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N6-Methyladenosine (m6A) is among the most common modifi-
cations in eukaryotic mRNA. The role of yeast m6A methyltrans-
ferase, Ime4, in meiosis and sporulation in diploid strains is very
well studied, but its role in haploid strains has remained unknown.
Here, with the help of an immunoblotting strategy and Ime4-GFP
protein localization studies, we establish the physiological role of
Ime4 in haploid cells. Our data showed that Ime4 epitranscription-
ally regulates triacylglycerol metabolism and vacuolar morphology
through the long-chain fatty acyl-CoA synthetase Faa1, indepen-
dently of the RNA methylation complex (MIS complex). The MIS
complex consists of the Ime4, Mum2, and Slz1 proteins. Our affin-
ity enrichment strategy (methylated RNA immunoprecipitation
assays) using m6A polyclonal antibodies coupled with mRNA iso-
lation, quantitative real-time PCR, and standard PCR analyses con-
firmed the presence of m6A-modified FAA1 transcripts in haploid
yeast cells. The term “epitranscriptional regulation” encompasses
the RNA modification-mediated regulation of genes. Moreover, we
demonstrate that the Aft2 transcription factor up-regulates FAA1
expression. Because the m6A methylation machinery is fundamen-
tally conserved throughout eukaryotes, our findings will help
advance the rapidly emerging field of RNA epitranscriptomics. The
metabolic link identified here between m6A methylation and tria-
cylglycerol metabolism via the Ime4 protein provides new insights
into lipid metabolism and the pathophysiology of lipid-related
metabolic disorders, such as obesity. Because the yeast vacuole is an
analogue of the mammalian lysosome, our findings pave the way to
better understand the role of m6A methylation in lysosome-related
functions and diseases.

Postsynthetic modifications of DNA, RNA, and proteins are
common features of eukaryotes. Unlike for DNA and protein
modifications, our knowledge of mRNA modifications is lim-
ited (1). N6-methyladenosine (m6A)3 is among the most com-

mon modifications known in eukaryotic mRNA (1, 2). N6-Ad-
enosyl methyltransferases that introduce m6A modification in
mRNA are found in almost all eukaryotes (2, 3). Because the
m6A methylation machinery is fundamentally conserved
throughout eukaryotes, Saccharomyces cerevisiae is used as a
model organism to understand the physiological relevance of
m6A methylation. In S. cerevisiae, Ime4 (inducer of meiosis 4) is
a counterpart of mammalian N6-adenosyl methyltransferase
(METTL3). According to cell type, the IME4 gene locus is tran-
scribed into two different transcripts, the sense RNA (IME4)
and the antisense RNA (RME2, regulator of meiosis 2). The role
of Ime4 in meiosis and sporulation in diploid cells is very well
studied (4, 5). The physiological significance of Ime4 in haploid
cells is not known. In haploid cells, antisense RNA (noncoding
RNA) transcription effectively reduces IME4 expression but
does not completely abolish sense RNA (6, 7). A previous study
showed that an extremely low level of sense RNA (IME4) tran-
scripts is sufficient to perform its function (8). Therefore, in the
present study, we have focused on the role of Ime4 in haploid
cells.

Because meiotic cell cycle and sporulation do not occur in
haploid cells, we studied the role of Ime4 in cell cycle- and
sporulation-related phenotypes, lipid accumulation, and vacu-
olar morphology. During sporulation, an increase in cellular
lipids has been observed (9, 10). The initial phase of sporulation
is mainly associated with the synthesis of phospholipid and tria-
cylglycerol (TAG), followed by the predominant synthesis
of nonpolar lipids (10). Germinating spores possess a large
amount of lipid granules (lipid droplets), which are used dur-
ing the cell division cycles of vegetative growth (11). A recent
study shows that a lack of TAG lipolysis delays bud develop-
ment and cell cycle progression (12). Because it seems that
TAG is metabolically linked with both the cell cycle and
sporulation, we hypothesized a possible role of Ime4 in the
TAG metabolism.

The yeast vacuole (analogue of the mammalian lysosome) is
the main storage compartment and is also required for sporu-
lation and osmotic homeostasis (13, 14). In S. cerevisiae, vacu-
olar proteases have been implicated in sporulation (15, 16).
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During sporulation, protein degradation by vacuolar proteinase
A (PrA) and proteinase B (PrB) increases dramatically, and
PrA- or PrB-defective mutants are found to be defective in
sporulation (17). PrA-defective diploids do not undergo
meiosis (18). A recent study showed that proteins involved in
sporulation, meiotic recombination, and RNA metabolism
play key roles in vacuole membrane fragmentation in
S. cerevisiae (19). Keeping the above points in mind, we
hypothesized a possible role of Ime4 in the determination of
vacuolar morphology.

In this study, we establish the physiological relevance of Ime4
in haploid yeast cells. Our data showed that Ime4 epitranscrip-
tionally regulates TAG metabolism and vacuolar morphology
through its target gene FAA1. Additionally, this study demon-
strates that the FAA1 gene is transcriptionally regulated by the
Aft2 transcription factor. This work also establishes the role of
Aft2 in TAG metabolism and vacuolar morphology through its
target gene FAA1.

Results

Both diploid and haploid cells possess m6A-containing mRNA

The IME4 gene locus is transcribed into two different tran-
scripts, sense RNA (IME4) and antisense RNA (RME2), based
on cell type (Fig. 1A). In each cell type, there is a major tran-
script and a minor transcript. In diploids, IME4 is the major and
RME2 is the minor transcript, whereas in haploids, RME2 is the
major and IME4 the minor transcript (7). Our 3�-biased quan-
titative real-time PCR, as well as standard PCR, also showed a
similar pattern of cell type–specific expression of sense and
antisense transcripts (Fig. 1B). Because m6A-containing tran-
scripts are not readily detectable by classic sequencing- or
hybridization-based methodologies, to detect m6A containing
transcripts, we used an immunoblotting strategy with an anti-
m6A antibody, as reported earlier (20). To detect the presence
of m6A-containing transcripts, we isolated total RNA from dip-
loid and haploid cells and performed immunoblot analysis
using the m6A polyclonal antibodies. The data showed the pres-
ence of m6A-modified transcripts in both diploid and haploid
cells (Fig. 1C). Like the haploid WT cells, the ime4� cells also
showed the presence of m6A-modified transcripts (Fig. 1D).
This result could be due to the fact that the m6A antibodies
detect any kind of m6A-modified nucleic acids (20). Therefore,
to test for the presence of m6A-modified mRNA species,
mRNA was isolated, and dot blot analysis was performed. The
dot blot analysis of mRNA samples confirmed the presence of
m6A-modified mRNA in both cell types (Fig. 1E). The m6A-
modified mRNA species were absent in the ime4� cells (Fig.
1E). The affinity enrichment strategy using the m6A polyclonal
antibodies coupled with re-isolation of mRNA followed by the
dot blot assay also confirmed the presence of m6A-modified
mRNA in both cell types (Fig. 1F). Together, these experiments
suggested that like diploid cells, haploid cells also possess func-
tional sense (IME4) transcripts.

IME4 gene has a role in TAG metabolism

To validate the hypothesis that Ime4 may have a potential
role in TAG metabolism, cells from different genetic back-
grounds were grown in synthetic minimal medium (SM) con-

taining [14C]acetate. The lipids extracted from the stationary-
phase cells were resolved on a silica-TLC plate, followed by
phosphorimaging. Compared with the WT strain, the ime4�
strain showed a substantial increase (�62%) in the total cellular
lipid content (Fig. 2A). Compared with the WT strain, the
ime4� strain showed a significant increase (�39%) in the level
of TAG � steryl esters (SE)/total lipids (Fig. 2B). Because
eukaryotic cells store lipids mostly as TAG and SE in a special-
ized organelle of the cell called a lipid droplet, lipid particle,
lipid body, or oil body (21), the accumulation of TAG and SE in
the ime4� strain was validated by staining the lipid droplets

Figure 1. Distribution of m6A containing RNA in diploid and haploid
yeast. A, schematic diagram illustrating the direction of the sense (IME4) and
antisense (RME2) mRNA transcription. B, cell type–specific expression of the
sense and antisense mRNA. Stationary phase– grown cells were collected for
the quantitative real-time PCR and standard PCR analyses. Bottom, expression
levels of the IME4 and RME2 transcripts were analyzed by quantitative real-
time PCR using 3�-biased sense-specific or antisense-specific quantitative
real-time PCR primers. Relative -fold change (ACT1-normalized) was calcu-
lated. The values are presented as the mean � S.E. (error bars) (n � 3). Top, the
presence of the sense and antisense mRNA in diploid (BY4743) and haploid
(BY4741) strains was also confirmed by standard PCR using different sets of
sense-specific or antisense-specific primers. C and D, distribution of m6A-con-
taining RNA in the diploid and haploid cells. Top, total RNA isolated from the
stationary phase-grown diploid and haploid cells was subjected to Northern
blot analysis, and the immunoblot was developed with a m6A polyclonal
antibody. Bottom, EtBr staining of the rRNA is shown as a loading control. E,
dot blot assay for m6A-containing mRNA. The mRNA was isolated from the
total RNA using oligo(dT) Dynabeads. Eluted mRNA was again passed
through the oligo(dT) Dynabeads for mRNA isolation. Increasing amounts of
mRNA from different genetic backgrounds were spotted onto a nylon mem-
brane and probed with the m6A antibody. F, enrichment of m6A-containing
transcripts by an MeRIP assay. The mRNA was isolated from the total RNA
using oligo(dT) Dynabeads as mentioned above. An equal amount of mRNA
from diploid and haploid backgrounds was subjected to the MeRIP assay with
the m6A antibody. After washing, m6A antibody-bound transcripts were iso-
lated using TRI reagent, and increasing amounts of mRNA were spotted onto
a nylon membrane and probed with the m6A antibody. Ab, antibody. Repre-
sentative blots are shown.
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(LDs) with BODIPYTM 493/503. To quantify the LDs, 100 –200
cells from multiple fields of view were scored in each strain, and
the number of LDs was represented by a box plot. The box plot
analysis showed that compared with the WT strain, the major-
ity of ime4� cells accumulated a large number of LDs/cell (Fig.
2C). A previous study showed that the methyltransferase motif
IV of Ime4 is important for its function, and mutations (Asp-
348 and Trp-351) in this motif severely affect Ime4 activity (5).
Therefore, we also generated a mutant IME4 construct by site-
directed mutagenesis. In the Ime4 mutant (Imut) protein, the
predicted active amino acid residues Asp-348 and Trp-351
were replaced with Ala. IME4 overexpression caused a signifi-
cant decrease (�34%) in the TAG � SE/total lipid level, which
was unaffected by IME4mut overexpression (Fig. 2D). These
findings were validated by staining the LDs with BODIPYTM

493/503 (Fig. 2E). The box plot analysis showed that compared

with the vector control, the majority of IME4-overexpressing
cells contained few LDs/cell (Fig. 2E). Together, these studies
suggested that the IME4 gene plays an important role in TAG
metabolism.

IME4 has an MIS complex-independent role in TAG
metabolism

The literature shows that in S. cerevisiae, Ime4, Mum2, and
Slz1 form a m6A methylation machinery named the MIS com-
plex (4). Therefore, we also studied the role of the MUM2 and
SLZ1 genes in TAG metabolism. TLC analyses and BODIPYTM

493/503 staining of the LDs showed that the MUM2 and SLZ1
genes had no significant effect on the TAG � SE/total lipid level
or on LD formation (data not shown). Together, these studies
suggested that the IME4 gene has a potential MIS complex–
independent role in TAG metabolism. Reports show that Slz1

Figure 2. Effect of the IME4 gene on the lipid metabolism. A, effect of deletion of the IME4 gene on the total lipid content. The extracted lipids were resolved
on a TLC plate, followed by phosphorimaging. Top, a representative TLC profile; bottom, relative quantification of the total lipids. FFA, free fatty acids. B and C,
effect of the deletion of the IME4 gene on the TAG and SE levels and LD formation. D and E, effect of overexpression of the wild-type IME4 (I) and the mutant IME4
(Imut) on the TAG and SE levels and LD formation. V, BG1805 vector control; I, BG1805-IME4; Imut, BG1805-IME4mut. In the Ime4 mutant protein (Imut), the amino
acids Asp and Trp of the catalytic motif were replaced by the amino acid Ala (A; shown in italic type). In each TLC analysis, the lipids were extracted from
stationary-phase cells (A600 � 25) grown in the presence of [14C]acetate and were analyzed on a TLC plate followed by phosphorimaging. The amount of
TAG � SE was determined relative to the total lipid content, and the obtained control value (mean, n � 3) was set to 100%. For LD staining, cells were harvested
from the stationary phase; the LDs were stained with BODIPYTM 493/503 dye; and the confocal microscopic images were captured. To quantify the LDs,
100 –200 cells from multiple fields of view were scored in each strain, and the number of LDs is represented by a box plot. Representative images are shown.
Merged, superimposed panel of fluorescence and differential interference contrast (DIC); bar, 5 �m. The values are presented as the mean � S.E. (error bars) (n �
3). Significance was determined at p � 0.05 (*) and p � 0.01 (**).
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localizes the MIS complex machinery to the nucleolus, and this
localization is crucial for mRNA methylation in diploid cells (1,
4). Therefore, to understand the MIS complex–independent
role of Ime4, we first constructed Ime4-GFP– and Fob1-RFP–
expressing plasmids. Fob1 is a nucleolus-localized protein. Like
an earlier report (1), our study also showed the presence of the
Ime4-GFP protein in the nucleolus as well as the cytoplasm
(Fig. 3A). In addition, the localization study showed that the
nucleolar localization of Ime4-GFP protein was independent of
genetic background (Fig. 3A). Dot blot analysis of mRNA sam-
ples confirmed the presence of m6A-modified mRNA in the
mum2� and slz1� strains (Fig. 3B). IME4 overexpression in
the mum2� strain caused a significant decrease (�50%) in the
TAG � SE/total lipid level, which was validated by staining the
LDs with BODIPYTM 493/503 (Fig. 3, C and D). IME4 overex-
pression in the slz1� strain caused a significant decrease
(�34%) in the TAG � SE/total lipid level, which was validated
by staining the LDs with BODIPYTM 493/503 (Fig. 3, E and F).
The box plot analysis showed that compared with the vector
control, the majority of IME4-overexpressing cells contained
few LDs/cell, and smaller LDs were also observed (Fig. 3, D and
F). Together, these data suggested that Ime4 localizes to the
nucleolus independently of other components of the MIS com-
plex and performs its function.

IME4 gene regulates TAG biosynthesis through its target FAA1
gene

To understand the role of Ime4 in TAG accumulation at the
molecular level, we examined the expression of the genes
involved in TAG biosynthesis. In S. cerevisiae, TAG synthesis
occurs through acyl-CoA-dependent (Dga1, Are1, and Are2)
and acyl-CoA-independent (Lro1) acyltransferase activities
(22). Furthermore, we also checked the expression of acyl-CoA
synthetase genes (FAA1, FAA2, FAA3, and FAA4), which each
supply the activated intermediate acyl-CoAs in acyl-CoA-de-
pendent TAG synthesis (23). The expression analyses showed a
significant increase in the expression of the DGA1, ARE1, and
FAA1 genes upon IME4 gene deletion, whereas LRO1 expres-
sion was unaffected (Fig. 4A). Because the expression of the
FAA1 gene was increased (4.19-fold) in the ime4� strain, and it
has 3�-end– biased sites with the consensus methylation motif
RGAC (where R represents A/G), we selected the FAA1 gene as
a potential target of Ime4 and focused on this gene for fur-
ther studies. Among four long-chain acyl-CoA synthetases of
S. cerevisiae designated Faa1–Faa4, Faa1 is the major contribu-
tor, accounting for �90% of the activity in the total cell extract
(23). Faa1 is the most important supplier of the acyl-CoA– de-
pendent TAG biosynthetic pathway. Compared with the vector
control, the overexpression of IME4 caused the down-regula-

Figure 3. MIS complex–independent role of IME4 gene in TAG metabolism. A, Ime4-GFP localization in different genetic backgrounds. Stationary-phase
cells expressing Ime4-GFP and Fob1-RFP proteins were imaged under a confocal microscope. As required, the optimum brightness and contrast were adjusted
in the images. Representative images from two different areas (Area 1 and 2, two different fields of view) are shown. Merged, superimposed panel of fluores-
cence and DIC; bar, 5 �m; Ime4-GFP, pUG34-Ime4GFP; Fob1-RFP, pVT100U-Fob1RFP. B, dot blot assay for m6A-containing mRNA. Stationary phase– grown cells
were collected for the dot blot assay. The mRNA was isolated from the total RNA using oligo(dT) Dynabeads. Eluted mRNA was again passed through the
oligo(dT) Dynabeads for mRNA isolation. Increasing amounts of mRNA from different genetic backgrounds were spotted onto a nylon membrane and probed
with the m6A antibody. C–F, effect of the overexpression of the IME4 gene on the TAG and SE levels and LD formation in different genetic backgrounds. V,
BG1805 vector control; I, BG1805-IME4. In each TLC analysis, the lipids were extracted from the stationary-phase cells (A600 � 25) grown in the presence of
[14C]acetate and were analyzed on a TLC plate followed by phosphorimaging. The amount of TAG � SE was determined relative to the total lipid content, and
the obtained control value was set to 100%. For LD staining, cells were harvested from the stationary phase; the LDs were stained with BODIPYTM 493/503 dye;
and confocal microscopic images were captured. To quantify the LDs, 100 –200 cells from multiple fields of view were scored in each strain, and the number of
LDs is represented by a box plot. Representative images are shown. Merged, superimposed panel of fluorescence and DIC; bar, 5 �m. The values are presented
as the mean � S.E. (error bars) (n � 3). Significance was determined at p � 0.05 (*).
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tion (4.76-fold) of FAA1 transcripts (Fig. 4B). The ime4� strain
showed a significantly higher �-galactosidase activity of FAA1-
lacZ (�52%) than the WT, which was set at 100% (Fig. 4C). To
detect m6A-containing FAA1 transcripts, a methylated RNA
immunoprecipitation (MeRIP) assay was performed. The affin-
ity enrichment strategy using the m6A polyclonal antibodies
coupled with re-isolation of mRNA, quantitative real-time
PCR, and standard PCR analyses using different sets of FAA1-
specific primers confirmed the presence of m6A-modified
FAA1 transcripts in both cell types (Fig. 4D).

To validate the role of FAA1 in TAG accumulation in
the ime4� strain, we generated a double deletion strain,
faa1�ime4�. Compared with the ime4� strain, deletion of the
FAA1 gene from the ime4� genetic background caused a sig-
nificant decrease (�17%) in the TAG � SE/total lipid content
(Fig. 4E). These findings were validated by staining the LDs
with BODIPYTM 493/503 (Fig. 4F). The box plot analysis
showed that compared with the ime4� cells, the majority of
faa1�ime4� cells contained few LDs/cell (Fig. 4F). FAA1 over-
expression in the WT strain caused a significant increase

(�31%) in the TAG � SE/total lipid level, which was validated
by staining the LDs with BODIPYTM 493/503 (Fig. 4, G and H).
The box plot analysis showed that compared with the vector
control, the majority of FAA1-overexpressing cells accumu-
lated a large number of LDs/cell (Fig. 4H). In short, these find-
ings suggested that the IME4 gene regulates TAG biosynthesis
through the Faa1 protein.

IME4 gene has a role in vacuolar morphology

To validate the hypothesis that Ime4 may have a potential
role in the vacuolar morphology, stationary phase-grown cells
were stained with FM4-64 dye and examined by confocal
microscopy. Image analyses showed four different types of vac-
uoles, referred to here as type I (2–10 small vacuolar lobes), type
II (more than 10 small vacuolar lobes), type III (small, discrete,
and fragmented vacuolar lobes), and type IV (one grossly
enlarged and 1–3 small vacuolar lobes) in the yeast (Fig. 5A).
Compared with the WT strain, the ime4� strain showed a sub-
stantial decrease in the proportion of cells with type I vacuoles
(Fig. 5A; �77% of cells in the WT strain; �15% of cells in the

Figure 4. Identification of the IME4 gene target in the TAG biosynthesis. A, compared with the WT, an analysis of the expression of TAG biosynthetic genes
in the ime4� strain. Cells were collected from the stationary phase, and gene expression analysis was performed. The horizontal dotted line represents the
expression in the WT strain. The values are represented as -fold changes. B, effect of overexpression of the IME4 gene on the expression of the FAA1 gene. The
horizontal dotted line represents the expression in the vector control strain. C, compared with the WT, �-galactosidase activity of FAA1-lacZ in the ime4� strain.
Cells were collected from the log phase, and a �-galactosidase activity assay was performed. D, MeRIP assay for m6A-containing FAA1 transcripts. Cells were
collected from the stationary phase, and the MeRIP assay was performed. The mRNA was isolated from the total RNA using oligo(dT) Dynabeads. Eluted mRNA
was again passed through the fresh oligo(dT) Dynabeads for mRNA isolation. An equal amount of mRNA from different genetic backgrounds was subjected to
the MeRIP assay with the rabbit IgG and m6A antibodies. After wash, m6A antibody-bound transcripts were isolated using TRI reagent and analyzed by
quantitative real-time PCR using FAA1-specific quantitative real-time primers (bottom). Relative -fold enrichment (ACT1-normalized) was calculated. The
presence of the methylated FAA1 transcript in diploid and haploid strains was also confirmed by standard PCR using a different set of FAA1-specific primers
(top). E–H, effect of the FAA1 gene on the TAG and SE levels and on LD formation. V, BG1805 vector control; I, BG1805-IME4; F, BG1805-FAA1. In each TLC analysis,
the lipids were extracted from the stationary-phase cells (A600 � 25) grown in the presence of [14C]acetate and were analyzed on a TLC plate followed by
phosphorimaging. The amount of TAG � SE was determined relative to the total lipid content, and the obtained control value was set to 100%. For LD staining,
cells were harvested from the stationary phase; the LDs were stained with BODIPYTM 493/503 dye; and the confocal microscopic images were captured. To
quantify the LDs, 100 –200 cells from multiple fields of view were scored in each strain, and the number of LDs is represented by a box plot. Representative
images are shown. Merged, superimposed panel of fluorescence and DIC; bar, 5 �m. In Fig. 4, E and F, the values in the WT and ime4� panels were duplicated
from Fig. 2, B and C, respectively, to generate the graphs. The values are presented as the mean � S.E. (error bars) (n � 3). Significance was determined at p �
0.05 (*) and p � 0.01 (**).
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ime4� strain), whereas cells with type IV vacuoles were signif-
icantly increased in the ime4� strain (Fig. 5A; �12% of cells in
the WT strain; �76% of cells in the ime4� strain). Type II vac-
uoles were completely absent in the ime4� strain, whereas
there was no significant change in type III vacuoles (Fig. 5A).
Because type IV vacuoles were significantly increased in the
ime4� strain and a study shows that type IV vacuoles, a char-
acteristic feature of the fab1� strain, are lipophagy-defective
(24), we focused on the type IV vacuoles. First, we checked the
lipophagy defect in the ime4� strain, and confocal microscopic
study found the ime4� strain to be lipophagy-defective (Fig.
5B). Compared with the vector control, the cells overexpressing
the IME4 gene showed a significant decrease (�80%) in the
proportion of cells with type IV vacuoles (Fig. 5C), which was
unaffected by IME4mut overexpression (Fig. 5D). Confocal
microscopic analyses of other members of the MIS complex
showed that the MUM2 and SLZ1 genes had no significant
effect on the type IV vacuoles (data not shown). Together, these
studies suggested that Ime4 has an MIS complex-independent
role in determining vacuolar morphology.

To understand the role of the IME4 gene in vacuolar mor-
phology at the molecular level, we examined the expression of
the important genes related to the vacuolar morphology (25).
Compared with the WT strain, expression analyses did not
show any significant change in the transcript levels of FAB1,
VAC7, VAC14, and FIG 4 in the ime4� strain (Fig. 6A). To
validate the role of IME4 in vacuolar morphology, we generated
double deletion strains, fab1�ime4� and fig 4�ime4�. The
IME4 gene deletion from the fig 4� genetic background signif-
icantly affected the vacuolar morphology. Compared with the
fig 4� strain, the fig 4�ime4� strain showed a substantial
decrease in the proportion of cells with type I vacuoles (Fig. 6B;
�83% of cells in the fig 4� strain; �14% of cells in the fig
4�ime4� strain), whereas the proportion of cells with type IV
vacuoles was significantly increased in the fig 4�ime4� strain
(Fig. 6B; �17% of cells in the fig 4� strain; �86% of cells in the
fig 4�ime4� strain). Compared with the vector control, the
fab1� cells overexpressing the IME4 gene showed a significant
decrease (�24%) in the proportion of cells with type IV vacu-
oles (Fig. 6C). The effect of the IME4 gene on the vacuolar
morphology was also studied with the help of a scanning elec-
tron microscope (SEM). SEM micrographs showed that the
IME4 gene deletion in the different genetic backgrounds
increased the pitlike structures (type IV vacuoles), indicated by
arrows, whereas overexpression of the IME4 gene reduced the
pitlike structures (Fig. 6, D and E). Together, these data sug-
gested that the IME4 gene has a role in the determination of
vacuolar morphology that is independent of the FAB1-FIG 4
cycle (25). In S. cerevisiae, the phosphatidylinositol 3,5-bispho-

sphate level is regulated by the FAB1-FIG 4 cycle. Fab1 (kinase)
and Fig. 4 (phosphatase) regulate the phosphatidylinositol 3,5-
bisphosphate levels positively and negatively, respectively. Cells
deficient in phosphatidylinositol 3,5-bisphosphate synthesis
show a grossly enlarged vacuole morphology, whereas in-
creased levels of phosphatidylinositol 3,5-bisphosphate trigger
the formation of multiple small vacuoles (25).

IME4 gene regulates vacuolar morphology through its target
FAA1 gene

Because the expression of the FAA1 gene was increased
(4.19-fold) in the ime4� strain, and Faa1 is the major contribu-
tor of long-chain acyl-CoA synthetase activity, we predicted a
possible role of Faa1 in the type IV vacuolar morphology. The
literature shows that the vacuolar membrane protein Vac8
requires a myristoylation site and three palmitoylation sites to
be anchored to vacuoles, and moreover, palmitoylation governs
the Vac8 vacuolar functions (26, 27). The Vac8 protein is
required for efficient cytosol-to-vacuole trafficking, nucleus-
vacuole junction formation, vacuole inheritance, vacuole
fusion, and sporulation (26). The efficiency of protein acylation
appears to be governed by the availability of acyl-CoA sub-
strates, such as myristoyl-CoA and palmitoyl-CoA, and the
Faa1 protein preferentially provides acyl-CoA substrates with
C12:0 –C16:0 (23). Therefore, we hypothesized that Faa1 and
Vac8 together may regulate the type IV vacuolar morphology
(Fig. 7A). To validate our hypothesis, the effect of FAA1 gene
deletion from the ime4� strain on the morphology of type IV
vacuoles was studied. Compared with the ime4� strain, the
faa1�ime4� strain showed a substantial decrease (�50%) in
the proportion of cells with type IV vacuoles (Fig. 7B). The
effect of overexpression of the FAA1 gene on the type IV vacu-
olar morphology in different genetic backgrounds was also
studied. Compared with the vector control, the WT and fig 4�
cells overexpressing the FAA1 gene showed a significant
increase in the proportion of cells with type IV vacuoles (Fig.
7C). Additionally, compared with the vector control (�16%),
the ime4� cells overexpressing the FAA1 gene showed a signif-
icant increase (�44%) in the proportion of cells with vacuole
diameter �4 �m (Fig. 7D). Together, these data suggested that
the FAA1 gene has a role in the determination of the type IV
vacuolar morphology.

To understand the role of the VAC8 gene in relation to the
type IV vacuolar morphology at the molecular level, we exam-
ined the expression of the VAC8 gene in the ime4� strain. Com-
pared with the WT strain, expression analyses did not show any
significant change in the transcript level of VAC8 in the ime4�
strain (Fig. 7E). Further, we studied the effect of the overexpres-
sion of Vac8-GFP on the vacuolar morphology in different

Figure 5. Effect of IME4 gene on the vacuolar morphology. A, the effect of IME4 gene deletion on the vacuolar morphology. Equal amounts of cells (A600 �
5) from the stationary phase were collected and stained with FM4-64 dye. Images were taken under a confocal microscope. Four different types of vacuoles
were observed (right). B, effect of the type IV vacuole on lipophagy. Stationary phase-grown cells in SM were collected, washed, and divided into two parts. One
part was shifted to normal SM and another part to lipophagy-inducible medium (SM 	 N) for 8 h. Afterward, cells were collected, and vacuoles and LDs were
stained with FM4-64 and BODIPYTM 493/503 dyes, respectively. Images were taken under a confocal microscope. Representative images are shown.
The induction of lipophagy caused the internalization of LDs into vacuoles (indicated by arrows, WT strain), whereas type IV vacuoles were lipophagy-defective
(ime4� strain). V, vacuole. C and D, effect of the overexpression of the wild-type IME4 (I) and the mutant IME4 (Imut) on the morphology of type IV vacuoles.
Merged, superimposed panel of fluorescence and DIC; bar, 5 �m; V, BG1805 vector control; I, BG1805-IME4; Imut, BG1805-IME4mut. For quantification of vacuolar
morphology, at least 200 –300 cells were scored in each strain. Representative images are shown. Values are mean � S.E. (error bars) (n � 3). Significance was
determined at p � 0.01 (**).
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Figure 6. Effect of IME4 gene on the morphology of type IV vacuoles. A, compared with the WT, analysis of the expression of the genes related to type IV
vacuoles in the ime4� strain. Cells were collected from the stationary phase, and gene expression analysis was performed. The horizontal dotted line represents
expression in the WT strain. The values are represented as -fold changes. B, effect of IME4 gene deletion from the fab1� and fig 4� genetic backgrounds on the
morphology of type IV vacuoles. C, effect of overexpression of IME4 on the morphology of type IV vacuoles in the fab1� strain. In each case, cells were collected
from the stationary phase, and vacuoles were stained with FM4-64 dye. Merged, superimposed panel of fluorescence and DIC; bar, 5 �m; V, BG1805 vector
control; I, BG1805-IME4. For quantification of vacuolar morphology, at least 200 –300 cells were scored in each strain. Representative images are shown. D,
effect of the deletion of the IME4 gene on type IV vacuolar morphology in the different genetic backgrounds. Representative SEM micrographs and vacuoles
(pitlike structure indicated by arrows) are shown. E, effect of overexpression of the IME4 gene on type IV vacuolar morphology in the different genetic
backgrounds. A magnification of 
10,000 was used to generate the SEM micrographs. Values are mean � S.E. (error bars) (n � 3). Significance was determined
at p � 0.05 (*) and p � 0.01 (**); ns, not significant.
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genetic backgrounds. The cells overexpressing Vac8-GFP
showed a significant increase in the proportion of cells with
type IV vacuoles (Fig. 7, F and G). Additionally, overexpression
of the Vac8-GFP in the vac8� strain caused a substantial
decrease in the proportion of cells with type II vacuoles, a char-
acteristic feature of the vac8� strain (Fig. 7, F and G). To vali-
date the hypothesis that Faa1 and Vac8 together may regulate
the vacuolar morphology, the effect of overexpression of the
FAA1 gene on the vacuolar morphology in the vac8� strain was

studied. The vac8� cells overexpressing the FAA1 gene did not
show any significant change in vacuolar morphology, and the
type II vacuoles of the vac8� strain remained unchanged (Fig.
7H). Briefly, these findings suggested that Faa1 and Vac8
together may regulate the vacuolar morphology.

AFT2 transcriptionally regulates FAA1 gene

To identify the potential transcription factor that has its
putative binding site in the promoter region (upstream) of the

Figure 7. Effect of FAA1 and VAC8 genes on the vacuolar morphology. A, schematic diagram representing the putative roles of the FAA1 and VAC8 genes
in the vacuolar morphology. B, effect of FAA1 gene deletion from the ime4� strain on the morphology of type IV vacuoles. Equal amounts of cells (A600 � 5) from
the stationary phase were collected and stained with FM4-64 dye. Images were taken under a confocal microscope. C and D, the effect of overexpression of the
FAA1 gene on the vacuolar morphology in different genetic backgrounds. E, compared with the WT, analysis of the expression of the VAC8 gene in the ime4�
strain. Cells were collected from the stationary phase, and gene expression analysis was performed. The horizontal dotted line represents expression in the WT
strain. The deletion strain value is represented as -fold change. F and G, effect of overexpression of VAC8-GFP on the vacuolar morphology in different genetic
backgrounds. As required, the optimum brightness and contrast were adjusted in the images. H, effect of overexpression of the FAA1 gene on the vacuolar
morphology in the vac8� strain. In each case, cells were collected from the stationary phase. Merged, superimposed panel of fluorescence and DIC; bar, 5 �m;
V, BG1805 vector control; F, BG1805-FAA1; VG, pVT100U-VAC8-GFP. For quantification of vacuolar morphology, at least 200 –300 cells were scored in each strain.
Representative images are shown. Values are mean � S.E. (error bars) (n � 3). Significance was determined at p � 0.05 (*) and p � 0.01 (**); ns, not significant.
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FAA1 gene, we explored the Yeastract promoter database of
S. cerevisiae. A targeted search within the promoter region gave
us several transcription factors. We found that of these tran-
scription factors, Aft2 had a probable role both in TAG metab-
olism (as the binding site for FAA1; Fig. 8A) and in vacuolar
functions (28). Additionally, a study reports that Ime4 and Aft1
(a paralog of Aft2) show negative genetic interaction (29).
Therefore, we selected the Aft2 transcription factor for further
studies, hypothesizing that a single transcription factor (Aft2)
may regulate both TAG metabolism and vacuolar morphology.
First, we checked the effect of the IME4 gene on the expression
of the AFT2 gene. IME4 deletion caused an increase (2.48-fold)
in the AFT2 transcript level, whereas IME4 overexpression
caused the down-regulation (3.7-fold) of AFT2 transcripts (Fig.
8, B and C). Furthermore, we checked the effect of the AFT2
gene on the expression of the FAA1 gene. AFT2 deletion caused
a decrease (2.22-fold) in the FAA1 transcript level, whereas
AFT2 overexpression caused the up-regulation (5.39-fold) of
FAA1 transcripts (Fig. 8, D and E). The aft2� strain showed

significantly lower �-galactosidase activity of FAA1-lacZ
(�38%) than the WT, which was set at 100% (Fig. 8F).

To assess the transcriptional regulation of the FAA1 gene by
Aft2, ChIP assays were conducted as reported earlier (30). The
ChIP assays revealed that the Aft2 transcription factor occu-
pied the FAA1 promoter (Fig. 8G), which was validated by
quantitative ChIP (qChIP) assays (Fig. 8H). Together, the data
from the expression analyses, ChIP assays, and qChIP assays
suggested that Aft2 positively regulates the FAA1 gene.

AFT2 regulates TAG biosynthesis and vacuolar morphology
through its target FAA1 gene

Because the expression of the FAA1 gene was controlled by
the Aft2 transcription factor, we examined the role of Aft2 in
TAG biosynthesis as well as in type IV vacuolar morphology.
AFT2 deletion did not cause a significant change in the TAG �
SE/total lipid content (Fig. 9A), which was validated by staining
the LDs with BODIPYTM 493/503 (Fig. 9B). AFT2 overexpres-
sion in the aft2� strain caused a significant increase (�86%) in

Figure 8. Regulation of the FAA1 gene by the AFT2 transcription factor. A, schematic diagram of the FAA1 promoter representing the Aft2 binding site and
sequence. B, compared with the WT, an analysis of the expression of the AFT2 gene in the ime4� strain. C, compared with the vector control, the effect of
overexpression of the IME4 gene on the transcript level of the AFT2 gene. V, BG1805 vector control; I, BG1805-IME4. D, compared with the WT, an analysis of the
expression of the FAA1 gene in the aft2� strain. E, compared with the vector control, the effect of overexpression of the AFT2 gene on the transcript level of the
FAA1 gene. A, BG1805-AFT2. In each case of transcript analysis, cells were collected from the stationary phase. The horizontal dotted line in the graph represents
the expression in the control strain. The values are represented as -fold changes. F, compared with the WT, �-galactosidase activity of FAA1-lacZ in the aft2�
strain. Cells were collected from the log phase, and a �-galactosidase activity assay was performed. G, association of the Aft2 protein with the FAA1 promoter.
Transformant (BG1805-AFT2) overexpressing the Aft2 protein from the stationary phase was subjected to ChIP assays with anti-HA and anti-RFP antibodies. The
occupancy of Aft2 protein on the FAA1 promoter was shown by PCR analyses of the IN, IP, and CIP DNA using FAA1 promoter-specific primers. The Aft2
element-deficient LPP1 promoter region was used as a negative control (negative immunoprecipitation (NIP)). Relative -fold enrichment (arbitrary units) in the
ChIP assay was calculated using the formula indicated (top). H, association of the Aft2 protein with the FAA1 promoter. Transformant (BG1805-AFT2) overex-
pressing the Aft2 protein from the stationary phase was subjected to qChIP assays with anti-HA and anti-RFP antibodies. The occupancy of Aft2 protein on the
FAA1 promoter was shown by quantitative real-time PCR analysis of the IP and CIP DNA using a different set of FAA1 promoter-specific primers. Relative -fold
enrichment of IP value in the qChIP assay was normalized by the CIP value. In each case, the values are presented as the mean � S.E. (error bars) (n � 3).
Significance was determined at p � 0.05 (*) and p � 0.01 (**).
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the TAG � SE/total lipid level, which was validated by staining
the LDs with BODIPYTM 493/503 (Fig. 9, C and D). The box
plot analysis showed that compared with the vector control, the
majority of AFT2-overexpressing aft2� cells accumulated a
large number of LDs/cell (Fig. 9D). AFT2 overexpression in
the ime4� strain caused a significant increase (�37%) in the
TAG � SE/total lipid level, which was validated by staining the
LDs with BODIPYTM 493/503 (Fig. 9, E and F). The box plot
analysis showed that compared with the vector control, the

majority of AFT2-overexpressing ime4� cells accumulated a
large number of LDs/cell (Fig. 9F). Additionally, compared with
the vector control (1.14%), the aft2� cells overexpressing the
AFT2 gene showed a significant increase (8.89%) in the propor-
tion of cells with LD diameter �1 �m (Fig. 9G). AFT2 overex-
pression also caused the formation of indistinguishable large
and clustered LDs, referred to here as large/clustered LDs.
Compared with the vector control (6.57%), the aft2� cells
overexpressing the AFT2 gene showed a significant increase

Figure 9. Role of AFT2 gene related to TAG metabolism and vacuolar morphology. A and B, effect of the deletion of the AFT2 gene on the TAG and SE levels
and on LD formation. C–F, effect of the overexpression of the AFT2 gene on the TAG and SE levels and on LD formation in different genetic backgrounds. G,
effect of AFT2 overexpression on the size of LDs. H, cells with large/clustered LDs. Indistinguishable LDs are represented as large/clustered LDs (as indicated in
the inset). In each TLC analysis, the lipids were extracted from stationary-phase cells (A600 � 25) grown in the presence of [14C]acetate and were analyzed on a
TLC plate, followed by phosphorimaging. The amount of TAG � SE was determined relative to the total lipid content, and the obtained control value was set
to 100%. For LD staining, cells were harvested from the stationary phase; the LDs were stained with BODIPYTM 493/503 dye; and the confocal microscopic
images were captured. To quantify the LDs, 100 –200 cells from multiple fields of view were scored in each strain, and the number of LDs is represented by a box
plot. Representative images are shown. Bar, 5 �m. In B and F, the values in the WT and vector control panels were duplicated from Fig. 2, C and E, respectively,
to generate the graphs. I, effect of AFT2 gene deletion on the vacuolar morphology. Equal amounts of cells (A600 � 5) from the stationary phase were collected
and stained with FM4-64 dye. Images were taken under a confocal microscope. In I, the values in the WT panel were duplicated from Fig. 5A to generate the
graph. J, effect of overexpression of the AFT2 gene on the morphology of type IV vacuoles in the aft2� strain. K, effect of overexpression of the AFT2 gene on
the size of the vacuoles in the ime4� and fab1� strains. Merged, superimposed panel of fluorescence and DIC; bar, 5 �m; V, BG1805 vector control; A,
BG1805-AFT2. For quantification of vacuolar morphology, at least 200 –300 cells were scored in each strain. Representative images are shown. Values are
mean � S.E. (error bars) (n � 3). Significance was determined at p � 0.05 (*) and p � 0.01 (**).
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(12.75%) in the proportion of cells with large/clustered LDs
(Fig. 9H). Briefly, these findings suggested that the AFT2 gene
positively regulates TAG biosynthesis.

The role of the AFT2 gene in the determination of type IV
vacuolar morphology was also studied. Compared with the WT
strain, the aft2� strain did not show a substantial change in
vacuolar morphology (Fig. 9I). Compared with the vector con-
trol, the aft2� cells overexpressing the AFT2 gene showed a
significant increase in the proportion of cells with type IV vac-
uoles (Fig. 9J). The effect of overexpression of the AFT2 gene on
the diameter of vacuoles in the ime4� and fab1� genetic back-
grounds was also studied. Compared with the vector control,
the ime4� and fab1� cells overexpressing the AFT2 gene
showed a significant increase in the proportion of cells with
vacuole diameter �4 �m (Fig. 9K; �16% of cells in ime4��V;
�46% of cells in ime4��AFT2; �13% of cells in fab1��V;
�31% of cells in fab1��AFT2). Together, our findings sug-
gested that AFT2 and IME4 genes regulate TAG biosynthesis
and type IV vacuolar morphology through a common target
gene, FAA1, at the transcriptional and epitranscriptional levels,
respectively.

Discussion

In this work, we demonstrate the physiological relevance of
Ime4 in haploid yeast cells. Because the physiological signifi-
cance of Ime4 in haploid cells was not known, we studied its role
in haploid cells. Standard PCR analyses and 3�-biased quantita-
tive real-time PCR were performed to confirm the presence of
complete sense and antisense transcripts. Anti-m6A antibody-
based immunoblotting strategies were used to confirm the
presence of m6A-modified mRNA and the functional role of
sense (IME4) transcripts in the haploid cells.

The role of the IME4 gene in meiosis and sporulation in dip-
loid cells is very well studied. Because the meiotic cell cycle and
sporulation do not occur in haploid cells, we studied the role of
Ime4 in the cell cycle- and sporulation-related phenotypes,
lipid accumulation, and vacuolar morphology. During sporula-
tion, an increase in total lipids followed by predominant syn-
thesis of nonpolar lipids (TAG and SE) has been reported (10).
TAG lipolysis is required for spore germination (11), bud devel-
opment, and cell cycle progression (12). Because it seems that
TAG is metabolically linked with both the cell cycle and spor-
ulation, we hypothesized a possible role of Ime4 in the TAG
metabolism.

In yeast, lipid biosynthesis is a growth phase– dependent pro-
cess, and nonpolar lipid synthesis is a characteristic feature of
the stationary growth phase (22). Therefore, in this study, to
understand the role of Ime4 in TAG metabolism, cells were
harvested from the stationary phase. Site-directed mutagenesis,
Ime4-GFP localization, and anti-m6A antibody– based immu-
noblotting studies in different genetic backgrounds showed
that Ime4 epitranscriptionally regulates TAG metabolism, inde-
pendently of the MIS complex. A previous study showed that
during vegetative growth, the production of IME4 sense tran-
scripts is enhanced in the late-log phase cultures, and the sense
transcription is repressed by glucose (7). The above findings
also suggest that Ime4 has stationary phase–related functions
when glucose is exhausted.

Furthermore, in S. cerevisiae, TAG synthesis occurs through
both acyl-CoA-dependent (Dga1, Are1, and Are2) and acyl-
CoA-independent (Lro1) acyltransferase activities (22). Our
data showed that the DGA1, ARE1, and FAA1 genes involved in
the acyl-CoA-dependent acyltransferase pathway of TAG bio-
synthesis were up-regulated upon IME4 gene deletion. On the
other hand, the expression of the LRO1 gene (acyl-CoA-inde-
pendent acyltransferase) was unaffected. These results were
not surprising, because the stationary phase-grown cells exhibit
more Dga1 activity than Lro1 activity (22). The FAA1 gene has
a 3�-end-biased consensus methylation motif, and Faa1 is the
most important supplier of the acyl-CoA-dependent TAG bio-
synthetic pathway. Therefore, we selected the FAA1 gene as a
potential target of Ime4 and focused on this gene for further
studies. Our data showed that Ime4 epitranscriptionally regu-
lates TAG metabolism through its target gene FAA1. Addition-
ally, the increase in the TAG and SE levels can be attributed to
the up-regulation of the DGA1 and ARE1 genes in the ime4�
strain.

The yeast vacuole is required for sporulation, and vacuolar
proteinase-defective diploids do not undergo meiosis (14, 18).
The proteins involved in sporulation, meiotic recombination,
and RNA metabolism play a key role in vacuole membrane frag-
mentation in S. cerevisiae (19). Therefore, keeping the above
points in mind, we hypothesized a possible role of Ime4 in
determining the vacuolar morphology. Our data showed that
IME4 gene has a role in determining vacuolar morphology and
that IME4 gene deletion produces a lipophagy-defective type IV
vacuole, which is independent of the well-studied FAB1-FIG 4
cycle. Additionally, this study suggests that the fatty acyl–CoA
synthetase Faa1 and the vacuolar protein Vac8 may function in
the same pathway of vacuolar fusion. Recently, Cadou and
Mayer4 showed that fatty acids and the Faa1 protein accumu-
late at nucleus–vacuole junctions (NVJs), which are formed by
the interaction of Nvj1 (ER protein) and the Vac8 protein.
Exponential phase– growing yeast cells do not have many NVJs,
but entry into the stationary phase triggers the distribution of
the NVJs (32). The above findings also suggest that the Faa1 and
Vac8 proteins may function together in the same pathway of
vacuolar fusion, which needs to be studied further.

To identify the transcription factor that has a putative bind-
ing site in the promoter region of the FAA1 gene, we performed
an in silico analysis and hypothesized that the Aft2 transcrip-
tion factor alone might regulate both TAG metabolism and
vacuolar morphology. Our data showed that the Aft2 transcrip-
tion factor positively regulates FAA1 expression. Expression
analyses, lipid profiling, and vacuolar morphology–related
studies establish the role of the Aft2 transcription factor in
TAG metabolism and vacuolar morphology through its target
gene FAA1. Thus, our entire study can be summarized as fol-
lows. The AFT2 and IME4 genes regulate TAG biosynthesis
and vacuolar morphology through a common target FAA1 gene
at the transcriptional and epitranscriptional levels, respectively.
We also propose a model for the MIS complex-independent
role of Ime4 in TAG metabolism and vacuolar morphology (Fig.

4 A. Cadou and A. Mayer, poster presented at the Biochemical Society Confer-
ence, Edinburgh, UK (October 26 –29, 2015).
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10, A and B). The concept of different kinds of m6A readers is
based on a model proposed recently (2).

Because the m6A methylation machinery is fundamentally
conserved throughout eukaryotes (from yeast to mammals),
our findings will be useful to understand the physiological rel-
evance of m6A methylation. Additionally, the finding of the

MIS complex-independent role of Ime4 will pave the way to
advance the rapidly emerging field of RNA epitranscriptomics
(33). Furthermore, in obese people, TAG accumulation in
nonadipose tissue, as well as defective intracellular lipid distri-
bution, leads to medical complications, including type 2 diabe-
tes, hypertension, and heart failure (34, 35). The acyl-CoA-de-
pendent pathway is fundamentally conserved throughout
eukaryotes (22). Therefore, this study of the metabolic link
between m6A methylation and TAG metabolism via the Ime4
protein will provide new insights into lipid metabolism and the
pathophysiology of lipid-related metabolic disorders (such as
obesity). In addition, the yeast vacuole is an analogue of the
mammalian lysosome. Therefore, it will be interesting to study
the role of m6A methylation in lysosome-related functions and
diseases.

Experimental procedures

Materials

The [14C]acetate was purchased from BRIT/BARC (Board of
Radiation and Isotope Technology, Navi Mumbai, India). The
enzymes for cloning were obtained from New England Biolabs.
The protein molecular mass marker was procured from
Genetix Biotech Asia Pvt. Ltd. The TLC plates were purchased
from Merck. The BODIPYTM 493/503 and FM4-64 dyes were
purchased from Life Technologies. For the quantitative real-
time PCR analyses, the materials were procured from Applied
Biosystems. The materials used in YPD (yeast extract peptone
dextrose) and LB (Luria-Bertani) media were procured from
HiMedia. YNB (yeast nitrogen base) was purchased from Difco.
The yeast transformation kit was procured from Clontech. The
yeast synthetic drop-out medium, glass beads, oligonucleo-
tides, antibiotics, antibodies (H1029 and A3562), and other
materials were procured from Sigma-Aldrich unless mentioned
otherwise.

Strains, plasmids, and growth conditions

The bacterial and yeast strains used in this work are listed in
Table 1. The yeast deletion strains were procured from Euro-
scarf. The double deletion strains were generated using a PCR-
based gene deletion protocol (36). The deletion cassette, span-
ning the whole marker cassette plus both the upstream and
downstream homologous regions of the targeted gene, was
amplified by PCR from the YEp351 (LEU2) vector. Yeast cells
on SM agar plates without the amino acid leucine were trans-
formed to produce the double deletion strains by homologous
recombination. The positive double mutants were confirmed
by PCR using different sets of screening primers. The primers
used for the creation of the double mutants and the screening
are listed in Table 2.

The plasmids used in this study are listed in Table 3. To
create the constructs, target genes were amplified from the
genomic DNA using gene-specific primers. The BG1805-IME4,
BG1805-MUM2, BG1805-SLZ1, BG1805-FAA1, and BG1805-
AFT2 constructs were procured from Thermo Scientific Open
Biosystems. The protein expression was confirmed by immu-
noblot analyses (Fig. 11). The BG1805-IME4mut plasmid was
generated by PCR-mediated site-directed mutagenesis using
the BG1805-IME4 plasmid. The PFAA1-lacZ plasmid was con-

Figure 10. Epitranscriptional and transcriptional regulation of TAG
metabolism and vacuolar morphology. A, putative MIS complex-indepen-
dent role of Ime4 in m6A methylation and possible fate of the methylated
mRNAs. We propose that Ime4 (independently of its partner proteins) enters
the nucleolus and performs its mRNA methylation activity. The methylated
mRNAs are read by the cytosolic m6A readers, and the fate of methylated
mRNAs depends on the kind of reader. B, schematic model of the proposed
role of the IME4, AFT2, FAA1, and VAC8 genes in yeast. We propose that the
FAA1 gene is transcriptionally and epitranscriptionally regulated by Aft2 and
Ime4, respectively. Ime4 and Aft2 regulate TAG metabolism and vacuolar
morphology through Faa1. Faa1 provides acyl-CoAs, which are required for
lipid biosynthesis as well as to anchor Vac8 in the vacuolar membrane. Vac8 is
responsible for the recruitment of vacuolar fusion machinery onto the vacu-
olar membrane, leading to the formation of a large vacuole (type IV, lipo-
phagy-defective). Ribo, ribosome.
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structed using the YEp357 vector to analyze the �-galactosidase
activity. The pUG34-IME4-GFP plasmid was constructed using
the pUG34-GFP vector, and the pVT100U-VAC8-GFP plasmid
was constructed by replacing the mitochondrial targeting (mt)
sequence of the pVT100U-mtGFP plasmid (37) with the tar-
geted gene using the HindIII and KpnI restriction sites. The
pVT100U-FOB1-RFP plasmid was constructed by replacing
the mitochondrial targeting sequence plus the GFP sequence of
the pVT100U-mtGFP plasmid with the targeted sequence

(FOB1 gene plus RFP sequence), using the HindIII and XhoI
restriction sites. Prior to cloning, the RFP sequence was PCR-
amplified from the pAD54-RFP-PTS1 plasmid, and the FOB1
and RFP sequences were added by PCR. All of the constructs
were confirmed by DNA sequencing. All of the primers used in
the present study are listed in Table 2.

The growth and culture conditions were the same as
reported previously (30). Briefly, a single colony of the yeast
strains was precultured in 5 ml of liquid YPD (1% yeast extract,

Table 1
Strains used in this study

Strains Genotypic description Source

Escherichia coli
DH5� F	 �80dlacZ�M15� (lacZYA-argF)U169 deoR recA1 endA1 hsdR17 (rk

	 mk
�) phoA supE44 �	thi-1 gyrA96 relA1 Invitrogen

S. cerevisiae
BY4743 MATa/�; his3�1/his3�1; leu2�0/leu2�0; LYS2/lys2�; met15�0/MET15; ura3�0/ura3�0 Euroscarf
BY4741 MATa; his3�1; leu2�0; met15�0; ura3�0 Euroscarf
ime4� BY4741; Mat a; his3�1; leu2�0; met15�0; ura3�0; YGL192w::kanMX4 Euroscarf
mum2� BY4741; Mat a; his3�1; leu2�0; met15�0; ura3�0; YBR057c::kanMX4 Euroscarf
slz1� BY4741; Mat a; his3�1; leu2�0; met15�0; ura3�0; YNL196c::kanMX4 Euroscarf
fab1� BY4741; Mat a; his3�1; leu2�0; met15�0; ura3�0; YFR019w::kanMX4 Euroscarf
fig4� BY4741; Mat a; his3�1; leu2�0; met15�0; ura3�0; YNL325c::kanMX4 Euroscarf
vac8� BY4741; Mat a; his3�1; leu2�0; met15�0; ura3�0; YEL013w::kanMX4 Euroscarf
aft2� BY4741; Mat a; his3�1; leu2�0; met15�0; ura3�0; YPL202c::kanMX4 Euroscarf
faa1�ime4� BY4741; Mat a; his3�1; leu2�0; met15�0; ura3�0; YGL192w::kanMX4; faa1�::LEU2 This study
fab1�ime4� BY4741; Mat a; his3�1; leu2�0; met15�0; ura3�0; YFR019w::kanMX4; ime4�::LEU2 This study
fig4�ime4� BY4741; Mat a; his3�1; leu2�0; met15�0; ura3�0; YNL325c::kanMX4; ime4�::LEU2 This study

Table 2
Primers used in this study
qRT, quantitative real-time PCR; qRT3�, 3�-biased quantitative real-time PCR; SDM, site-directed mutagenesis; p, promoter; d, deletion; F, forward; M, middle; R, reverse;
Sp, screening primer.

Primer no. Gene Forward primer Reverse primer

1 ACT1 (qRT) ACTTTCAACGTTCCAGCCTTCT ACACCATCACCGGAATCCAA
2 IME4 (qRT3�) CATCGGAAACCAGTTGACAGG TACCAGTGTGGCTGGTTCCA
3 RME2 (qRT3�) CCCCAATGCTAACTTATATGGTCC AAGATCTCCCCGGCATTCTG
4 DGA1 (qRT) TGACTATCGCAACCAGGAATGT AACGCACCAAGTGCTCCTATG
5 ARE1 (qRT) TGTTCCCCGTCCTCGTGTA CGCACACCTTCTCCAACACA
6 ARE2 (qRT) GCAACTCACCAGCCAATGAA ATGCGACGTCTCCGTTTGA
7 FAA1 (qRT) CTCCAATCAGTCGGGATGCT ATGTCTCGGTTAAACCGTAACCA
8 FAA2 (qRT) TCATGACGAGCTCCGTATGC CTTGTTCTACCTGCTCCAATGAAA
9 FAA3 (qRT) TAGAGTCAAGAAGCGGCCCTTA CATCTCGTTTTCCACCCTTGTT
10 FAA4 (qRT) CCCATCGAAAAAACATGGTTGTA ATCAGCCCACGTCCAATGTC
11 LRO1 (qRT) CGTACAACCCTGCCGCCGGAAT GTCTACGTGTTCGGCGCTTT
12 FAB1 (qRT) ATGCAGAATTCCTATGCGCG AGGGATGCGGTCAACGAAG
13 FIG4 (qRT) TCGTGGCTCAATCCCCTTAT CAGCCGGAGAAAAAAATGGA
14 VAC7 (qRT) AACAGCGAGATCGGCGAATA TAGTGCTGGGTGCCGTGTTA
15 VAC14 (qRT) GCTTGGAAGTTTTTTGGACGG TGGGAGATTCCATCTCCTCG
16 VAC8 (qRT) ATTGAAGCATGGGATCGTCC ATTGTCCATAGCGCAATGTGTT
17 AFT2 (qRT) CAACCAAGGCCTGATGGAACT TGCTTTGTGACAAGGGCCTC
18 IME4 (PCR) CCGCTTTCTGGACAGCTCAA TACCAGTGTGGCTGGTTCCA
19 RME2 (PCR) AAACTCCTGGTACTTCCTCTCGAC AAGATCTCCCCGGCATTCTG
20 FAA1 (PCR) TACGCAGCCACTTCTCACAAGT AGGCCCCCCAATAAAAGGAC
21 IME4mut (SDM) TCGGTAGTTATTGCAGCTCCTGCAGCGAATATCCATATG CATATGGATATTCGCTGCAGGAGCTGCAATAACTACCGA
22 FAA1p (YEp) CGGGTACCATTTATTTTTTTTTCTAGGA ATCTGCAGAGCAACCATATTGTTGTCTTTT
23 FAA1p (ChIP) TGGATGATGCAGCCCTGTCATATTCT AGATCTCCAAACATTTTTGTTGTAATATCG
24 LPP1p (ChIP) TAAAAAACAAAAAATAATGGAATCAACCAACC CCTTGGTAGAATATGACGAGTTTCCTTAGGC
25 FAA1p (qChIP) AGGAACATGATCTCCGCCATGTGAA ACGCGCGAGAACAGCCTATCTCTG
26 IME4 (GFP) CGGAATTCATGATTAACGATAAACTAGTACA AGGCTCGAGTTACTGAGCAAAATATAGGTT
27 FOB1 (RFP) CGAAGCTTATGACGAAACCGCGTTACA GACGTCCTCGGAGGAGGCCATCAATTCCATTGATGTGCCAAAGT
28 RFP ATGGCCTCCTCCGAGGACGTCATCA GGCTCGAGTTAGGCGCCGGTGGAGTG
29 VAC8 (GFP) GGAAGCTTATGGGTTCATGTTGTAGTTGCTTG GCGGTACCATGTAAAAATTGTAAAATCTGTTG
30 FAA1d (LEU2) TAGGATACAATAAAAACTAGAACAAACACAAAAGACAAA

AAAAGACAACAATATGAACTGTGGGAATACT
GAAAAAGTGCTTTAGTATGATGAGGCTTTCCTATCATGGAAATG
TTGATCCATTACAAATTAGGGATTCG

31 LEU2 cassette ATATTCTAGAAACTGTGGGAATACTCAGGTATCG ATATGTCGACCAAATTAGGGATTCGTAGTTTCATGATTTTCTG
32 FAA1 5� FSp CATATCAGGAGAACTTCCCTGTGCATACG
33 LEU2 M RSp CCAAATGCGGTGTTCTTGTCTGGCAAAGAG
34 LEU2 M FSp CTCTTTGCCAGACAAGAACACCGCATTT
35 FAA1 3� RSp ACGAACATACGTGAATGAGGTGATATGACT
36 FAA1 M Sp TACGCAGCCACTTCTCACAAGT AGGCCCCCCAATAAAAGGAC
37 IME4d (LEU2) ATTGGCATTCAGACTTGAATTCATAAAAGTTGTAAGCAG

GCTATGAACTGTGGGAATACTCAGG
GTTTTTGTTGCTGTTTGGATTCAAAGGGAGTATGTTTTTGATTCA
CAAATTAGGGATTCGTAGTTTC

38 IME4 5� FSp TAGTGGTACCGGTCACATAAATTGACGG
39 IME4 3� RSp AGTTGATGTAAAAAAATACACGGACTCGG
40 IME4 M Sp CTTGCAAGAGCGAGCTGATCGTGAA AATTGTTCTACCCAGTTGGTTTGTCTTT
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2% peptone, 2% glucose, pH 6.5) medium in a 50-ml culture
tube and was allowed to grow at 30 °C with constant shaking
overnight in a shaking incubator. An equal quantity of cells was
taken from the overnight preculture and subcultured in the
required volume of SM (YNB (6.7 g), amino acid drop-out mix-
ture (1.92 g), uracil (76 mg/liter), and 2% glucose, pH 6.5) at
30 °C. To maintain the plasmids in the yeast cells, uracil (U) was
omitted from the SM. Similarly, to select the double mutants,
the amino acid leucine was removed from the SM. The yeast
transformants harboring the plasmids in BG1805 backgrounds
were precultured in SM 	 U � 2% glucose medium and then
subcultured in an induction medium (SM 	 U � 2% galactose).
The yeast cells harboring the PFAA1-lacZ and pVT100U-VAC8-
GFP plasmids were precultured and subcultured in SM 	 U �
2% glucose medium. The yeast cells co-transformed with the
pUG34-IME4-GFP and pVT100U-FOB1-RFP plasmids were
precultured and subcultured in SM 	 U 	 histidine 	 methi-
onine � 2% glucose medium. To study lipophagy, stationary
phase-grown cells in SM were collected, washed, and divided
into two parts. One part was shifted to normal SM and another
part to lipophagy-inducible SM 	 N medium (0.17% YNB � 2%
glucose) for 8 h. The bacterial cells were cultured in LB (1%
tryptone, 0.5% yeast extract, 1% NaCl) medium at 37 °C in the
presence of antibiotics.

Real-time quantitative PCR analysis

The stationary phase-grown cells were harvested and stored
in RNAlater at 	20 °C. Total RNA isolation was performed
using an RNA isolation kit (NucleoSpin� RNA II kit, Macherey-
Nagel), and a high-capacity cDNA reverse transcription kit
from Applied Biosystems was used for the cDNA synthesis.
Quantitative real-time PCR analyses were performed according
to the protocol used in a previous study (30), using the primers
listed in Table 2. The transcript analysis assays were conducted
in triplicate. To normalize the gene expression, ACT1 (actin)
was used as an endogenous control. The analyses of the tran-
script data are represented as the -fold change with respect to
the control value, which was set to 1.

m6A Northern blot, dot blot, and MeRIP analyses

Total RNA was isolated from stationary phase-grown cells
using the RNA isolation kit mentioned above. The m6A immu-
noblotting was performed according to the procedure reported
previously (20). Briefly, equal amounts of RNA samples were
denatured, followed by agarose gel electrophoresis and staining
with ethidium bromide (EtBr) (to show as a loading control).
Afterward, the gel was washed properly and transferred to a
nylon membrane. The transferred RNA species were UV-cross-
linked to the nylon membrane, followed by blocking of the
membrane. The immunoblot was developed using the rabbit
anti-m6A polyclonal antibody (ABE572, Merck Millipore) at a
dilution of 1:1000 and ALP-conjugated anti-rabbit IgG anti-
body (A3687, Sigma-Aldrich) at a dilution of 1:5000.

Dot blot assays for m6A-modified mRNA species were
performed essentially as mentioned above. Isolated total RNA
was treated with DNase I (Invitrogen), followed by mRNA iso-
lation from the total RNA using the DynabeadsTM mRNA
DIRECTTM kit (Invitrogen) in the presence of RNase inhibitor
(SUPERase-InTM, Invitrogen). The eluted mRNA was again
passed through the oligo(dT) Dynabeads for mRNA isolation.
Increasing amounts of mRNA from different genetic back-
grounds were spotted onto a nylon membrane and probed with
the m6A antibody.

Enrichment of the m6A-containing transcripts by a MeRIP
assay was performed according to the procedure reported pre-
viously (20). MeRIP assays were conducted using the Dyna-

Table 3
Plasmids used in this study

Plasmids Construct description Source

pYES2/NT B Yeast expression vector with His6 tag fusion Invitrogen
YEp351 Yeast expression vector with leucine selection ATCC
YEp357 Yeast episomal plasmids with lacZ reporter gene ATCC
BG1805 Yeast expression vector with uracil selection Open Biosystems
BG1805-IME4 IME4 gene is cloned into BG1805 Open Biosystems
BG1805-MUM2 MUM2 gene is cloned into BG1805 Open Biosystems
BG1805-SLZ1 SLZ1 gene is cloned into BG1805 Open Biosystems
BG1805-FAA1 FAA1 gene is cloned into BG1805 Open Biosystems
BG1805-AFT2 AFT2 gene is cloned into BG1805 Open Biosystems
BG1805-IME4mut Derived from BG1805-IME4 in which 1042GAT1044 and 1051TGG1053 are mutated to

1042GCT1044 and 1051GCG1053: BG1805-IME4mut (D to A and W to A, respectively)
This study

IME4-GFP IME4 gene is cloned into pUG34-GFP (Cathal Wilson): pUG34-IME4-GFP This study
pAD54-RFP-PTS1 Combined RFP-PTS1 sequence is cloned in the pAD54 vector Jeffrey E. Gerst
FOB1-RFP FOB1 gene combined with the RFP sequence is cloned into pVT100U-mtGFP (Addgene) by replacing the mta

sequence plus GFP sequence: pVT100U-FOB1-RFP
This study

VAC8-GFP VAC8 gene is cloned into pVT100U-mtGFP (Addgene) by replacing the mt sequence: pVT100U-VAC8-GFP This study
PFAA1-lacZ PFAA1-lacZ reporter gene containing the FAA1 promoter into YEp357 This study

a mt, mitochondrial targeting.

Figure 11. Immunoblot analysis to confirm protein expression. Yeast cells
expressing each protein were collected. Protein expression was confirmed by
immunoblot analyses using an anti-His6 monoclonal antibody. PM, protein
marker; V, BG1805 vector control; I, BG1805-IME4; Imut, BG1805-IME4mut; M,
BG1805-MUM2; S, BG1805-SLZ1; F, BG1805-FAA1; A, BG1805-AFT2. Represent-
ative immunoblots are shown.
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beads co-immunoprecipitation kit (Invitrogen). Dynabeads
were coated with rabbit anti-m6A polyclonal antibody and
stored at 4 °C until use. The mRNA was isolated from the total
RNA using oligo(dT) Dynabeads as mentioned above. Equal
amounts of mRNA from different genetic backgrounds were
subjected to the MeRIP assays with the Dynabeads coated in
m6A antibody. After washing, m6A antibody-bound transcripts
were isolated using TRI reagent (Sigma-Aldrich), and increas-
ing amounts of mRNA were spotted onto a nylon membrane
and probed with the m6A antibody. To check the presence of
the methylated FAA1 transcripts in diploid and haploid strains,
the m6A antibody-bound transcripts were isolated using TRI
reagent and analyzed by quantitative real-time PCR using
FAA1-specific quantitative real-time primers as well as by stan-
dard PCR using a different set of FAA1-specific primers, listed
in Table 2. A control MeRIP assay was also performed using
rabbit IgG (Invitrogen) in place of the m6A polyclonal antibod-
ies under the same experimental conditions.

Site-directed mutagenesis

A site-directed mutant was created to evaluate the role of
motif IV of Ime4 in the TAG accumulation and vacuolar mor-
phology. The predicted amino acid residues Asp-348 and Trp-
351 were replaced with Ala. The mutations in motif IV were
introduced by PCR-based amplification of the entire BG1805-
IME4 construct using the primers listed in Table 2. The
BG1805-IME4mut construct was confirmed by DNA sequenc-
ing. The mutated codons are underlined in the primer
sequence. A QuikChange Lightning site-directed mutagenesis
kit (Agilent Technologies) was used in this experiment.

In vivo [14C]acetate labeling and lipid profile analysis

The yeast cells were grown to the stationary phase in SM with
0.2 �Ci of [14C]acetate/ml. Lipids were extracted from an equal
quantity of cells (A600 � 25). The cells were vigorously vortexed
in the presence of a chloroform, methanol, 2% orthophosphoric
acid (1:2:1, v/v/v) solution with acid-washed glass beads. The
chloroform, methanol, 2% orthophosphoric acid (1:1:1, v/v/v)
solution was used for extraction of the total lipids. The nonpo-
lar lipids were separated on a TLC plate using a solvent system
(petroleum ether/diethyl ether/acetic acid, 70:30:1, v/v/v), fol-
lowed by phosphorimaging. A Typhoon FLA 9500 laser scanner
(GE Healthcare) was used for phosphorimaging. Every lipid
species was quantified and represented much as reported pre-
viously (38). Briefly, in each genetic background, the amount of
TAG � SE was determined relative to the total lipid content
and compared with the obtained control value (mean, n � 3),
which was set at 100%.

Confocal microscopy

The stationary phase– grown cells were collected, washed,
and stained with the respective dyes. BODIPYTM 493/503 dye
was used to stain the LDs. The cells were harvested and washed
with 1
 PBS (pH 7.4). After washing, the cells were incubated
with 1 �g/ml BODIPYTM 493/503 dye in 1
 PBS in the dark,
and confocal images were captured. To quantify the LDs, 100 –
200 cells from multiple fields of view were scored in each strain,
and the number of LDs was represented by a box plot. The yeast

vacuole was stained with FM4-64 dye according to the proce-
dure reported previously (39). A Zeiss LSM 700 confocal laser-
scanning microscope was used for the imaging. For the quanti-
fication of vacuolar morphology, at least 200 –300 cells were
scored in each strain based on the four different vacuolar pat-
terns. To avoid cell movement, the microscope slides were cov-
ered with a thin film of 2% agarose.

�-Galactosidase assay

The YEp357 and PFAA1-lacZ (YEp357-FAA1) plasmids were
transformed into the WT, ime4�, and aft2� strains. To analyze
the �-galactosidase activity of PFAA1-lacZ on the WT and
ime4� backgrounds, the yeast cells harboring the YEp357 and
PFAA1-lacZ plasmids were precultured and subcultured in
SM 	 U � 2% glucose medium. Log phase– grown cells were
harvested and washed with water. The cell-free extracts were
prepared, and the �-galactosidase activity was measured
according to the procedure reported previously (40). The �-ga-
lactosidase activity in the ime4� and aft2� strains was repre-
sented as a percentage of the WT activity, which was set at
100%.

ChIP assay

ChIP assays were conducted using the Dynabeads co-immu-
noprecipitation kit (Invitrogen) according to the procedure
reported previously (41). Briefly, the yeast cells overexpressing
Aft2 protein were collected and fixed with 1% (v/v) aqueous
formaldehyde for 15 min. The excess amount of formaldehyde
was quenched with 2.5 M glycine. Cells were washed with 1

PBS, and pellets were stored at 	80 °C until use. Dynabeads
were coated with a ChIP-grade monoclonal anti-HA antibody
(H3663, lot 025M4772V) from Sigma-Aldrich. Similarly, for the
control assay, Dynabeads were coated with the anti-RFP anti-
body (SAB2702214, lot 41232) from Sigma-Aldrich, and anti-
body-coated beads were stored at 4 °C until use. Cell extracts
and chromatin samples were prepared according to the proce-
dure reported previously (30). In each case, about one-tenth of
the total chromatin was kept as input (IN) at 	20 °C, and the
rest of the chromatin was divided into two parts, one for immu-
noprecipitation (IP) and the other for control immunoprecipi-
tation (CIP). The IP and CIP samples were incubated with the
Dynabeads coated with anti-HA and anti-RFP antibodies,
respectively, for 45 min at 4 °C. Afterward, the Dynabeads were
washed, and DNA from the IN, IP, and CIP samples was recov-
ered using the PCR-cleanup kit (Sigma-Aldrich). PCR-based
data analysis was performed, and densitometric quantification
of the PCR product band intensities was performed using the
GeneTools software (SynGene, a division of Synoptics Ltd.).
The obtained results were represented as reported earlier (42).
Final template concentrations of 1% (IN) and 4% (IP and CIP)
were used for the PCR. To validate the ChIP data, the qChIP
analysis was also performed, and the obtained ChIP-qPCR data
are represented as reported earlier (43). The primers used in the
ChIP and qChIP assays are listed in Table 2.

SEM

To study the effect of the IME4 gene on the vacuolar mor-
phology, a scanning electron microscope (LEO 435-VP, Carl
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Zeiss) was used. The stationary phase– grown cells were col-
lected and processed for SEM analyses. The cells were fixed
using 1% (v/v) aqueous formaldehyde for 30 min followed by
gradient (10 –100%) dehydration using molecular grade ethyl
alcohol. The dried yeast cells were gold-plated and subjected to
SEM analyses.

Statistical analysis

In the present study, the data are represented much as
reported previously (31, 38). The data are represented as the
mean � S.E. (n � 3). For the data analyses, Student’s t test or
one-way analysis of variance with a Dunnett post hoc test was
performed. Significance was determined at p � 0.05 (*) and p �
0.01 (**); ns in the figures represents not significant.
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