT, A ML RARER E
RS T5, Lo Lanb, ZHE TOMZE TR, B & ATEARRR~OBITLS D4R
NHEREIZH E VS NIC2 > TE LT, PKA OIEMRFHITITE A CRE SN TW RN, —JF
T. PKA BRER Bk (pkal RAERR)IZ, HAL AL 7 A, WoNEEAERG R 2 E
#). DNA ARRMLEAZ: SICRZ A2 RTZENDbMho TS, ZHHDHEENSL, PKADTF
ZiE, BT 22> TORWETER N EEAAET 5 Z L B PRI LD,

PTerx OWFE 7 V—T7"TIE, pkal REBRPRIHINEREGAEARZECER L, ZORKN%Z
HOENZT 270D 1507 Fr—F L LT, fifEE LTy Fart— 7Ly —nH
BEN TN, TR, 1 OO E LTEBL 77 U —# 378 Mal3 BAHEES LT,
Mal3 [ZUNEREE 7 XV ETHY | BMNEREG RAAL > TH%DCH RAA L EBl 77 3
V=2 R BICE LS RESNTND EBL RAAL LN D 20D RAAL U HRED . TEREERK
YO ARSI 54 %, FAE. Pkal & Mal3 OREMEOfENT 2810 0 & LT, pkal KEFED
WoVE BEAERKZMEORNZ AT 5 & L I, PKA OF2EIiRE2HAL M52 L
ZHIE LT EIT 57,

HDIZ. pkal KREREOHUINE BALEAN T 2 KBAU SV TR 21778 572, MUNVE R
EERNIA R ZHNB OV THERT 272, DAPL YLt & Yeta (o3I DA 21T > 72, £ D
FER. MUNE BEABLERIFE FICRBW T, pkal KIBBRIZEF AR & Ll U C, A B ICY @R B
L OB U7z, £72, mal3 KEHKIZB W T O NE B MLERIRZMEZ R T 720,
pkal KAEFE L O ZBHBEEREZER L. ARy hT A N &fTlholz, TORKE, ZhZhoiih
MEERR L0 I MENIRL TenTe, 2D Z D, pkal & mal3 DZENZEHORKBIZ L 5
PEIXRRDBERICE > TERZ D Z LRI L7z, KIZ, Mald & 2 20 R A A Il ik
L. pkal RERIZEN TN ZRBL S, UNE ESLERRSZIEOIEN G & Z SN2 0E
FrL. Mal3 DFNEND R AA L DEGIZHONWTHARSL Z L0 Lz, TORE., MuNEkEe L
WoNEREOBRER D CH R AL VA GBI IZRWCOAR, EZMEEIE LR, 22
T, CH FAA OMuNEREGIRICHEZ 522 W DD OB RIRE AT LT-FE R, Z oMt
BEIX Mal3 OBUNERSGREICIKTEL TV D 2 E¥bote, £, ZOMREN Mo AW FE TR
FEENTVDEINEHTRIZE A, 1ZLEAEDEMFEIZIBN T ZOMENRFESN TN, Zh
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5OKERIG . pkal KAEKKRD Mal3 (2 & 5 /NE R GHEANEZEOMEIL, CH FA A DFf
OWUNEZTEAEREIC Ko TR EEZENTWD Z &R ST,

WIZ, W7 7r—F & LT, Pkal 25 Mal3 B8BRICEEE A4 52 2 ATREMEIC DU TRET L 72,
Mal3 OiERIFE BT, AR0EHNIT 2 BARMESSEIRTZ A A2 1 O A B ERGI S Z S D,
Z ORI ZfENT LT, AR T 5 Mal3 BEEEOfRI &2 A7z, #IDIZ, Wi (bog
BRZ AW fEFT OFE R, Mal3 I X 2 EFHFIXCH KA A O/ NERSAREE EBL KX A
YOW GBS HZ L THER I T\, £, Z OFMMEGEERIL. pkal KK
THE STz, Zva—2&HIRT 5 2 &1 Pkal REEOBEIK T 251X 24, 2072,
TN a—AHIRT CHMNT Lz & 2 A, pkal RIKE & RIERICRBIAL Z00E LT e, Mal3 &
FBUZ L - T Z 2 RENT cut7-446 ZRIETH R OND T2, RO 21T o7& 25,
pkal RIEREE 7V a—2 BT CHESNTZ, ZHHDI LD, pkal REFEB IO/ L a—
AHIBRIZ, Mal3 b L T/ NERIEEZ N LT, AR 0280 T2 I L T\ D Z EAVRIR S
72

INGH2O0RRLT 7T a—FOSRRIL. &6 6 b ARDEMNTI T Pkal BUNE
HLL I Ma3 BEBEZ I L CWAD Z L 2R L TR Y . pkal KIBEEOH/NE EABLEANI T
LIEFFEO TR G L DD THDL I ENEZLND, ZNHDOIFEIT, Mgt s a—
ZEDEEH . cAMP/PKA #FE AT LT, MUNERE S Z 7327 B Mal3 & LU INEREIZ
BEHZXDHEVIFTRARETRTHDTH D,
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