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Previously, six Schizosaccharomyce pombe mutants that induce
pheromone even in the presence of nitrogen source were isolated
from a bank of temperature sensitive mutants. In this report,
one of these mutants, pws6 was further characterized. The
pheromone induction in pws6 mutant cells was specific to
nutrient: the M-factor pheromone was induced without nitrogen
starvation but not without glucose starvation. This result
suggests that the pws6 mutant might have a specific defect in
the pathway for nitrogen starvation. The pws6 mutant induces
P-factor pheromone as well as M-factor without starvation of
nitrogen in temperature sensitive mode, suggesting that the
pheromone induction phenotype of pws6 mutation is not cell+
type specific. From cloning of the pws6 gene by complementation
of the temperature sensitive growth defect, three plasmids
containing 8.1 kb, 3.3 kb, and 4.8 kb yeast DNA were recovered.
These plasmids complement the growth defect of the pws6
mutant by 100%, 70%, and 10~20%, respectively. The abilities
of these plasmids to complement pheromone induction phenotype
of pws6 mutant cells were correlated well with the efficiencies
of complementation of the growth defect. With comparison of
their open reading frames to the complementation efficiencies,
it is concluded that the open reading frame, SPBC19C7.06 is
responsible for the complementation of temperature sensitive
phenotype of the pws6 mutant. This open reading frame, named

prs1, contains one long exon with no intron and encodes a
putative prolyl tRNA synthetase. The putative Prs1 protein
exhibits significant similarities to the prolyl tRNA synthetases
of other species.
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Fission yeast Schizosaccharomyces pombe is a unicellular
organism that has two alternative developmental programs.
Under nutrient-rich condition, the fission yeast normally proliferates by mitotic division in haploid state. When they are
starved for nutrients, especially nitrogen, S. pombe cells initiate
sexual development. Cells cease to divide and haploid cells of
+
the two opposite mating types, termed h and h , conjugate and

form zygotes. The zygotes proceed to meiosis and form four
haploid spores. If the zygotes are shifted to rich medium before
they are committed to meiosis, they can proliferate as diploid
cells. The sexual development process is controlled by two
diffusible peptide hormones; P-factor and M-factor are produced
+

-

by h and h cells, respectively.
M-factor is a nonapeptide whose C-terminal residue is car-
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1994). Three genes, mfm1, mfm2, and mfm3, that have strong

complex 2 (TORC2) (Loewith et al., 2002; Wullschleger et al.,

sequence similarity, encode M-factor as a large precursor that

2006). Disruption of TORC1 in many eukaryotes, including yeast,

contains intron (Davey, 1992; Kjaerulff et al., 1994). P-factor,

results in cellular phonotype that resembles nitrogen starvation

encoded by map2 gene, is an unmodified peptide of 23 amino

(Zoncu et al., 2011; Kupiec and Weisman, 2012). TORC1 plays

acids (Imai and Yamamoto, 1994). Receptors for M-factor and

a major role in mediating environmental nitrogen insufficiency to

+

P-factor are encoded by map3 and mam2 gene located on the h
-

and h cells, respectively (Kitamura and Shimoda, 1991; Tanaka
et al., 1993).

the starvation responsive processes.
As in mammalian cells and budding yeast, S. pombe has two
TOR complexes (Kawai et al., 2001; Weisman and Choder,

Nutritional starvation is required for induction of sexual

2001). TORC1 is composed of Tor2 kinase and Mip1 (Raptor),

differentiation. Nitrogen and carbon sources are two major

whereas Tor1 kinase interacts with Ste20 (Rictor) and Sin1 to

signals for nutritional starvation. For carbon starvation, cAMP

form TORC2 (Hayashi et al., 2007; Matsuo et al., 2007).

plays a critical role for the transmission of the starvation signal

TORC1 is essential for vegetative growth and represses sexual

to gene expression (Watanabe, 1988). The presence of glucose

differentiation under nitrogen‐rich conditions (Alvarez and

is monitored by Git3, a G-protein coupled receptor at the plasma

Moreno, 2006; Hayashi et al., 2007; Weisman et al., 2007).

membrane (Welton and Hoffman, 2000). Gpa2, a G-protein α-

Inactivation of the Tor2 kinase (TORC1) mimics nitrogen

subunit, is likely to mediate nutritional signal to cAMP (Isshiki

starvation and activates the sexual development pathway (Matsuo

et al., 1992). cAMP is synthesized by adenylate cyclase and

et al., 2007; Weisman et al., 2007). On the other hand, TORC2

degraded by cAMP phosphatase. Both adenylate cyclase (Git2/

is not essential for growth but is required for survival under stress

Cyr1) and cAMP phosphatase (Pde1/Cgs2) regulate the cAMP

conditions, including nutritional starvation, high temperatures,

signaling (Kawamukai et al., 1991; Mochizuki and Yamamoto,

oxidative or osmotic stress, and DNA damage or replication

1992; Byrne and Hoffman, 1993). The intracellular level of

stresses (Kawai et al., 2001; Weisman and Choder, 2001;

cAMP is kept high when glucose is sufficient.

Schonbrun et al., 2009, 2013). Thus, Tor2 in TORC1 normally

Carbon starvation causes a lowered intracellular cAMP level
and results in down-regulation of cAMP dependent protein kinase

mediates a signal of nitrogen availability to sexual differentiation in S. pombe (Matsuo et al., 2007).

A (PKA) (Maeda et al., 1994). PKA inhibits the transcription

A number of downstream factors of S. pombe TORC1 have

factor Rst2 by phosphorylation and exclusion of Rst2 from the

been identified. Among these, Mei2 and Ste11 are the direct

nucleus (Kunitomo et al., 2000; Higuchi et al., 2002). Thus, a

phosphorylation targets of TORC1 that regulate sexual differen-

decrease of PKA activity leads to the translocation of this zinc

tiation. Mei2, a master regulator of meiosis, which is involved

finger protein into nucleus and bind the STREP motif in the

in the regulation of G1 arrest and conjugation, interacts physically

ste11 promoter to induce expression (Higuchi et al., 2002).

with Tor2 (Alvarez and Moreno, 2006). Mip1, an essential

Ste11 encodes HMG-type transcription factor which binds to

component of mTORC1 was originally isolated as a genetic

the TR box found in mating-type specific genes (Sugimoto et

interactor of Mei2 and facilitates function of Mei2 (Shinozaki-

al., 1991; Aono et al., 1994). Ste11 acts as a developmental

Yabana et al., 2000). Tor2 impairs meiosis by phosphorylation

switch for sexual differentiation and directly stimulates pro-

of Mei2 and interfering with its function. Phosphorylation of

duction of pheromones and their receptors (Davey, 1998).

Mei2 induces its polyubiquitination and proteasomal degradation,

Nitrogen availability is another determinant of cell growth
and differentiation. Nitrogen starvation also causes transcriptional

leading to suppression of sexual differentiation (Otsubo et al.,
2014).

activation of ste11 gene and induces sexual differentiation

As well as Mei2, Tor2 exists in complex with Ste11, a

(Mata and Bahler, 2006). In this case, the highly conserved

developmental switch for sexual differentiation and phosphory-

Target of Rapamycin (TOR) pathway plays a central role in the

lates these two essential regulators of different phases of sexual

regulation of cell growth and differentiation. TOR exists in two

differentiation (Alvarez and Moreno, 2006). N-terminal fragment

distinct complexes, termed TOR complex 1 (TORC1) and TOR

of Ste11 was phosphorylated by immune-precipitated TORC1
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(Otsubo et al., 2017). Inactivation of TORC1 causes nuclear

induce pheromone without nutritional starvation and named

accumulation of Ste11, suggesting that TORC1 regulates nuclear

these mutants pws1 to pws6 (Jun and Kim, 2008). In this study,

localization of Ste11 by phosphorylation (Valbuena and Moreno,

one of these mutants, pws6, was further characterized. Cloning

2010).

of the pws6 gene by complementation of the growth defect

+

In addition to Mei2 and Ste11, TORC1 positively regulates

showed that the cloned gene is encoding prolyl tRNA synthetase,

the phosphorylation of GATA transcription factor Gaf1 by

implying the significance of tRNA metabolism for nutrient-

inhibiting the PP2A-like phosphatase Ppe1 (Laor et al., 2015).

dependent signal transduction in fission yeast.

When TORC1 is inactivated under nitrogen starvation condition,
Gaf1 is dephosphorylated and translocated into the nucleus. Gaf1
positively regulates genes that are induced early in response to
nitrogen stress, such as the 2-oxoglutarate-Fe(II) dependent
oxygenase isp7, and inhibits later response genes, such as ste11

Materials and Methods
Yeast strains, media and growth conditions

(Kim et al., 2012; Laor et al., 2015). However, this nucleus

S. pombe standard wild type strains, 972 (h-) and 975 (h+)

localization of Gaf1 is transient. Relocalization of Gaf1 into

were used in this study. All of the ts mutants were derived

the cytoplasm may induce the transcription of ste11 thereby

from the wild type strains, 972. For recombination of leu1-32

allowing sexual differentiation (Laor et al., 2015).

+
mutation, ED666 (h , leu1-32 , ura4-D18 , ade6-M210 ) was

-

Meanwhile, how the information of nitrogen availability

+
used. E. coli strain JA226 (RecBC, leuB6, trpES, hsdR , hsdm ,

is transmitted to TORC1 is largely unknown. In mammalian

lacYc600) was used to recover the plasmid from yeast. Complete

cells, the Ras superfamily G-protein, Rheb, regulates mTORC1

medium YE and minimal medium PM were prepared according

positively whereas the tumor suppressor proteins, TSC1 and

to Alfa et al. (1993). MB medium, prepared according to

TSC2, negatively control the functions through inactivation of

Okazaki et al. (1990), was used for yeast transformation. In

Rheb (Corradetti and Guan, 2006; Huang and Manning, 2008).

sporulation experiments, SPA (1% glucose, 0.1% KHPO4,

Functional homologues of TSCs and Rheb have been identified

vitamin mixture, and 1.5% agar) was used. Wild type was

in fission yeast. Like the mammalian system, fission yeast TSC

grown at 23°C. Ts mutants were grown at 23°C as a permissive

proteins (Tsc1 and Tsc2) negatively regulate TORC1 activity via

temperature and 37°C as a non-permissive temperature.

inhibition of fission yeast Rheb protein (Rhb1) (van Slegtenhorst
et al., 2005; Uritani et al., 2006; Urano et al., 2007). Disruption

-

Northern blot analysis

of Tsc1 or Tsc2 leads to impaired amino acid uptake and causes

Yeast cells were grown to mid-log phase and the total RNA

defect in sexual development upon nitrogen starvation (Matsumoto

was prepared as described in Nischt et al. (1986). Total RNA

et al., 2002; van Slegtenhorst et al., 2004). Thus, the Tsc1-Tsc2

was analyzed via Northern hybridization as previously described

complex and Rhb1 act as an upstream player of TORC1 in

(Jun and Kim, 2008). To detect transcription of the M-factor

fission yeast. Recently, it was shown that Gtr1 and Gtr2, the

pheromone (mfm1), single stranded RNA probe was transcribed

Rag GTPase in S. pombe, function downstream of Vam6, a

from pSK2 as previously described (Jun and Kim, 2008). For

GTP-exchange factor, and upstream of TORC1 (Valbuena et

detection of the P-factor pheromone transcription, map2 gene

al., 2012a). The conserved pathway with Vam6 and Gtr1-Gtr2

(from pMap2, kind donation by Dr. Yamamoto, Tokyo University)

induces cellular growth and represses sexual differentiation by

was amplified by PCR using KBK-F (5'-CGAAGCTTGCTCT

activating the TORC1 in response to amino acids. The Vam6

CAAATTTGGCAGT-3') and KBK-R (5'-CGGGATCCATG

and Gtr1-Gtr2 pathway may be another upstream pathway of S.

AAGATCACCGCTGT-3') primers. The amplified fragment was

pombe TORC1.

subcloned into HindIII and BamHI sites of pBluescript SK+,

To gain insights into the question of how nutritional starvation

generating a plasmid pKBK20. The plasmid was linearized by

in S. pombe causes induction of the pheromone, my laboratory

digestion with XbaI and transcribed with SP6 RNA polymerase

-

has previously isolated temperature sensitive (ts ) mutants that

in the presence of digoxigenin-11 UTP according to the manual
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of the manufacturer (Boehringer Mannheim). Not incorporated

site of pWH5. S. cerevisiae LEU2 gene in pWH5 complements

ribonucleotide triphosphate was removed by repeated ethanol

S. pombe leu1 mutation and can be used as a selection marker.

precipitations and the labeled RNA was used as a probe for the

For this purpose, leu1-32 mutation was introduced to the pws6

transcription of P-factor pheromone.

mutant (h , ts ) by crossing to the strain carrying leu1-32

-

-

-

+

-

-

mutation (JHJ136: h , leu1-32 ) and selecting the recombinant
carrying both ts and leu1-32 . The S. pombe genomic DNA

Yeast transformation
S. pombe cells were transformed with plasmids as described
in Okazaki et al. (1990). Briefly, yeast cells were grown in MB
medium to mid-log phase, harvested and resuspended in 0.1 M
lithium acetate. The resuspension was incubated at 23°C for 60
min and plasmid DNA (1 µg) was added. The tube was mixed
by gentle vortexing and added 290 µl of 50% PEG. After
incubation at 23°C for 60 min, cells were heat-shocked at 43°C
for 15 min. Cells were harvested and resuspended in 10 ml of

library was introduced into these mutant cells and the transformed colonies were selected on the leucine deficient plates.
The ability to complement temperature sensitivity was monitored
by the growth at non-permissive temperature. The transformation
plates were incubated at 23°C for 24 h and then shifted to 37°C
for 5 days. Plasmids were isolated from the surviving colonies.

Analysis of DNA sequence

YE medium and incubated for 2 h. Aliquots were plated onto

To determine the DNA sequence, the yeast DNA fragments

selective PM plates supplemented with 150 µg adenine and

in pWH5 were subcloned into HindIII site of pBluescript SK+.

incubated 23°C for 7 days.

DNA sequencing was performed in Korea Research Institute of
Bioscience and Biotechnology with forward primer (5'-GTAA
AACGACGGCCAGT-3') and reverse primer (5'-AACAGCT

Plasmid recovery from yeast
Plasmid of yeast was recovered by preparing total DNA
from yeast, transforming recombination deficient E. coli with
the total DNA, and preparing plasmid DNA from the transformed
E. coli cells. Total DNA from S. pombe cells was isolated as
described in Hoffman and Winston (1987). In short, yeast cells

ATGACCTG-3') of pBluescript SK+. DNA sequencing was
performed in both directions. The sequenced region was
analyzed and compared with the database in National Center
for Biotechnology Information to search for the open reading
frame and homology.

were cultured at 23°C to mid-log phase. Cells were harvested
and resuspended in breaking buffer (10 mM Tris-Cl, pH 8.0,
100 mM NaCl, 1 mM EDTA, 1% SDS, 2% Triton X-100). An
equal volume of phenol/chloroform (1:1 v/v) and 0.3 g of glass
bead were added to the resuspension. The whole mixture was
vortexed vigorously for 2 min and centrifuged for 5 min. The
aqueous phase was collected and DNA was precipitated with
ethanol. The nucleic acid pellet was resuspended with TE (10
mM Tris-Cl, 1 mM EDTA, pH 8.0). The DNA was used to
transform E. coli JA226 and plasmid was prepared in mini-scale
using standard methods (Sambrook et al., 1989).

Results
Effect of nutrient on pheromone induction
To analyze the effect of the nutrients on M-factor pheromone
induction in pws6 mutant, cells were grown in minimal medium
to mid-log phase at 23°C, shifted to the medium containing
various concentration of nitrogen or carbon, and incubated at
37°C for 6 h. The RNA was prepared and the mRNA of
M-factor (mfm1) was analyzed on Northern blots (Fig. 1).
When nitrogen concentration was varied from 0 to 1%, in the
pws6 cells, the pheromone induction was observed in all ranges

+

Cloning of pws6 gene

of nitrogen concentration. The extent of induction was gradually

S. pombe genomic DNA library, constructed in pWH5 plasmid
+

decreased as concentration of nitrogen increased. In normal

(Wright et al., 1986), was used to clone the pws6 gene. The

concentration of nitrogen (0.5%) and above (1%), significant

library of genomic DNA was prepared by partial HindIII digestion

pheromone was induced in pws6, implying that the pws6

of S. pombe DNA and ligation of DNA fragment into HindIII

mutant induces M-factor pheromone without nitrogen starvation.
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(A)

Fig. 1. Effect of nutrient on the M-factor pheromone induction in pws6
mutant cells. (A) Effect of nitrogen. (B) Effect of glucose. Cells were
grown at 23°C and shifted to 37°C for 6 h in the minimal medium
containing indicated concentration of the nutrient. Cells were harvested
and total RNA was analyzed on the Northern blot with antisense mfm1
RNA as a probe. The rRNA visualized with ethidium bromide was used as
a loading control. Normal concentrations of nitrogen (0.5%) and glucose
(2%) were underlined.

The effect of carbon starvation to the pheromone induction
was also analyzed. Strong pheromone induction was observed
in the pws6 cells at 0.1 and 0.2% glucose concentration and
very weak induction at 0.5 and 1.0%. However, in 2% glucose
concentration (normal glucose concentration), the pheromone

(B)

Fig. 2. P-factor pheromone induction in pws6 mutant cells. (A) P-factor
inductions in wild type and pws6 mutant cells. Wild type cells (975) were
grown at 23°C and then transferred to either PM-N (-N) or PM (+N) for 6
h. Cells of pws6 mutant pre-grown in PM at 23°C were shifted to 37°C for
6 h. (B) Time-dependent variation of P-factor induction in pws6 cells.
Cells were grown in PM medium at 23°C and shifted to 37°C for indicated
time. Cells were harvested and total RNA was analyzed on the Northern
blot with antisense map2 RNA as a probe. The rRNA visualized with
ethidium bromide was used as a loading control.

induction was not observed (Fig. 1). This result implies that the
pws6 cells do not induce the pheromone without glucose
starvation. Taken together, these results imply that the pws6
cells induce the pheromone without nitrogen starvation but not
without glucose starvation.

pheromone as well as M-factor without starvation of nitrogen
and its P-factor induction phenotype is also temperature sensitive.
The temperature sensitivity of P-factor induction was further
characterized as the incubation time increased. The induction
of P-factor was observed after shift to 37°C in normal nitrogen

Induction of P-factor pheromone
-

-

Prior to analysis of P-factor, the ts mutation in the pws6 (h )
+

cells was moved into h cells by crossing the mutant with the
+

+

strain 975 (h ) and selecting the recombinant carrying both h ,
-

concentration but no P-factor induction was detected in the
cells at 23°C (Fig. 2B). The induction signals were slightly but
gradually escalated as the time of incubation increased starting
from 4 h up to 8 h after shift to non-permissive temperature.

ts . It has been reported that S. pombe P-factor is encoded by

These results confirm that the mutation of P-factor induction in

map2 gene (Imai and Yamamoto, 1994). To detect the induction

pws6 mutant cells is temperature sensitive.

of P-factor, the antisense RNA of the map2 gene was used as a
+

probe for Northern analysis. Wild type cells 975 (h ) induced
P-factor mRNA very strongly after transfer to the nitrogen
starvation media (Fig. 2A), confirming that S. pombe wild type
cells induce pheromone when the cell is starved for nitrogen. In
case of pws6 mutant, cells were cultured in the medium of
normal nitrogen concentration. Induction of P-factor mRNA
was observed only when the cells were shifted to 37°C (Fig.
2A). P-factor induction was not observed in the cells at 23°C.
This result indicates that the pws6 mutant induces P-factor

Cloning by complementation of the growth defect
S. pombe genomic DNA library constructed in pWH5 plasmid
+
was used to clone the pws6 gene by complementation of the
-

growth defect. The pws6 mutant cells (ts , pws6) were transformed
with S. pombe genomic DNA library and the colonies that can
grow at non-permissive temperature were selected. Of 36,000
+
transformed colonies, 29 ts clones were identified (Table 1).
+
From these ts clones, three different plasmids, named pJHJ716,

pJHJ722, and pKBK102, were recovered. Restriction digestion
Korean Journal of Microbiology, Vol. 54, No. 4
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Fig. 3. Restriction map and complementation analysis of the pws6 clones. The extent and direction of the open reading frame (ORF) is shown by arrow. The
complete ORF is indicated by the solid arrow. The partial ORF is indicated by the shaded arrow. Restriction sites shown are BamHI (B), ClaI (C), HindIII
(H), and SalI (S).

Table 1. Transformation of the pws6 cells with genomic DNA
Description

Number of colony
+

Water
pWH5*
Genomic DNA

+

Leu

+

Ts , Leu
0

0

~3,600

0

~36,000

29

* indicates the empty vector

analyses showed that 4.8 kb, 8.1 kb, and 3.3 kb yeast DNA
fragments were inserted in pJHJ716, pJHJ722, and pKBK102,
respectively.
The abilities of these plasmids to complement the growth
defect were accessed by retransforming the pws6 mutant cells
with the plasmids (Fig. 3). The transformant with pJHJ722
showed 100% complementation of ts phenotype whereas the

Fig. 4. Complementation of pheromone induction phenotype. Cells were
cultured in PM to mid-log phase at 23°C and then shifted to 37°C for 6 h.
Northern blot analyses of the total RNA in the wild type cells (WT), the
pws6 mutant cells (pws6), the pws6 cells transformed with the plasmids,
pJHJ722 (+pJHJ722), or pKBK102 (+pKBK102) were performed with
antisense mfm1 RNA probe. The rRNA stained with ethidium bromide
was used as a loading control.

pKBK102 transformants were observed to complement 70% of
growth defect. The complementation efficiency was reduced to

control pws6 cells accumulated intensive amount of M-factor

10–20% upon the transformation with pJHJ716. These results

mRNA, no significant accumulation was observed in the

suggest that the 8.1 kb insert in pJHJ722 contain a full sized

transformants of pJHJ722, indicating that M-factor pheromone

open reading frame to complement the growth defect whereas

is not induced in the absence of nitrogen starvation. In the

partial open reading frames may be included in 3.3 kb fragment

transformant with pKBK102, we observed a slight and significant

of pKBK102 or 4.8 kb fragment of pJHJ716.

accumulation of the pheromone mRNA. Thus, pJHJ722 com-

Complementation of pheromone induction phenotype

plements the pheromone induction phenotype of pws6 cells
almost completely, whereas pKBK101 complements the pheno-

We analyzed the pheromone induction phenotypes in the

type partially. These results are well correlated with 100% and

pws6 cells retransformed with the plasmids (Fig. 4). While the

70% complementation of the growth defect by pJHJ722 and
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pKBK101, respectively, and indicate that the yeast DNA

exon with no intron and encodes a polypeptide composed of

fragments in these plasmids complement not only the growth

716 amino acids with a molecular weight of 79 kDa. The

defect of pws6 mutant cells but also the pheromone induction

protein is a putative prolyl tRNA synthetase and its sequence

phenotype.

has been deposited in the GenBank database under the accession
number of O60155. The enzyme is encoded by prs1 gene

DNA sequence analysis

located in S. pombe chromosome II. Using BLAST algorithm

In order to get insight on the function of pws6+ gene, the yeast
DNA fragments of the complementing clones were sequenced.
The yeast DNA fragments in pJHJ716, pJHJ722, and pKBK102
were subcloned into pBluescript vector and their DNA sequences
were determined in both directions. The sequences of these
DNAs were identical to the part of chromosome II sequence of
S. pombe in National Center for Biotechnology Information
(NCBI), deposited in the GenBank under accession number

of NCBI, the protein sequence data base was searched for the
homology of Prs1 protein. The Prs1 protein exhibits strong
similarities to the prolyl tRNA synthetases of Saccharomyces
cerevisiae, Drosophila melanogaster, Homo sapiens, Caenorhabditis
elegans, and Arabidopsis thaliana, especially in the class II
+
core catalytic domain. These results imply that the pws6 gene

may encode a putative the prolyl tRNA synthetase, a protein
that is conserved during evolution.

NC_003423.
Examination of the sequences revealed that these yeast DNA

Discussion

fragments contain many open reading frames (Fig. 3). The
yeast DNA of pJHJ722 contains one complete open reading

To investigate the pathway by which the signal of nutritional

frame (SPBC19C7.06) and two truncated open reading frames

starvation is transduced into pheromone secretion, an effort to

(SPBC19C7.05 and SPBC19C7.07c). The yeast DNA of pKBK102

identify genes involved in this pathway was initiated. For this

contains a complete SPBC19C7.06 open reading frame and

purpose, six ts mutants that induce pheromone even in the

truncated open reading frame of SPBC19C7.07c. In the yeast

absence of nutritional starvation were isolated in previous

DNA of pJHJ716, one partial open reading frame (SPBC19C7.06)

study. In this study, the gene of one of these mutants, pws6, was

and two complete open reading frames (SPBC19C7.07c and

cloned by the complementation of the growth defect. The

SPBC19C7.08c) were found.

cloned gene encodes a putative prolyl tRNA synthetase which

These open reading frames were compared to the comple-

exhibits a strong sequence homology with those of other

mentation efficiencies. The complete open reading frame

organisms. There is a possibility that the cloned prolyl tRNA

SPBC19C7.06, found in pJHJ722, was present partially (about

synthetase gene is a multi-copy suppressor of the pws6 mutation.

60%) in pJHJ716 and these plasmids complement the growth

Determining the position of mutation by sequencing the prolyl

defect of pws6 mutant with 100% and 10~20% efficiencies,

tRNA synthetase gene in the pws6 mutant can answer this

respectively (Fig. 3). These results suggest that the open reading

question.

frame, SPBC19C7.06 is responsible for the complementation of
-

Carbon and nitrogen are two major sources for nutritional

ts phenotype of pws6 mutant. The full length of SPBC19C7.06

starvation. The signals of these nutrients appear to be transduced

open reading frame was also found in the yeast DNA of

through the different pathways; carbon starvation is transduced

pKBK102. However, the 5'-flanking sequence of this open

through cAMP-PKA pathway and nitrogen starvation is transferred

reading frame was shortened in pKBK102. The reduced com-

via TOR pathway. Both of these two pathways activate the

-

plementation efficiency of ts phenotype of this plasmid (70%)

expression of a transcription factor Ste11, leading to the induction

might be due to the lack of this regulatory sequence present in

of mating type specific genes. Examinations of the pheromone

the 5'-flanking region. These results are also well correlated

induction in pws6 mutant cells in different concentrations of

with complementation of the pheromone induction phenotype

nutrients reveal that the pheromone was not induced in normal

by these plasmids (Fig. 4).

concentration of carbon source whereas significant induction

The open reading frame SPBC19C7.06 contains one long

of pheromone was detected in the typical concentration of
Korean Journal of Microbiology, Vol. 54, No. 4
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nitrogen (Fig. 1). These results suggest that the pws6 mutant

and Guan, 2011; Jewell et al., 2013). Deficiency of amino acids

might have a specific defect in the pathway for nitrogen

or defect in aminoacyl tRNA synthetase causes accumulation

starvation, but not in the pathway for carbon starvation.

of free tRNA. The uncharged tRNA binds to the regulatory

P-factor is encoded by map2 gene that expressed specifically
+

in the h cells (Imai and Yamamoto, 1994). The sexual back-

ground of pws6 mutant is h because it was generated originally
-

region of Gcn2 thereby activates its protein kinase (Rodland et
al., 2014; Lageix et al., 2015). This amino acid sensor protein
phosphorylates the α-subunit of translation initiation factor

by random mutagenesis of wild type h cells, 972. In order to

eIF2α, resulting in repression of general protein synthesis

examine the expression of P-factor in pws6 mutant cells, the

(Wek et al., 1990; Zaborske et al., 2009). It has been recently

+

sexual background of pws6 mutation was converted to h by
+

reported that Gcn2 also phosphorylates Kog1, the regulatory

recombination. Without starvation of nutrients, the h , pws6

subunit of TORC1 of Saccharomyces cerevisiae in response to

mutant cells induce P-factor with maximum induction at 8 h

amino acid starvation, thereby inhibiting TORC1 kinase activity

after shift to non-permissive temperature (Fig. 2). In our previous

(Yuan et al., 2017). Like the budding yeast, fission yeast Gcn2

-

research, the h , pws6 mutant showed similar pattern of M-factor

is activated in response to nutrient starvation (Valbuena et al.,

pheromone induction reaching to maximum induction at 10 h

2012b; Rodland et al., 2014). Thus, it is likely that the fission

(Jun and Kim, 2008). These results imply that the pheromone

yeast Gcn2 might inhibit TORC1 activity by phosphorylating

induction phenotype of pws6 mutation is not cell-type specific

Mip1 as in the budding yeast. Further studies are needed to test

and suggest that a component common to both cell types might

whether the accumulated proline tRNA in pws6 cells interacts

be defected in the pws6 mutant cells.

with Gcn2 and thereby down-regulates TORC1 activity.

Unanswered question is how prolyl tRNA synthetase is

Another possibility is the hypothesis proposed by Otsubo et

involved in induction of pheromone even in the presence of

al. (2018). Based on the observations that expression of pre-

nutrients. Thus far, it remains largely unknown how the infor-

tRNAs is reduced upon nitrogen starvation and overexpression

mation of extracellular nutrient level is transmitted to TORC1.

of pre-tRNAs prevents TORC1 downregulation, they proposed

It has been reported in mammalian cells that leucyl tRNA

that pre-tRNA is operating as a switch turning from vegetative

synthetase senses amino acid concentrations and activates

to reproductive growth. It will be also interesting to examine

mTORC1 by acting as a GTPase-activating protein (GAP) for

the expression of pre-tRNA in the pws6 mutant cells and its

RagD GTPase (Han et al., 2012). In S. cerevisiae, leucyl tRNA

association with TORC1 activity.

synthetase interacts with the Rag GTPase Gtr1 in leucine

Recent evidences showed the importance of prolyl tRNA

dependent manner and this interaction is mediated by the

synthetase in Gcn2 activation. Inhibition of prolyl tRNA syn-

editing domain (Bonfils et al., 2012). As in mammalian cells

thetase induced cell death in several tumor cell lines through

and budding yeast, Gtr1 and Gtr2, the Rag GTPase in S. pombe,

activation of the Gcn2-Atf4 pathway (Arita et al., 2017). Proline

function upstream of TORC1 and downstream of a GTP-exchange

addition to the embryonic stem cell down-regulates 77% of

factor, Vam6 in response to amino acid (Valbuena et al., 2012a).

genes that are direct targets of Atf4, the main downstream

Recently, it has been reported that inactivation of leucyl tRNA

effector of Gcn2 (D'Aniello et al., 2015). This down-regulation

synthetase and other aminoacyl tRNA synthetases of S. pombe

of the genes is specific to proline. None of the amino acids

initiates sexual differentiation under nutrition-rich condition

other than proline reduced the expression of the target genes,

via the down-regulation of TORC1 activity (Otsubo et al., 2018).

concluding that the proline is a unique growth limiting amino

It is intriguing to test whether the prolyl tRNA synthetase

acid for cultured embryonic stem cells. They also showed that

described in this report interacts with Gtr1-Gtr2 or Vam6 in S.

pharmacological inhibition of prolyl tRNA synthetase by halo-

pombe.

fuginone antagonizes the effects of exogenous proline (D'Aniello

In Saccharomyces cerevisiae, highly conserved Gcn2 (general

et al., 2015) suggesting that proline metabolism is important in

control of nonderepressible 2) is a well-described example to

the pathway for induction of the amino acid starvation response.

sense the condition of amino acids (Hinnebusch, 1994; Kim

In this aspect, the defect in prolyl tRNA synthetase in pws6 cells
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response than the defects in other aminoacyl tRNA synthetases.
Further studies described above may shed a light to answer the
question on how the signal of nutritional starvation is transduced
into pheromone secretion via aminoacyl tRNA synthetase.

적 요
이전의 연구에서 질소원이 존재하여도 페로몬을 유도하는
6개의 Schizosaccharomyces pombe 돌연변이체를 온도민감
성 돌연변이체들의 저장고로부터 분리하였음이 보고된 바 있
다. 본 연구에서는 이들 중 하나인 pws6 돌연변이체의 특성을
더 연구하였다. 이 돌연변이체는 영양물질에 특이적으로 페로
몬 유도를 나타내었다. 즉 질소의 고갈은 없어도 M-factor 페
로몬을 유도하였으나 탄소의 고갈이 없으면 유도되지 않았다.
이러한 결과는 pws6 돌연변이체가 질소 고갈을 전달하는 경
로에 특이한 결함을 가지고 있음을 시사한다. 이 돌연변이체
는 M-factor 페로몬뿐만 아니라 P-factor 페로몬도 온도에 민
감한 양식으로 질소의 고갈 없이 유도함을 보여 주어 이 돌연
변이체의 페로몬 유도는 세포 유형에 특이적이지 않음을 시사
하였다. 이 돌연변이체의 온도 민감성 성장 결함의 상보적 보
+
완에 의해 pws6 유전자를 클로닝하여 8.1 kb, 3.3 kb, 그리고

4.8 kb 효모 DNA를 가진 3개의 플라스미드가 분리되었다. 이
플라스미드들은 pws6 돌연변이체의 성장 결함을 각각 100%,
70%, 그리고 10–20% 보완하였다. 또한 이 플라스미드들은
pws6 돌연변이체의 페로몬 유도 특성을 보완하는 능력을 가지
고 있었으며 이는 돌연변이체의 성장 결함 보완 효율과 밀접한
연관성이 있음을 보여 주었다. 이들의 오픈 리딩 프레임을 성장
결함의 보완 효율과 비교하여 오픈 리딩 프레임 SPBC19C7.06
이 pws6 돌연변이체의 온도 민감성 특성을 상보적으로 보완
하는데 원인이 되는 리딩 프레임으로 결론 내렸다. 이 오픈 리
딩 프레임은 prs1으로 명명되었으며 인트론이 없이 하나의 긴
엑손을 가지고 있는 추정된 prolyl tRNA synthetase를 암호화
한다. 추정된 Prs1 단백질은 다른 종의 prolyl tRNA synthetase
와 상당한 유사성을 보여 주었다.
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