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In yeast, PAH1 plays an important role in cell homeostasis and lipid biosynthesis. PAH1 encodes for the PA
phosphatase, Pah1p, which is responsible for de novo TAG and phospholipid synthesis. It has been
suggested that the lack of Pahlp causes irregular vacuolar morphology and dysfunctional V-ATPase
pump activity. However, the molecular connection between Pah1p and V-ATPase activity has remained
unclear. Through real-time PCR, we have shown that PAH1 is maximally induced at the stationary stage

gj{{";ord&' in the presence of inositol. We also found that vacuoles were less fragmented when PAH1 is maximally
Vacuole expressed. Subsequently, we observed that vacuoles from pah14 cells were more acidic than those in WT
V-ATPase cells. Furthermore, V-ATPase genes were upregulated in the absence of Pah1p. These results suggest that

Pah1p plays an important role in vacuolar activity by negatively regulating the expression of V-ATPase
genes. As such, we provide evidence to show the role of Pahlp in vacuolar acidification and

Vacuolar fusion
Gene expression

Vacuolar acidification fragmentation.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Phosphatidic acid phosphatase (PAP) enzymes are responsible
for catalyzing the reaction that dephosphorylates phosphatidic acid
(PA), which in turn produces diacylglycerol (DAG) and a phosphate
group during phospholipid regulation (Fig. 1A) [1]. Subsequently,
DAG can be used to either generate triacylglycerol (TAG), which
stores energy and fatty acids in lipid droplets, or can be used to
generate phosphatidylethanolamine (PE) and phosphotidylcholine
(PC) via the Kennedy pathway [2]. Therefore, concentrations of PA
and DAG are critical in maintaining the production of phospholipid
levels, as well as determining the types of phospholipids that are
synthesized [3].

Because of their role in regulating PA and DAG levels, PAP en-
zymes play a critical role in regulating the lipid biosynthetic
pathway. Although four PAP enzymes have been identified, only
PAH1 is responsible for de novo TAG and phospholipid synthesis
[4,5]. PAH1 encodes for the PA phosphatase, Pah1p, which is part of
a subfamily of PA phosphatases. Pah1p's activity depends on the
presence of Mg?* and is not only found in yeast, but also in higher

organisms as well [4,6—8].

The physiological relevance of Pahl1p has been studied inten-
sively [4,9—13]. Since Pah1p is necessary for catalyzing the key step
of dephosphorylating PA to form DAG, the absence of Pah1p leads
to elevated levels of PA. The abnormal elevation of PA not only
causes the hyperproliferation of the nuclear ER membrane, but also
leads to reduced amounts of DAG and TAG |[5,14,15]. Furthermore,
the reduced levels of DAG observed in pah14 cells hampers TAG
synthesis and the ability to cope with excess exogenous fatty acids,
thus inducing lipotoxicity [1,4,10,11].

It has been shown that Pah1p is responsible for the recruitment
of the phosphatidylinositol (PI) 3-kinase, Vps34p, to the vacuoles,
which then produces PI3P there (Fig. 1A) [12]. The lack of Pahlp
results in the absence of Vps34p at the vacuole and thus causes the
defect of vacuolar fusion, suggesting that V-ATPase pump activity is
implicated in pah14 cells. This is because irregular vacuolar
morphology has been associated with dysfunctional V-ATPase
pump activity [16]. However, recent studies have shown that de-
acidification of the vacuole actually induces vacuolar fusion and
that mutated vacuoles that had retained their internal acidic pH
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Fig. 1. PAH1 is maximally induced during the stationary phase of growth with excess inositol in the medium. (A) Pah1p catalyzes the reaction that dephosphorylates phosphatidic
acid (PA) and converts it into diacylglycerol (DAG), which can be used to produce triacylglycerol (TAG), or can be used to generate the phospholipids, phosphatidylethanolamine
(PE), and phosphotidylcholine (PC) via the Kennedy pathway. Pah1p is responsible for the recruitment of the phosphatidylinositol (PI) 3-kinase, Vps34p, to the vacuoles, which then
produces phosphatidylinositol 3-phosphate (PI3P) and phosphatidylinositol 3, 5-bisphosphate (PI(3, 5)P;). (B) PAHI mRNA was examined by qRT-PCR analysis to determine the
effect of different growth conditions. WT cells were grown to mid logarithmic phase (Aggo 1.0 + 0.2) in 10 uM inositol SC media and were subsequently washed and grown in
respective media. The expression levels of PAHI mRNA were normalized to the housekeeping gene ACTI. The expression ratio is graphed as a mean + standard deviation. All
experiments were repeated at least twice, and in each experiment the PCR reactions were done in triplicates.

might have a blockage of this fusion [17]. These results suggest that
the lack of pump activity might actually favor vacuolar fusion
in vivo. As such, it is uncertain whether irregular vacuolar
morphology, caused by the lack of Pahlp, can be associated with
the V-ATPase activity.

Although Pah1p plays an important role in lipid synthesis and in
vacuolar activity and morphology, it is still unclear how Pahl1p
regulates V-ATPase activity. Previous research has shown that PAH1
negatively regulates UAS;yo containing genes, including INO1, INO2
and OPI3 [9]. Although many V-ATPase genes are also UASyo con-
taining genes, it is still unknown whether Pahlp regulates the

expression of V-ATPase genes. Here, we performed biochemical
analysis to understand how Pah1p affects vacuolar morphology and
its activity. We first examined the inducing conditions for
maximum PAH1 expression through qRT-PCR analysis. An electron
microscopy (EM) study was performed to examine whether the
lack of Pahl1p influences vacuolar morphology. Subsequently, a
growth sensitivity assay and a vacuolar pH assay were employed to
study how Pah1p affects vacuolar function. We also examined how
Pah1p regulates the expression of V-ATPase genes through qRT-PCR
analysis.
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2. Materials and methods
2.1. Yeast strains and growth conditions

WT (BY4741; MATa his341 leu240 met1540 ura340), vma34
(MATa his34200 leu2 40 met1540 ura340 4vma3), and pah14 (MATa
his341 leu240 met1540 ura340 Apahl) were used in this study.
Yeast cells were normally grown at 30 °C in SC media (synthetic
complete media) containing 2% glucose (wt/vol), 10 pM myo-
inositol and 0.4 mg/L Zn.

2.2. Total mRNA preparation and qRT-PCR analysis

The total RNA preparation and qRT-PCR analysis was performed
as described previously and is described in the supplementary
materials [18]. The real-time PCR primers are described in the
supplementary materials. All experiments were repeated twice,
and in each experiment, the PCR reactions were done in triplicates
in a 7500 sequence detection system (Applied Biosystems).

2.3. Electron microscopy study, growth sensitivity assay and
vacuolar pH analysis

The Electron Microscopy analysis, growth sensitivity assay, and
vacuolar pH analysis were performed as described in the supple-
mentary materials.

3. Results

3.1. Pahlp is expressed maximally at the stationary phase of growth
in the presence of inositol

Previous studies have shown that the PAH1 promoter region
includes both UASzgr sequences and a UASjyo, indicating that both
zinc and inositol influence the induction of PAH1 [15,18]. Although a
Ppayi-lacZ reporter gene system has been used to understand PAH1
expression, it is still not clear how PAHI1 is expressed at its
maximum levels, as an in vivo study has yet to be performed. Thus,
we first wanted to examine the expression of PAH1 in vivo.

RNA analysis was performed to examine PAH1 expression. Un-
der normal growth media which includes 0.4 mg/L Zinc and 10 pM
inositol, PAH1 was minimally expressed in WT cells (Fig. 1B). When
the zinc was removed from the media, PAH1 was significantly
upregulated. PAH1 was not induced at the exponential phase, but it
was significantly upregulated at the stationary phase when 100 uM
inositol was added. Furthermore, the level of PAH1 expression
reached maximum levels in the presence of 100 uM inositol at the
stationary phase, in which the expression level was significantly
higher than cells grown in media without zinc (0.0170 + 0.0004 and
0.0056 + 0.0006; p = 0.023). This demonstrated that while PAH1
can be upregulated in the absence of zinc, it was highly induced
when cells entered the stationary phase in the presence of 100 uM
inositol.

3.2. The absence of Pahlp leads to vacuolar fragmentation at the
stationary phase of growth

Previously, it has been shown that the deletion of PAH1 blocked
the recruitment of the phosphatidylinositol (PI) 3-kinase, Vps34p,
and its product, PI3P, to the vacuoles [12]. This result suggested that
Pahlp is required for the maturation of vacuoles through the
import of PI3P, and that the lack of Pah1p may lead to the vacuolar
fragmentation. Since we have observed that Pahlp is expressed
maximally at the stationary phase, electron microscopy was
employed to examine the effect of Pah1p on vacuolar morphology

at different growth stages. We observed that most of the WT cells
contained fragmented vacuoles at the exponential stage, but later
at the stationary stage most WT cells contained a single large
vacuole (Fig. 2A). Fig. 2B showed that 74.2% of WT cells had frag-
mented vacuoles during the exponential phase, but then dropped
to 49.9% during the stationary phase. These observations suggest
that fragmented vacuoles fuse to a single large vacuole in more than
50% of WT cells, and that the fusion occurred at the stationary
phase in which Pah1p is maximally expressed.

On the other hand, we found that almost all vacuoles in the
pahl4 cells were fragmented in both exponential and stationary
stages (Fig. 2A). In fact, it showed that 96.4% of the pah14 cells had
fragmented vacuoles at the exponential phase and subsequently
remained at 96.9% during the stationary phase (Fig. 2B). Therefore,
the number of fragmented vacuoles between the WT and pah14
cells differed significantly in both the exponential phase and the
stationary phase. The fact that the number of fragmented vacuoles
was even significantly higher in the pah14 cells than in the WT cells
at the exponential stage strongly suggests that the presence of
Pah1p is required for vacuolar fusion.

3.3. The absence of Pahlp can sustain growth in neutral
environments

We observed that the deletion of Pah1p leads to vacuolar frag-
mentation (Fig. 2). Since vacuolar fragmentation is a hallmark of
defective vacuole homeostasis, we wanted to see if vacuolar func-
tions were impaired in the absence of Pah1p. One important aspect
of vacuolar function is to examine pH homeostasis. If the vacuolar
function is normal, yeast cells can survive in a neutral pH envi-
ronment. On the other hand, if the vacuolar function is defective,
yeast cells are unable to survive in the neutral conditions. We
therefore decided to perform a growth sensitivity serial dilution
analysis to determine if the pah14 strain was able to withstand
neutral growth conditions.

At pH 5.5, all WT, vma34, and pah14 cells grew well, with all
strains reaching the 10~ dilution, and WT extending a little further
and reaching the 108 dilution (Fig. 3A). However, results differed
vastly for the pH 7 conditions. While the WT and pah14 cells still
grew relatively the same in the pH 7 medium as they did in the pH
5.5 medium, the vma34 mutant was unable to grow at all in the pH
7 environment and exhibited no growth at the lowest dilution of
1072, The vma34 strain was used as the negative control, since it
does not contain a functional V-ATPase pump and thus cannot grow
well in a neutral pH. To further confirm this finding, we performed
a growth analysis. Results showed that all strains grew well in the
pH 5.5 medium. At pH7, the vma34 cells did not grow well (Fig. 2B).
On the other hand, both the WT and pah14 cells still grew well.
Furthermore, the doubling time of the pah14 cells was significantly
better than that of the WT cells. These results indicated that cells
adapt well to the neutral conditions in the absence of Pah1p.

3.4. The absence of Pahlp leads to a more acidic vacuole and an
upregulation of V-ATPase gene expression in the stationary phase of
growth

We demonstrated that the pah14 cells can grow better than the
WT cells in neutral media (Fig. 2B). This may suggest that the
vacuoles of the pah14 cells function well in neutral media, which
means that their ability to acidify the vacuole is not negatively
implicated by the deletion of the PAH1 gene, despite the fact that
morphology is altered (Fig. 2). Thus, we next wanted to examine
whether the acidic vacuolar pH could be maintained in the absence
of Pah1p in the neutral conditions, and then subsequently confirm
that the deletion of Pah1p enhanced the vacuolar activity. To this
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Fig. 2. The absence of Pah1p leads to vacuolar fragmentation at the stationary phase. (A) Electron microscopy images of the WT and pah14 cells in the exponential and stationary
phases. Cells were grown in SC media and subsequently washed, collected and fixed at the exponential phase and the stationary phase, respectively. (B) Quantification of the cells
with fragmented vacuoles in the WT and pah14 cells in both the exponential and stationary phases of growth. 100 cells per condition were counted and cells containing five or more
vacuoles were scored as fragmented as previously described [24]. The average of fragmented cells is graphed as a mean + standard deviation. All experiments were repeated three

times.

end, the vacuolar pH assay was conducted with media that was
neutral (pH 7.0), and while the cells were entering the stationary
phase (with 100 uM inositol). Results showed that the WT cells that
were grown in media buffered to pH 7.0 maintained the acidic pH of
their vacuoles, which was 6.00 + 0.04 (Fig. 4A). This was within the

normal physiological pH range of ~6.0 [19]. The pH of the vacuoles
of the vma34 cells, however had an average vacuolar pH of
6.72 + 0.11, confirming that these cells were unable to maintain the
acidity required, and thus were defective in vacuolar acidification at
pH 7. The vacuolar pH measured in the pah14 cells, on the other
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Fig. 3. Cells without Pah1p can sustain growth in neutral environments. (A) pH sensitivity assay on WT, pah14 and vma34 cells. Individual colonies of WT, vma34, and pah14 were
incubated overnight in SC media with 100 uM inositol until mid-log phase. Each strain's OD was then adjusted to 1 Agoo per ml. Serial dilution was performed for every 100-fold
dilution in SC medium, and 5 pl of each diluted cells were plated on YPD plates buffered to pH 5.5 and pH 7.0, respectively. Plates were incubated at 30 °C for three days before they
were analyzed. (B) Growth Curve analysis of WT, pah14 and vma34 cells in pH 5.5 and pH 7.0 media. Cells from overnight cultures were adjusted to an optical density of Aggo of
around 0.2—0.3 and grown in SC media with 100 uM inositol buffered to either pH5.5 or pH 7.0 until the stationary phase. WT: (@), pah14 (M), vma34 (A).

hand, was 5.89 + 0.01 (Fig. 4A). As such, the vacuolar pH was
significantly lower than that of the WT cells in the absence of
Pah1p, suggesting that the pah14 cells are better at acidifying their
vacuoles than the WT. This observation confirms that the pahi4
cells can grow better in the neutral conditions (Fig. 2B).

Since pah14 cells can acidify their vacuoles better than the WT
cells, our findings suggest that V-ATPase pump activity is upregu-
lated in the pah14 cells. This is due to the fact that vacuolar acid-
ification is maintained by V-ATPase pump activity. As such, we
wanted to know whether this upregulated V-ATPase activity
resulted from the upregulation of genes that encode for the V-
ATPase pump. RNA analysis was performed on the genes that
encode for the components that comprise the V-ATPase pump. Our
results showed that all genes that encode for proteins comprising
the peripherally associated catalytic V; subcomplex of the V-ATPase
were upregulated in the pahl4 cells compared to the WT cells.
These genes included VMA1, VMA2, VMA4, VMA5, VMA7, VMAS,
VMA10, and VMA13 (Fig. 4B). Furthermore, genes encoding the Vo
domain of V-ATPase, including VMA3, VMA6 and VMA16, were also
upregulated in the pah14 cells. Both VMA3 and VMA16 are involved
in acidification and VMAG is required for the V1 domain assembly

on the vacuolar membrane. As such, all genes that are involved in
the acidification process have been upregulated in the absence of
Pah1p.

4. Discussion

In yeast, PAH1 is important for cell homeostasis and lipid
biosynthesis. Here, we have demonstrated that PAH1 transcript
levels are at a minimum at the exponential phase, and that even in
the presence of inositol, PAH1 expression is still low at the expo-
nential phase. However, PAH1 is greatly induced at the stationary
phase and reaches the maximum expression level in the presence
of 100 uM inositol compared to other inducing conditions (Fig. 1).
The maximum induction of PAH1 at the stationary phase is more
than two folds of other inducing conditions and four folds of
repressing conditions. Therefore, the expression of PAHI was
induced as cells progressed from the exponential to the stationary
phases of growth. Furthermore, the growth phase-mediated in-
duction of PAH1 was further stimulated by inositol supplementa-
tion in stationary phase cells.

Previously, using a Ppayi-lacZ reporter gene system, it has been



698 G.L. Sherr et al. / Biochemical and Biophysical Research Communications 491 (2017) 693—700

A)
7.2
p=0.002
7 5
, |
p=0.009
I )
6.8 | ]
. |
o 6.6 |
S
g
S
g 6.4 |
>
6.2 |
p=0.047
[ ]
s | 1
5.8 T )
WT pah1A vma3A
B)
1.2
=
~
O 1
<
)
c
)
o
o
S os
o
g
=3
P pf=%003
2 os
o
9 ‘} p=0.035
; M p=r%08
14
S
o 0.4 pF%OW p=0.00005
3 M p=0.039
3 p=0.002 "/
: p=0.026 m
5 p=0.007 ]
=z 02 p=0.017 rl pf;‘).037
M
0 i

VPH1 VMA1 VMA2 VMA3 VMA4 VMA5 VMA6 VMA7 VMA8 VMA10 VMA11 VMA13 VMA16

Fig. 4. Cells without Pah1p maintain a more acidic vacuolar pH than WT cells through upregulated V-ATPase gene expression during stationary phase. (A) WT, pah14 and, vma34
cells were grown in SC with 100 uM inositol (SC+) media that was buffered to pH 7 until stationary phase. Cells were then pelleted for internal vacuolar pH analysis. (B) The
expression of V-ATPase genes was examined through their mRNA levels by qRT-PCR analysis. Expression levels of mRNA were normalized to the housekeeping gene ACT1. Data was
graphed as a mean + standard deviation. WT: () and pah14: (m). Annotation was as described in the legend of Fig. 1.

shown that the B-galactosidase activity was 9-fold higher in the
stationary phase cells when compared with those of the expo-
nential phase [15]. Furthermore, inositol supplementation did not
have a major effect on the expression of B-galactosidase activity in
exponential phase cells. However, in stationary phase cells, the
addition of inositol to the growth medium resulted in a dose-

dependent increase in reporter gene activity. As such, our find-
ings, which were derived from the direct observation of the
endogenous gene expression, along with previous observations
which were derived from the episomal reporter plasmid, confirm
the inducing conditions of the PAH1 gene and the relationship
between Pah1p PA phosphatase activity and TAG synthesis. This is
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because Pah1p encoded PA phosphatase activity increases as cells
progress from the exponential to stationary phases of growth.
Furthermore, the increase in PA phosphatase activity correlates
with the accumulation of TAG that occurs in the stationary phase
[20]. Interestingly, the increased PAH1 gene expression and activity,
does not correlate with increased Pah1p protein levels, as has been
shown by previous studies, and Pah1p is degraded via the protea-
some to avoid the toxic effects of too much Pah1p buildup [21]. Our
results also suggest that the Ino2p/Ino4p/Opilp regulatory circuit is
likely involved in the regulation of PAH1 expression in response to
growth phase and inositol supplementation since the addition of
inositol causes a change in PAH1 transcript level.

Through the EM studies, we have demonstrated that frag-
mented vacuoles decreased significantly when cells entered the
stationary phase in WT cells (Fig. 2). On the other hand, fragmented
vacuoles were significantly higher at both the exponential and
stationary stages in the pahl4 cells. Previously, it has been sug-
gested that the lack of Pah1p causes irregular vacuolar morphology
and dysfunctional V-ATPase pump activity [12,16]. Accordingly, it
has also been proposed that the conversion from PA to DAG is a
critical event leading to vacuolar fusion [12]. As the most important
PAP enzyme, Pah1p regulates this conversion process. Therefore,
our observations strongly suggest that Pah1p is required for vacu-
olar fusion. Furthermore, we observed that the pahi4 cells have
more fragmented vacuoles than the WT cells in both exponential
and stationary stages. We observed that 74.2% of the WT cells and
96.4% of the pahl4 cells had fragmented vacuoles in the expo-
nential phase. At the stationary stage, 96.9% of the pah14 cells’
vacuoles remained fragmented while the WT cells only had 49.9%
of their vacuoles fragmented. The percentage of fragmented vacu-
oles in the pah14 cells remained the same while the percentage of
fragmented vacuoles in the WT cells dropped significantly at the
stationary phase. These observations strongly suggest that Pah1p
plays an important role in the upstream of the regulatory pathway
for vacuolar fusion.

Although our EM studies demonstrated that the pah14 cells had
more fragmented vacuoles than the WT cells, the pah14 cells grew
justas well in pH 7.0 as they had in pH 5.5, similar to, or even better,
than the WT cells (Fig. 3). Furthermore, the pah14 cells exhibited an
even more acidic vacuolar pH than the WT in alkaline conditions
(Fig. 4). One would expect that abnormal vacuolar morphology is
associated with abnormal vacuolar acidification due to dysfunc-
tional V-ATPase pumps. However, this is not always the case. Mu-
tants with some of the phenotypic characteristics of abnormal
vacuoles, including fragmented vacuoles, seem to either have
functional V-ATPases or are partially defective in the assembly of
the V-ATPase [22,23]. Therefore, abnormal vacuolar morphology is
not necessarily associated with abnormal vacuolar acidification.

While the pahl4 cells had more fragmented vacuoles, the V-
ATPase pump activity of the pah14 cells was more active than that
of the WT cells because of their more acidic vacuoles (Fig. 4A).
These results led us to believe that the genes involved in the
vacuolar pump activity should be upregulated. Indeed, RNA anal-
ysis results showed that all the genes involved in the acidification
process were upregulated in the absence of Pah1p compared to that
of WT during the stationary phase. The two genes that were not
upregulated, VPH1 and VMAT1I, are not part of the acidification
process required to acidify the vacuole. Thus, it is possible that
upregulation of the genes involved in the acidification process is
responsible for the acidic vacuolar pH found in the pah14 mutant.
This result may also suggest that Pah1p has a negative effect on the
expression of genes involved in the acidification process. Interest-
ingly, quite a few of these genes contain a UAS;yo, which are types
of genes PAH1 can negatively regulate. For example, VMA1, VMA5,
VMAS8, VMA13, and VMAI16 all contain a UAS)yp in their promoter

regions. It is likely that Pah1p can regulate these genes negatively
by binding to their UAS;yo and controlling their expression. Thus,
the molecular link between Pah1p and V-ATPase gene expressions
has been established.

Recent studies have indicated that V-ATPase activity negatively
regulates vacuolar fusion in vivo [17]. Since we have demonstrated
that the pah14 cells have a more acidic vacuolar pH than the WT
cells, and the genes involved in the pump activity are upregulated
compared to WT, the pah14 cells' acidity could be a contributing
factor to the fragmented vacuolar phenotype. As such, we provide
evidence to show the role of Pah1p in the expression of V-ATPase
genes, vacuole acidification and vacuolar fragmentation.
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