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for Cell Growth, Maintenance of GO Phase,
and Termination of Quiescence in Fission Yeast

Takeshi Hayashi,! Takayuki Teruya,’ Romanas Chaleckis,’? Susumu Morigasaki,’ and Mitsuhiro Yanagida'3*

SUMMARY

S-adenosylmethionine is an important compound, because it serves as the methyl donor in most
methyl transfer reactions, including methylation of proteins, nucleic acids, and lipids. However,
cellular defects in the genetic disruption of S-adenosylmethionine synthesis are not well understood.
Here, we report the isolation and characterization of temperature-sensitive mutants of fission yeast
S-adenosylmethionine synthetase (Sam1). Levels of S-adenosylmethionine and methylated histone
H3 were greatly diminished in sam1 mutants. sam1 mutants stopped proliferating in vegetative cul-
ture and arrested specifically in G2 phase without cell elongation. Furthermore, sam1 mutants lost
viability during nitrogen starvation-induced GO phase quiescence. After release from the GO state,
sam1 mutants could neither increase in cell size nor re-initiate DNA replication in the rich medium.
Sam1 is thus required for cell growth and proliferation, and maintenance of and exit from quiescence.
sam1 mutants lead to broad cellular and drug response defects, as expected, since S. pombe contains
more than 90 S-adenosylmethionine-dependent methyltransferases.

INTRODUCTION

Methylation, the transfer of a methyl group from one molecule to another, is one of the most important
and universal biochemical reactions in cells, where it is involved in numerous cellular processes, such as
transcriptional control, lipid metabolism, and signal transduction. The diversity of functions involving
methylation is sustained by numerous methyltransferases that are present in all living organisms.
Although a broad range of molecules including proteins, nucleic acids, lipids, and cellular metabolites
can be substrates for methyltransferases, almost all methyltransferases use S-adenosylmethionine
(SAM, also known as SAMe or AdoMet) as the common methyl donor (Chiang et al., 1996). SAM is
also required in other important processes, including synthesis of polyamines (Fontecave et al., 2004),
which are essential for various cellular functions affecting growth and development (Pegg and Casero,
2011). Thus, SAM is the most versatile biomolecule, second to ATP, in biochemical processes (Loenen,
2006).

SAM is synthesized from methionine and ATP by SAM synthetase (also known as methionine adenosyltrans-
ferase [MAT]), and converted to S-adenosylhomocysteine (SAH) via methyl transfer reactions. Then it is re-
generated via the methionine cycle (Figure 1A). SAM synthetases are highly conserved among diverse or-
ganisms and have been extensively studied in bacteria (Wei and Newman, 2002), fungi (Gerke et al., 2012,
Hilti et al., 2000; Thomas and Surdin-Kerjan, 1991), plants (Li et al., 2011; Shen et al., 2002), and animals,
including humans (Ding et al., 2015; Obata and Miura, 2015; Ramani and Lu, 2017). However, genetic an-
alyses of SAM synthesis disruption are scarce, because multiple genes encode SAM synthetases in the ma-
jority of eukaryotic organisms, including the budding yeast, Saccharomyces cerevisiae.

The fission yeast, Schizosaccharomyces pombe, is an excellent model organism to study eukaryotic molec-
ular and cellular biology (Hoffman et al., 2015; Yanagida, 2002). S. pombe has more than 90 genes pre-
dicted to encode SAM-dependent methyltransferases, according to PomBase (Wood et al., 2012). The
physiological roles of methylation have been investigated by inactivating specific methyltransferases
involved in a wide range of cellular processes, such as biomolecule synthesis (Hayashi et al., 2014a; Iwaki
et al., 2008; Kanipes et al., 1998; Pluskal et al., 2014), ribosome function (Bachand and Silver, 2004; Shirai
et al., 2010), transcriptional control (Ekwall and Ruusala, 1994; Morris et al., 2005; Thon et al., 1994), and
DNA damage response (Sanders et al., 2004). However, cellular defects in the genetic control of SAM syn-
thesis are not well understood. S. pombe possesses a single gene for SAM synthetase, sam1”, which is
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Figure 1. Isolation of Temperature-Sensitive Mutants of sam1

(A) Schematic illustration of the methionine cycle in the fission yeast, S. pombe. Sam1, SAM synthetase; SPBC8D2.18c,
adenosylhomocysteinase (AHCY); Met26, methionine synthase.

(B) Locations of mutations of sam1 mutants determined by nucleotide sequencing in domain architecture based on the

three-dimensional structure.
(C) sam1-T-sam1-5 mutants failed to produce colonies at 36°C on both rich YPD and synthetic minimal EMM2 plates,

whereas sam1 mutants containing one of two amino acid substitutions in sam1-3-sam1-5 mutants produced colonies

at 36°C.
(D) The colony formation defects of sam1-1 and sam1-3 at 36°C were rescued by pREP41 plasmid carrying the sam1*
gene. Cells were streaked onto EMM2 plates in the absence of thiamine to induce the expression of sam1”.

See also Figures S1 and S2.

essential for cell viability, and low expression of sam1* affects growth, mating, and sporulation (Hilti et al.,
2000).

In this study, we report isolation by PCR random mutagenesis and characterization of temperature-sensi-
tive (ts) mutant strains of fission yeast SAM synthetase and demonstrate that sam1” is a super-house-
keeping (SHK) gene, essential for both proliferation and quiescence (Sajiki et al., 2009). Mutations in the
sam1 gene block cell growth and cell cycle progression in vegetative culture and also cause failure to
exit from nitrogen starvation-induced GO quiescence. Furthermore, sam7 mutants lose cell viability during

GO quiescence.
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RESULTS
Isolation of Temperature-Sensitive Mutants of the sam1 Gene

Because the sam1” gene is essential for cell viability (Hilti et al., 2000; Kim et al., 2010), we examined the
effects of SAM limitation on cellular functions by isolating S. pombe ts mutants of SAM synthetase
Sam1. To obtain ts mutants of the sam1” gene, we employed a PCR-based random mutagenesis screen
(Hayashi et al., 2014b) (Figure S1). The sam1 DNA fragment, in which the hygromycin-resistance-encoding
marker gene, hph, was inserted just downstream of the stop codon of the sam1* gene open reading frame,
was amplified by PCR under error-prone conditions, containing increased MgCl, (Eckert and Kunkel, 1990).
Mutagenized DNA fragments were introduced into wild-type (WT) cells for replacement of the chromo-
somal sam 17 gene with the mutated gene by homologous recombination. Hygromycin-resistant transform-
ants were selected at 26°C and then tested for colony formation at 36°C on rich YPD medium plates. After
confirmation of linkage of the ts phenotype to the hygromycin-resistant phenotype, five ts mutant strains of
the sam1 gene were obtained and designated sam1-1 to sam1-5.

We then identified mutation sites in the sam1 gene of the sam1 ts mutants. sam1-7 and sam1-2 contained
single amino acid substitutions (F367L and D36N, respectively), whereas sam1-3, sam1-4, and sam1-5 con-
tained two amino acid substitutions (L292S R299H, 124M E115G, and T90A Q370R, respectively) in the sam1
gene (Figure 1B). All mutation sites except for Q370 are conserved among humans, rats, and fission yeast.
Based on the three-dimensional structure of the rat ortholog of Sam1 (Gonzéalez et al., 2003), no mutations
were found to locate near the binding site of the substrates, ATP and methionine (Figure S2). To identify the
mutations responsible for the ts phenotype, we introduced one of the five mutant sequences (sam1-1-
sam1-5) or one of two amino acid substitutions in sam1-3-sam1-5 mutants into the WT genome using
linearized plasmids carrying the hygromycin resistance marker. The resulting transformants, containing
chromosomal gene replacements with the sam1-T-sam1-5 mutant genes, showed the ts phenotype on
both rich YPD and synthetic minimal EMM2 plates, whereas the transformants containing one of two amino
acid substitutions in sam1-3-sam1-5 mutants did not show the ts phenotype (Figure 1C). In conclusion,
sam1 gene mutations in the mutants caused the ts phenotype and both the amino acid substitutions in
sam1-3-sam1-5were necessary for the ts phenotype. Since sam1-3showed the most severe growth defects
and sam1-1showed a moderate ts phenotype at 36°C on YPD plates (Figure 1C), sam1-1 and sam1-3 were
used for further investigation. It was confirmed that the colony formation defects of sam1-7 and sam1-3 at
36°C were rescued by plasmid carrying the sam1" gene (Figure 1D).

Defective SAM Synthetase in sam1 Mutant Cells

To detect Sam1 protein, polyclonal antibodies against a mixture of two peptides (I GYDDSEKGFDYKTC"
and N32°TYGTSSKTSAELV3®) of S. pombe Sam1 were raised and used for immunoblots after affinity puri-
fication. We validated the specificity of the a-Sam1 antibodies by detecting a single band at the expected
molecular weight of ~42 kD in immunoblots of WT cell extracts (no tag, Figure 2A). The assignment of the
band was confirmed using extracts of Sam1-FLAG cells in which the chromosomal sam1* gene was re-
placed with the sam1*-FLAG gene. The band detected by immunoblot using a-Sam1 antibodies was
shifted to ~45 kD in extracts of Sam1-FLAG cells (Figure 2A). Untagged Sam1 was not detected by
a-FLAG antibody. Thus, polyclonal antibodies against Sam1 specifically detected Sam1 protein in cell ex-
tracts. We then compared protein levels of Sam1 in WT and sam T mutant cells cultured at 36°C for 0-6 hrin
rich YPD medium. Sam1 mutant proteins of sam1-1 and sam1-3were diminished, compared with WT, even
at the permissive temperature of 26°C (0 hr, Figure 2B), and further decreased at 36°C. These results sug-
gest that sam7-1 and sam1-3 mutants are loss-of-function mutants of SAM synthetase Sam1, partly due to
the decreased protein level.

If sam1-1 and sam1-3 mutants are indeed defective in SAM synthetic activity, SAM should be decreased in
the mutant cells. We employed metabolomic analysis using liquid chromatography-mass spectrometry to
assay the levels of SAM and related metabolites in extracts of WT and sam1 mutant cells grown in rich YPD
medium. WT and sam 1 mutant cells were grown at 26°C and then shifted to 36°C for 0-24 hr. Levels of SAM
detected in sam1-1 and sam1-3 cell extracts were rather low, even at the permissive temperature of 26°C
(0 hr, Figure 2C), and further decreased at 36°C, whereas the high level of SAM in WT was maintained at
36°C for 0-24 hr (Figure 2C). Similar results were obtained for SAH, a by-product of SAM-dependent methyl
transfer reactions (Figure 2D). Levels of methionine, a substrate of Sam1 enzyme, were decreased in WT
cells, but not in sam1 mutants at 36°C (Figure 2E). These results strongly support the notion that SAM syn-
thesis was defective in sam7-1 and sam1-3 mutant cells.

40 iScience 5, 38-51, July 27, 2018

Cell



iScience Cell

A a-Sam1 a-FLAG c
G} [O] SAM == Nild-type
< < =i sam1-1
| i 1200
w s I sam1-3
o) N D - %1000‘
fE 2% g e
g o 2 o 8§ 600 | <
T ~
- 40 /5
1601 8 20%\
110 ] g 0 ApuA; : - . "
" 80 1 5 0 4 8 12 16 20 24
L 60 - =z Time at 36°C (hr)
+ 50
_- —
L 40 D
SAH == \VNild-type
- 30 . 200 == sami-1
B gty | samrs
- 20 4 « 150 v
= >
- 15 - o 100
o
™ 3 50FT1
(kD) E I e e
5 0 4 8 12 16 20 24
=

o Time at 36°C (hr)

Wild-type sam1-1 sam1-3
Time(hr 0 3 6 0 3 6 0 3 6 = Met

=== Vild-type
Sam'l---—--—__ 400 -l sam1-1
sam1-3

TUD | e o e s s s s 300

—

0 4 8 12 16 20 24

F Wild-type sami1-1  sam1-3
Time(hr) 0 4 8 0 4 8 0 4 8

Normalized peak area
)
o O
z}l"‘\
14 \u)
_1 } ,>'

Time at 36°C (hr)
HIKAMET | M0 v e i e o o
— G
EMM2

HoKkime2 |1 S - EMM2 + Choline
HBKAMES | = - - . Wild-type
33°C sami-1
BRIE Tk pep— sam1-3

Wild-type [ X B REE

TUD [t s st e s S e S| 36°C  sami-1
sam1-3

Figure 2. sam1 Mutants Are Defective in SAM Synthesis and Histone H3K4 Methylation, and Are Rescued by
Choline

(A) Immunoblot of extracts of WT (no tag) and Sam1-FLAG cells using affinity-purified anti-Sam1 and anti-FLAG
antibodies.

(B) Levels of mutant Sam1 proteins were diminished. Immunoblotting was done using antibodies against Sam1 to detect
Sam1 protein in the extracts of WT, sam1-1, and sam1-3 cells cultured at 36°C for 0-6 hr in rich YPD medium. Antibody
against a-tubulin (Tub) was used as the loading control.

(C-E) The time course change of the normalized peak areas of SAM and related metabolites. Metabolites were extracted
from WT and sam1 mutant cells cultured at 36°C for 0-24 hr in rich YPD medium and analyzed. Normalized peak areas of
the following metabolites are shown: (C) S-adenosylmethionine (SAM); (D) S-adenosylhomocysteine (SAH); (E)
methionine (Met).

(F) Levels of methylated histone H3 K4 in WT, sam1-1, and sam1-3 cells. WT, sam1-1, and sam1-3 cells were cultured at
36°C for 0-8 hr in rich YPD medium. Antibodies against histone H3 and mono-, di-, and trimethylated H3K4 (H3K4meT1,
H3K4me2, and H3K4me3, respectively) were used to detect the total H3 and methylated H3K4.

(G) Cells were diluted serially 10-fold, spotted onto EMM2 or EMM2 containing 2 mM choline chloride, and incubated at
30°C, 33°C, or 36°C for 3 days.
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Impairment of Methylation Reactions in sam1 Mutants

Because the levels of SAM, a universal methyl group donor, were greatly decreased in samT mutant cells,
we next investigated histone methylation in sam1 mutant cells. WT and sam T mutant cells were shifted from
26°C to 36°C for 0-8 hr, and immunoblot analysis was carried out using three antibodies specific to mono-,
di-, and trimethylated lysine 4 of histone H3 (H3K4me1, H3K4me2, and H3K4me3, respectively). In sam1-1
and sam1-3 mutant cells, the levels of H3K4me2 and H3K4me3 were greatly decreased after the shift to
36°C, whereas only a slight decrease was observed in H3K4me1 (Figure 2F). These results suggested
that a global change of histone methylation was caused by mutations of SAM synthetase and that levels
of di- and trimethylated Lys4 of histone H3 were more susceptible to SAM deficiency.

Many eukaryotes, including S. pombe, produce phosphatidylcholine (PC) via two pathways. One is methyl-
ation of phosphatidylethanolamine, a major methylation target in mammals and budding yeast (Noga
et al., 2003; Stead et al., 2006; Ye et al., 2017). Another PC biosynthetic pathway is the CDP-choline
pathway, which is independent of methylation and requires choline (Kanipes et al., 1998; Kent, 1995).
We presumed that exogenous choline relieves the ts phenotype of samT mutants by rescuing the PC syn-
thesis defect. As expected, colony formation of sam7-1 and sam1-3 at 33-36°C and 33°C, respectively, on
EMM2 agar plates was rescued by adding choline (Figure 2G). These results strongly suggested that the
sam1 mutations impaired cellular methylation reactions.

Diminished Cell Growth and Cell-Cycle Arrest in G2 Phase Occur in sam1 Mutants

We examined the cellular phenotypes of sam1-7 and sam1-3 mutant cells at the restrictive temperature
(36°C). WT and samT mutant cells were grown at 26°C and then shifted to 36°C in rich YPD medium. The
cell number increase of sam1 mutants stopped after one or two cell divisions at 36°C (Figure 3A), although
the high viability of mutant cells was still maintained after 8 hr (Figure 3B). Since fluorescence microscopic
observation of DNA-specific probe DAPI -stained cells demonstrated that most sam1-1 and sam1-3 cells
were mononucleate 8 hr after the shift to 36°C (Figure 3C), the sam 1 mutants probably arrest the cell cycle
atthe higher temperature. The length of sam1 mutant cells did not increase significantly compared with WT
after the shift to 36°C. Average cell lengths of WT, sam1-1, and sam1-3were 11.6 £+ 2.3, 11.5 + 2.4, and
11.8 £ 2.4 um, respectively, after 8 hr at 36°C (Figure 3D), suggesting that cell growth (i.e., the extension
of cell length) halted at 36°C in sam1 mutant cells, unlike cde mutants that develop extremely elongate cells
because of growth without cell division (Nurse et al., 1976).

To monitor cell cycle progression in WT and sam1 mutant cells at 36°C, we measured the septation index
(percentage of cells with a septum), the cellular DNA content, and the spindle index (percentage of cells
with mitotic spindle). The septation index was maintained at ~12% in WT cells, whereas it dropped to
0.8% 4 hr after the shift to 36°C in sam1-3mutant cells and to 1.2% at 8 hrin sam1-1 mutant cells (Figure 3E).
These results indicate that sam T mutant cells were arrested before the onset of cytokinesis. In cellular DNA
content analysis by fluorescence-activated cell sorting (FACS), a single peak appeared before the shift to
36°C (0 hr) in WT and sam1 mutants, meaning 2C DNA content, because most vegetatively growing
S. pombe cells are mononucleate in post-replicative (G2) phase and pre-replicative nuclei exist in binu-
cleate cells (Figure 3F). After the shift to 36°C (2-8 hr), only one peak at the 2C DNA content was still present
in sam1-1and sam1-3 mutants, like WT cells, indicating that cell-cycle arrest in sam 1 mutants at the restric-
tive temperature occurred after completion of DNA replication. The spindle index was measured using WT
and sam1 mutant strains expressing a-tubulin-GFP and Cut11-mCherry, which visualized spindle microtu-
bules and the nuclear envelope, respectively (Figures 3G and 3H). The spindle index was maintained
around 8%-10% in WT cells at 36°C for 0-6 hr, whereas it dropped to 0% at 4 hr after the shift to 36°C in
sam1-3mutant cells and to 0.4% at 6 hr in sam1-1 mutant cells (Figure 3G), indicating that sam1 mutant cells
arrested before the onset of M phase. Consequently, samT mutant cells arrest specifically in G2 phase at
the restrictive temperature in rich YPD medium.

sam1 Mutant Cells Lose Cell Viability in the Maintenance of GO Phase Induced by Nitrogen
Starvation

To determine the capacity of sam7 mutants to maintain viability in the nitrogen starvation-induced quies-
cent GO phase, we monitored cell viability under nitrogen starvation (Sajiki et al., 2009; Shimanuki et al.,
2007). WT and sam1 mutant cells first grown in EMM2 medium were transferred to the nitrogen-deficient
EMM2—N at 26°C for 24 hr to enter a quiescent GO state. After 24 hr, the cell number increase in the sam1-1
mutant was only 2.4-fold, whereas that in WT and sam1-3 mutants was around 3.6-fold (Figure 4A). FACS
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Figure 3. Diminished Cell Growth and Cell-Cycle Arrest in G2 Phase Occur in sam1 Mutants

(A-F) WT, sam1-1, and sam1-3 cells were grown at 26°C in rich YPD medium and then shifted to 36°C. The cell number
increase (A), the viability change (B), fluorescence microscopic images of DAPI-stained cells (C), the average cell length
with standard deviations (D), the proportion of cells with a septum (septation index) (E), and the distributions of cellular
DNA content (F) are shown. Cell viability was measured by plating cells onto YPD agar and counting the number of
colonies formed after incubation at 26°C.

(G and H) Time courses of changes in spindle index (G) and fluorescence microscopic images (H) of WT, sam1-1, and
sam1-3 cells expressing GFP-fused a-tubulin and mCherry-fused Cut11 after the shift from 26°C to 36°C in YPD medium.
GFP and mCherry fluorescence is shown in green and magenta, respectively.
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Figure 4. sam1 Mutant Cells Lose Cell Viability in the Maintenance of Nitrogen Starvation-Induced GO Phase
(A and B) WT, sam1-1, and sam1-3 cells were brought into the GO quiescent state at 26°C under nitrogen-deficient
medium, EMM2—N for 24 hr. Increase in cell number as the fold increase (A) and the distribution of cellular DNA content
(B) after 24 hr in EMM2—N medium at 26°C are shown.

(C and D) Resulting GO quiescent cultures were kept at 26°C (C) or shifted to 36°C (D) for 12 days. The cell viability

percentages were scored at different time points (days). sam7-1 mutant cells lost cell viability both at 26°C and 36°C,
whereas sam1-3 mutant cells lost cell viability only at 36°C.

(E) Levels of Sam1 and methylated histone H3 K4 in WT, sam1-1, and sam1-3 cells in nitrogen starvation-induced GO phase
at 26°C. WT, sam1-1, and sam1-3 cells were brought into the GO quiescent state under nitrogen-deficient medium,
EMM2—N for 24 hr (day 0), and further incubated at 26°C for 8 days. Immunoblotting was done using antibodies against

Sam1, a-tubulin (Tub), histone H3, and mono-, di- and trimethylated H3K4 (H3K4me1, H3K4me2, and H3K4me3,
respectively).

analysis revealed that ~80% of WT and sam1-3 cells contained 1C DNA, whereas 1C DNA-containing
sam1-1 cells accounted for only ~40% (Figure 4B). These results indicated that the sam1-T mutant was
somewhat defective in pre-quiescence division under nitrogen starvation at 26°C. Nitrogen starvation-
induced quiescent GO cells were further cultivated at either 26°C or 36°C for 12 days. GO-arrested WT
and sam1-3 cells maintained high viability at 26°C, whereas GO-arrested sam1-1 cells gradually lost viability
even at 26°C (Figure 4C). At 36°C, the viability of sam1-1 and sam1-3 decreased to <25% after 4 days and
to <0.3% after 8 days, whereas the viability of WT was ~40% after 12 days at 36°C (Figure 4D). Together,
functional Sam1 is required for the maintenance of GO phase under nitrogen starvation.
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Since sam1-1 lost viability at 26°C during nitrogen starvation, whereas sam1-3 did not, we compared the
mutant Sam1 protein abundance in sam1-1 with that in sam1-3 mutants in GO phase 0-8 days after culture
for 24-hr quiescence entry in the EMM2—N medium. Although the Sam1 proteins of both sam1-1 and
sam1-3 were diminished compared with that of WT under nitrogen starvation at 26°C, the mutant Sam1
protein level was lower in sam1-1 than in sam1-3 (Figure 4E). In addition, levels of H3K4me2 and
H3K4me3 were already greatly decreased in sam1-1 at day 0 in GO (24 hr after nitrogen removal), whereas
only aslight decrease of H3K4me3 was observed in sam1-3(Figure 4E). These results are consistent with the
data in Figure 4C.

sam1 Mutant Cells Fail to Exit from Nitrogen-Starved Arrest

We next addressed the question of whether sam7 mutant cells could exit from a nitrogen starvation-
induced GO state in which cells became small and contained pre-replicative 1C DNA (Su et al., 1996)
(see also Figures 5C and 5D). WT and sam1 mutants were first cultured in nitrogen-deficient medium,
EMM2—N, at 26°C for 24 hr to induce GO arrest, and then shifted to rich YPD medium for release from
GO arrest at 36°C. The cell number increase was completely blocked in sam1-1 and sam1-3 mutant cells
after transfer to rich YPD medium at 36°C, whereas the cell number of WT started increasing after 6 hr (Fig-
ure 5A). However, the high viability of sam1-1 and sam1-3 mutant cells was maintained for 8 and 24 hr,
respectively, in rich YPD medium at 36°C (Figure 5B). sam1-1 and sam1-3 mutant cells remained small
and round even after 24 hr in rich YPD medium, whereas WT cells were a normal rod shape after 8 hr (Fig-
ure 5C), demonstrating that sam 1 mutants were unable to initiate cell growth at the restrictive temperature.
FACS analysis showed that sam1-1 and sam1-3 mutant cells did not initiate DNA replication even after
24 hr, whereas WT cells completed DNA replication after 4 hr (Figure 5D). These results imply that Sam
is necessary to initiate cell growth and DNA replication after the release from nitrogen starvation-induced
GO state.

Rapamycin Rescues sam1 Mutants

The target of rapamycin (TOR) complex is the main regulator of cell growth and controls nutrient signaling
pathways in eukaryotes (Kennedy and Lamming, 2016). We investigated the effect of rapamycin (an inhib-
itor of TOR kinase) on the ts phenotype of sam1 mutants on rich YPD medium, as sam1 mutants were defec-
tive in cell growth, as described above (Figures 3C and 5C). Rapamycin (0.1 pg/mL) rescued the growth
defect of sam1-1 mutant cells at 36°C and slightly suppressed the ts phenotype of sam7-3 mutants at
33°C (Figure 6A), suggesting that reducing TOR activity relieved the growth defects of sam1 mutants. Ra-
pamycin may rescue sam1 mutants in a way different from protein level restoration because the mutant
Sam1 protein amount was not affected in sam1-T and sam1-3 mutants by the addition of rapamycin at
26°C and 36°C (Figures 6B and 6C).

sam1 mutants were also defective in the maintenance of GO phase induced by nitrogen starvation (Figures
4C and 4D), so we next tested whether rapamycin could rescue the viability loss of sam1 mutants in GO
phase. Viability loss of sam1-1in GO at 26°C was significantly suppressed by the addition of rapamycin,
and the viability was >40% after 12 days, whereas the viability in the absence of rapamycin was ~3% after
8 days (Figure 6D). At 36°C, viability loss of sam1-1 and sam1-3in GO was delayed in the presence of rapa-
mycin (Figure 6E). Thus, rapamycin rescued sam1 mutants in both proliferative and quiescent phases.

sam1 Mutants Show Pleiotropic Drug Sensitivities

To search further the physiological roles of Sam1, we examined the drug sensitivity of sam1 mutants. The
response of sam1-1 and sam1-3 mutants to various stress agents is summarized in Table 1 (data are shown
in Figure S3). Both mutants were sensitive to 25 mM nicotinamide, which inhibits class Ill histone deacety-
lases (HDACs) (Sauve et al., 2006), but not to 12.5 ug/mL trichostatin A (TSA), an inhibitor of class |
and class Il HDACs (Yoshida et al., 1995), at 30°C. These mutants were also sensitive to 4 pg/mL actino-
mycin D, an inhibitor of transcription (Bensaude, 2011), at 30°C. At 33°C, sam1-1 was moderately sensitive
to 4 mM hydroxyurea (HU, an inhibitor of DNA synthesis) (Singh and Xu, 2016), 8 ng/mL phleomycin
(inducing double-strand DNA breaks) (Moore, 1988), and 4 uM camptothecin (CPT, an inhibitor of topo-
isomerase | that induces single-strand DNA breaks) (Pommier, 2006) and showed similar sensitivity to
100 J/m? UV irradiation (inducing the formation of thymine dimers) compared with the WT strain. No sig-
nificant difference in the sensitivity of sam1-3 to HU, phleomycin, CPT, and UV irradiation was observed,
partly due to no growth at 33°C even without the treatments. Thus, sam1 mutants showed hypersensitivity
to a variety of drugs related to DNA damage and chromatin remodeling.
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Figure 5. sam1 Mutant Cells Fail to Exit from Nitrogen-Starved Arrest

(A-D) WT, sam1-1, and sam1-3 were first cultured in nitrogen-deficient medium, EMM2—N, at 26°C for 24 hr to induce the GO
arrest. GO-arrested, small, round cells were then released to rich YPD medium at 36°C. The cell number increase (A), the viability
change (B), fluorescence microscopicimages of DAPI-stained cells (C), and the distributions of cellular DNA content (D) are shown.

Extensive Changes Occur in the Metabolic Profiles of sam1 Mutants

We performed metabolomic analysis of WT and sam T mutant cells grown at 36°C for 8 hrin rich YPD medium
to understand the impact of SAM limitation on metabolic homeostasis beyond the methionine cycle (Table
S1). Acomparison of WT with sam1-7is shown in a scatterplot (Figure 7A). The normalized peak area showed
more than a 2-fold difference for 54 compounds (61%) out of 88 identified metabolites in comparison of WT
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Figure 6. sam1 Mutants Are Rescued by Rapamycin

(A) sam1-Tand sam1-3were spotted on YPD plates in the presence or absence of rapamycin and then incubated at the indicated
temperatures for 2-3 days. Wild-type and tor2-287 (hypersensitive to rapamycin) (Hayashi et al., 2007) were used as controls.
(B) Levels of mutant Sam1 proteinsin sam1-Tand sam1-3cells in the presence of rapamycin at 26°C. sam1-Tand sam1-3cells were
cultured in YPD with 0.2 pg/mL rapamycin at 26°C. Immunoblotting was done using antibodies against Sam1 and a-tubulin (Tub).
(C) Levels of mutant Sam1 proteins in sam1-1 and sam1-3 cells in the presence or absence of rapamycin at 36°C.
Rapamycin (0.2 pg/mL) or DMSO was added to YPD medium 2 hr before the shift up from 26°C to 36°C. Immunoblotting
was done using antibodies against Sam1 and a-tubulin (Tub).

(D and E) Viability of WT, sam1-1, and sam1-3 in nitrogen starvation-induced GO phase with or without rapamycin. WT,
sam1-1, and sam1-3 cells were brought into the GO quiescent state at 26°C under nitrogen-deficient medium with or
without 0.2 pg/mL rapamycin (Rap) for 24 hr. Resulting GO quiescent cultures were kept at 26°C (D) or shifted to 36°C (E)
for 12 days. The cell viability percentages were scored at different time points (days).

with sam1-1, whereas only ~10% of the identified metabolites usually change more than 2-fold in compar-
isons of two independent experiments under identical conditions (Pluskal et al., 2010), indicating that the
profile of metabolites was significantly altered in sam7-1. Similar results were obtained from comparisons
of sam1-3 with WT: the normalized peak areas of approximately 64% of identified metabolites had greater
than a 2-fold change (Figure 7B). Beside the remarkable decrease of SAM and SAH described above (Figures
2C and 2D), eight compounds (phosphoribosyl pyrophosphate [PRPP], hercynylcysteine sulfoxide, CDP,
UMP, adenine, UDP, sedoheptulose-7-phosphate, and pentose-phosphate) decreased over 10-fold in
sam1-1and/or sam1-3 mutant cells (Figure 7C). Hercynylcysteine sulfoxide is a precursor of ergothioneine,
an antioxidant compound (Pluskal et al., 2014), and the others are involved in nucleotide metabolism. These
extensive changes in the metabolic profiles of sam1 mutants may reflect the importance of SAM in diverse
cellular functions implicated in anti-oxidation, nucleotide metabolism, and pentose pathways.

DISCUSSION

SAM-dependent methylation occurs in a wide variety of cellular compounds, and in the fission yeast,
S. pombe, one enzyme, the product of the sam1" gene, is solely responsible for the synthesis of SAM
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30°C 33°C
WT sam1-1 sam1-3 WT sam1-1 sam1-3
Control ++++ ++++ ++++ ++++ +++ -
25 mM nicotinamide +++ - - +++ - -
12.5 pg/mL TSA +++ +++ +4++ +++ ++ -
4 pg/mL actinomycin D ++ - = +++ _ _
4 mM HU ++ ++ ++ +++ + -
8 ng/mL phleomycin +++ +++ +++ +++ + _
4 uM CPT +++ +++ +++ +++ + -
100 J/m? UV ++++ ++++ ++++ ++++ +++ =

Table 1. Summary of Colony Formation Abilities of WT and sam 1 Mutants in the Presence of Various Stress Agents
++++, normal growth; +, slow growth; +, diminished colony formation; —, no colony formation.
See also Figure S3.

from methionine and ATP. There are ~90 methyltransferase genes in the genome of S. pombe, so these
enzymes are the sources of diversity of methylated substrates. In this study, we examined the cellular de-
fects produced by the genetic impairment of SAM synthesis in the fission yeast, S. pombe, using five sam1
mutants that produced the ts phenotype. Two of them, moderate sam1-1 and severe sam1-3, were further
investigated. Both mutants showed Sam1 protein instability, and a great decline of SAM and SAH, whereas
increased methionine was observed at the restrictive temperature. As expected, the degree of histone H3
K4 methylation was diminished at the restrictive temperature. The ts phenotype was suppressed by the
presence of choline at the semi-restrictive and restrictive temperatures. Exogenous choline, containing
three methyl groups, may relieve the ts phenotype by suppressing the defect of PC synthesis and/or
reducing the required amount of SAM for cell proliferation. The findings, indeed, indicated that sam1 mu-
tations cause deterioration of a wide spectrum of methylation reactions.

sam1 mutants showed diverse phenotypes. Two sam1 mutants (sam71-1, sam1-3) are hypersensitive to
drugs such as nicotinamide, actinomycin D, HU, phleomycin, and CPT. Considering these drug sensitivities,
broad cellular functions implicating methylation seem to necessitate Sam1 enzyme. In addition, rapamycin
relieved the defects of samT mutants in both proliferative and quiescence phases. A possible explanation is
that the TOR signaling regulates Sam1 via direct or indirect phosphorylation as rapamycin attenuates TOR
kinase. Another possibility is that rapamycin, perhaps through TOR kinase, alters methyltransferase activity
to give priority to methylation reactions essential to growth. We also identified 12 other groups of ts mu-
tants that were rescued by rapamycin (Sajiki et al., 2018); thus, perhaps Sam1 with some methyltransferases,
composes an additional group. According to the report proposing that rapamycin re-balances TOR activity
with the activities of identified gene products (Sajiki et al., 2018), the balance between TOR kinase and
Sam1 appears important for cell proliferation, and severe impairment of the balance blocks cell growth.
The detailed mechanism of this rapamycin-induced rescue should be the subject of further investigation.

Mutations in the S. pombe sam1 gene affected cell growth (cell size increase) and cell cycle progression at
two transition points: the G2/M transition in vegetative culture and the G1/S transition after release from
nitrogen-starvation-induced GO phase. Since fission yeast cells need to increase their size to a critical
threshold to pass these two regulatory points (Nurse and Thuriaux, 1977; Nurse, 1975; Shiozaki, 2009),
we interpreted our results to mean that a primary defect of mutants resided in cell growth, rather than in
the transition of specific cell cycle stages. Our metabolomic analysis of sam? mutants suggested
that the sam7 mutation disturbed many metabolic pathways, especially attenuating nucleotide biosyn-
thesis. These metabolic changes appear to cause defects of both cell growth and cell cycle progression,
although the precise roles of Sam1 in cell growth remain to be determined.

Sam1 is also required in GO phase quiescence induced by nitrogen starvation, so Sam1 belongs to a family
of SHK gene products, involved in the control of GO phase, as well as cell growth (Sajiki et al., 2009). sam1-1
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Figure 7. Metabolomic Analysis of sam1 Mutants

(A and B) A scatterplot comparing the normalized peak areas of all identified metabolites in extracts of cells cultured at
36°C for 8 hrinrich YPD medium. WT versus sam1-1(A) and WT versus sam1-3(B) are shown. Red diagonal lines indicate a
2-fold difference. Most changed compounds are annotated according to the list in (C).

(C) Normalized peak areas of compounds that decreased more than 10-fold in sam1-1 or sam1-3 compared with WT.
See also Table S1.

lost viability at 26°C in GO phase, whereas sam1-3 did not. Why is sam1-1 more sensitive to this condition
than sam1-3although the ts phenotype of sam1-1 was less severe in vegetative culture? One reason is that
sam1-1 seems more defective at 26°C as the SAM content of sam1-1 is about half of sam1-3 at 26°C (Fig-
ure 2C, 0 hr) and the doubling time of sam1-1(3.4 hr) is longer than that of sam1-3(3.2 hr) at 26°C. It is also
possible that Sam1 protein is differently regulated in GO phase, as the mutant Sam1 protein level in GO
phase was lower in sam1-1 than in sam1-3 (Figure 4E), contrary to the case in vegetative culture. In GO
phase, the level of SAM increases (Shimanuki et al., 2013), and nitrogen sources are recycled for the degra-
dation and synthesis of nucleic acids, proteins, and other nitrogen-containing substrates. Hence, methyl-
ated compounds may be central to recycling of nitrogen-containing metabolites.

We isolated and characterized fission yeast ts mutants for the SAM synthetase gene. As the yeast is an
excellent model organism for genetic analyses, further study by using these sam1 mutant strains is ex-
pected. However, this single-cell eukaryote does not reveal higher order phenotypes at the level of tissues
or organs. In humans, mutations in MAT I/Ill have been identified as clinical blood variations with hyperme-
thionine and various brain symptoms (Chamberlin et al., 2000; Nagao et al., 2013). Accumulation of methi-
onine seems to be characteristic to all SAM synthetase mutants isolated in different species. In C. elegans,
S-adenosylmethionine synthetase 1 (SAMS-1) mutants produced enlarged lipid droplets throughout their
life cycle and impaired PC synthesis (Ehmke et al., 2014). In both C. elegans and S. pombe, methyl group-
enriched PC is a key metabolite, perhaps because choline is the basic compound for phospholipid
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metabolism. In Arabidopsis thaliana, a mutation in the S-adenosylmethionine synthetase 3 gene caused
high free methionine and decreased lignin (Goto et al., 2002; Shen et al., 2002). In Neurospora crassa, mu-
tations of the S-adenosylmethionine synthetase-encoding gene has been identified as an allele resistant to
the toxic methionine analog, ethionine (Barra et al., 1996). Taken together, although the phenotypes of
different organisms are not universally understood, except for the abundance of methionine, further study
of SAM synthetase mutants may open a new avenue to understand the dynamic metabolic regulation of

Cell

methylation-related biological events, which may be quite complex.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Information includes Transparent Methods, three figures, and one table and can be found
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Figure S1
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Figure S1. Screening procedures for ts sam mutants, Related to Figure 1
Five ts mutants of sam/ were identified after screening more than 3,000

hygromycin-resistant transformants.



Figure S2
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Figure S2. Locations of mutations of sam mutants in the three-dimensional
structure, Related to Figure 1

The three-dimensional structure of a homodimer of rat liver MAT, the orthologue of
Saml, is depicted with the positions of amino acids mutated in sam/ mutants in three
orientations. Subunits in the dimer appear as cartoon (monomer A) and molecular
surface (monomer B), and N-terminal, central, and C-terminal domains of each subunit
are colored light blue, light pink, and light green, respectively. The substrates, ATP and
methionine, are represented as orange-colored sticks. Mutated amino acids in sam/

mutants are colored red (saml-1), green (saml-2), blue (sami-3), yellow (sami-4), and



magenta (sam-5), and labeled with amino acid residue numbers adapted for S. pombe
Saml. Amino acid residue numbers of monomer A are underlined. D36, T90, E115,
R299, F367 and Q370 are at solvent-exposed surfaces of the dimer, whereas 124 and
L292 are not.



Figure S3
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Figure S3. saml mutants are sensitive to nicotinamide, actinomycin D,

hydroxyurea, phleomycin and camptothecin, Related to Table 1

sam1-1 and samI-3 were spotted on YPD plates in the presence or absence of

nicotinamide (A), trichostatin A (B), actinomycin D (C), hydroxyurea (D), phleomycin

(E), camptothecin (F), and ultraviolet irradiation (G), and then incubated at the indicated

temperatures for 2-3 days. Wild-type, ppcl-537 and Arad3 were used as controls.



Transparent Methods
Strains

The S. pombe strains used in this study are listed below.

Strain Genotype

972 h

THOS0 h saml-1[hph]

THO48 h saml-2[hph]

THO116 | h samli-3[hph]

THOS0 h saml-4[hph]

THOSI1 h saml-5[hph]

THOSS h saml-L292S[hph]

THOS56 h samlI-R299H[hph]

THOS52 h saml-124M[hph]

THOS54 h saml-E115G[hph]

THOS3 h saml-T90A[hph]

THOS7 h saml-Q370R[hph]

THO43 h- leul sami-1[hph]

THO415 | h- leul samlI-3[hph]

THO3 h saml-FLAG[hph]

THO289 | h' Iysl " :nda2p-ath2-GFP cutl 1-mCherry[nat]

THO367 | h saml-3[hph] lysl " :nda2p-atb2-GFP cutl 1-mCherry[nat]

TH2F81 h tor2-287

THO144 | h ppcl-537

THO100 urad Arad3::urad”

Media and general techniques

Growth media and basic methods for S. pombe were described (Forsburg and
Rhind, 2006; Sherman, 2002). YPD (rich medium) and EMM2 (synthetic minimal
medium) were used for cultivation of fission yeast. Nitrogen-starved GO cells were
prepared according to procedures previously described (Su et al., 1996). Briefly, cells
exponentially grown in EMM2 to a density of 2 x 10° cells/mL at 26 °C were harvested

by vacuum filtration using a nitrocellulose membrane (0.45 pm pore size), washed in



EMM2-N (EMM2 lacking a nitrogen source) once on the membrane, and then
re-suspended in EMM2-N at a concentration of 2 x 10° cells/mL and incubated at 26°C
for 24 hr. Cells were counted using a Sysmex CDA-500 particle analyzer.

Construction of yeast strains

To tag endogenous sam ! with FLAG, the termination codon of the sam /" gene
was changed to the NotlI site to incorporate 3FLAG, and was cloned into the
pFA6a-hphMX6 derivative plasmid (Hentges et al., 2005), followed by integration into
the endogenous sam locus. Correct integration was confirmed by PCR. A similar
strategy was used to tag endogenous cut/1" with mCherry using the natMX6 marker
(Hentges et al., 2005). The resulting strain expressing Cutl1-mCherry was crossed with
the strain expressing a-tubulin-GFP (Nakazawa et al., 2016) to obtain strains expressing
both a-tubulin-GFP and Cutl 1-mCherry.

Isolation of ts alleles of sam1

Error-prone PCR was performed as described previously (Hayashi et al.,
2014). Briefly, the saml” gene was cloned into the pFA6a-hphMX6 derivative plasmid,
and the fused DNA fragment containing the samI " ORF, the hph marker gene and the
0.5-kb downstream sequence of sam! ™ ORF was amplified by PCR in the presence of
increased MgCl, (8§ mM), which significantly reduced the fidelity of polymerization and
produced mutated gene fragments (Eckert and Kunkel, 1990). Amplified fragments
were used for transformation of wild-type 972 cells. Hygromycin-resistant clones were
selected at 26°C and then tested for growth at 36°C on YPD. Mutation sites in isolated
strains were determined by sequencing the genomic sam/ region after PCR
amplification. Subsequently, mutations were introduced into the wild-type strain by
site-directed mutagenesis, and temperature sensitivity of the resulting integrant strains
was examined for reproducibility. The image of mutation sites in the three-dimensional
structure was made using the molecular visualization system, PyMOL (Schrodinger,
LLC). The structure of a homodimer of rat liver MAT was obtained from the RCSB
Protein Data Bank (https://www.rcsb.org/structure/109T).

Metabolite analysis

Metabolomic analysis was performed as previously described (Pluskal and



Yanagida, 2016; Pluskal et al., 2010b). Cells from liquid cultures (40 mL/sample, 5.0 x
10° cells/mL) were collected and immediately quenched in 25 mL of -40°C methanol.
Cells were harvested by centrifugation at -20°C and internal standards (10 nmol of
HEPES and PIPES) were added to each sample. Cells were disrupted using a
Multi-Beads Shocker (Yasui Kikai) in 500 pL of 50% methanol. Proteins were removed
by filtering on an Amicon Ultra 10-kDa cut-off filter (Millipore) and samples were
concentrated by vacuum evaporation. Finally, each sample was re-suspended in 40 pL
of 50% acetonitrile and 1 uL was used for LS-MS analysis using a Paradigm MS4
HPLC system (Michrom Bioresources) coupled to an LTQ Orbitrap mass spectrometer
(Thermo Fisher Scientific). Peak areas of metabolites of interest were measured using
MZmine 2 software (Pluskal et al., 2010a) and normalized by the peak areas of spiked
internal standards. Among detected peaks, 86 metabolites were identified by comparing
their m/z values and retention times with pure standards. Glycerophosphoethanolamine
and hercynylcysteine sulfoxide were identified by their theoretical m/z values and

MS/MS fragmentation data.

Immunoblotting

Total protein extracts were prepared using the trichloroacetic acid
precipitation method (Nagao et al., 2004). Cell were disrupted using glass beads in 10%
trichloroacetic acid. Cell extracts were boiled in LDS sample buffer (Invitrogen) and
loaded onto a NuPAGE 4-12% Bis-Tris Protein Gel (Invitrogen). Antibodies used were:
anti-FLAG (M2, Sigma-Aldrich), anti-a-tubulin (TAT1, a gift from K. Gull),
anti-Histone H3 (Abcam, ab1791), anti-monomethyl histone H3 (Lys4) (MABI0302,
Takara), anti-dimethyl histone H3 (Lys4) (MABI0303, Takara), and anti-trimethyl
histone H3 (Lys4) (MABI0304, Takara). Polyclonal antibodies against S. pombe Sam1
were prepared by immunizing rabbits using two synthetic peptides
(IGYDDSEKGFDYKTC and NTYGTSSKTSAELYV) as antigens (SCRUM Inc., Japan).

Microscopy

DAPI staining was performed as described previously (Adachi and Yanagida,
1989). Cells were fixed with 2% glutaraldehyde for 30 min on ice, washed three times
with phosphate-buffered saline (PBS), and observed with a fluorescence microscope

(BZ9000 or BZ-X710, Keyence, Japan). Cell length was measured using the “Between



2-points” tool of the “Measurement module” in BZ-II Analyzer software (Keyence,
Japan). Methanol-fixed cells were used to observe GFP- and mCherry-tagged proteins,
as previously described (Hayashi et al., 2004). Cells were harvested by vacuum
filtration and fixed by immersion in 100% methanol at -80°C. After 30 min, PBS was
added and cells were washed three times with PBS, and observed with a fluorescence
microscope. Ten z-axis sections at 0.2 pm intervals were scanned using a DeltaVision
system (GE Healthcare). Obtained images were deconvolved and projected on a 2D

plane using SoftWoRx software.

FACS analysis

To measure DNA content of cells, flow cytometry was performed as
described previously (Su et al., 1996) with minor modifications. 1x10” cells were
collected, washed with sterile distilled water, and resuspended in ice-cold 70% ethanol,
and then kept at 4°C. Cells were subsequently washed with 0.5 ml 50 mM sodium
citrate (pH 7.0) and digested with RNase A (1 mg/ml) for 3 hr at 37°C. Cells were
stained with propidium iodide (12.5 pg/ml) and analyzed by FACSCalibur (Becton

Dickinson).
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