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Abstract

Lipid droplets (LDs) are conserved specialized organelles that are surrounded by a single phospholipid layer,
enclosing neutral lipids in form of triacylglycerol (TAG) and/or sterol ester. They are formed at the endoplasmic
reticulum (ER), and stay connected to it in the yeast cell. These LDs mainly play major roles in lipid storage and
homeostasis. Moreover, they have several functions in the yeast cell including; protein degradation, protein
glycosylation, response to ER stress, in addition to providing substrate for energy metabolism and for membrane
synthesis. In general, TAG and phosphatidylinositol (PI) synthesis share the same precursor; phosphatidic acid
(PA), which controls their level. By the actions of lipases, phosphatases and/or kinases; one can act as a precursor
for another, thus explaining the reason of their inverse correlation. TAG lipolysis is catalyzed by TAG lipases
producing fatty acids and diacylglycerol (DAG). The DAG produced from lipolysis is phosphorylated by
diacylglycerol kinase (Dgkl) to form PA. On the other hand, PA is a cell signaling molecule and once increased,
it upregulates cytidine diphosphate diacylglycerol (CDP-DAG) pathway for the Pl synthesis. Major TAG lipases
are mainly localized in LD, whereas minor amounts of them are localized in ER. Once DAG is produced inside
the LD, it is transferred to the ER by inheritance cortical ER protein, Ice2, for further reactions. The TAG and PI
levels are also controlled by transcriptional regulation in response to inositol and zinc. The aim of this study was
to clarify how LDs regulate lipid homeostasis in the yeast cell, and particularly focuses on the balance between
TAG and PI.

Keywords: Endoplasmic reticulum, Lipid droplets, Phosphatidylinositol, Saccharomyces cerevisiae,
Triacylglycerol

1. Introduction

Lipids are involved in several biological processes energy within the cell, cell signaling, facilitating cell
in the cells including: formation of the cell membrane; division by providing membrane flexibility and
which insulates the cell interior protecting it from the mediating the cell fusion and apoptosis (Kimura et al.,
surrounding environment, storage and production of 2016). According to Fahy et al., (2011), lipids are
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classified into 8 classes which are Glycerolipids,
glycerophospholipids, sphingolipids, sterol and sterol
derivatives, polyketides, glycolipid, prenol lipids and
fatty acids (FA).

Previous studies of Ploegh, (2007); Klug and
Daum, (2014) highlighted that fatty acids are the
building blocks of membrane lipids such as
phospholipid, and of storage lipids such as TAG and
steryl ester. An early work of Gaigg et al., (2001)
documented that yeast cells get FA from three
different sources mainly; de novo synthesis, hydrolysis
of complex lipid and proteins de-lipidation, and finally
from external sources through FA uptake.

A recent study of Wang et al., (2018) revealed
that deregulation of lipids within a cell causes toxicity,
and ends up with triggering the cell death through
different ways including prolonged activation of
signaling pathways such as the unfolded protein
response (UPR) (Olzmann and Carvalho, 2019). Lipid
regulation, assembly, storage and mobilization are
controlled by intracellular organelles called lipid
droplets (LDs), as reported by Pol et al., (2014).

LDs are conserved dynamic and functional
organelles that regulate lipid homeostasis through the
storage and hydrolysis of neutral lipids. In yeast cells,
LDs are formed from ER and stay connected to it.
Listenberger et al., (2003) revealed that the storage of
neutral lipids in LDs is crucial for the cellular defense
against lipotoxicity. LDs store neutral lipids in the
form of TAG and sterol ester, and their formation is
coupled with the synthesis of one or both of them. LDs
are not formed in cells with no neutral lipids (Olzmann
and Carvalho, 2019). In addition to the LDs roles in
lipid homeostasis, they also participate in protein
glycosylation (Krahmer et al., 2013), protein
degradation (Hartman et al., 2010), response to ER
stress (Fei et al., 2009), and promote infection by viral,
protozoan and bacterial pathogens (Wilfling et al.,
2014). Moreover, LDs provide substrates for energy
metabolism, membrane synthesis and in production of
essential lipid-derived molecules including; hormones,
bile salts and lipoproteins (Pol et al., 2014).
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According to the recent study of Yeagle, (2016),
phosphatidylinositol (PI) is a major phospholipid in
addition to phosphatidyl choline (PC), phosphatidyl
ethanolamine (PE) and phosphatidyl serine (PS); and
composes up to 10 % of the total phospholipid in the
eukaryotic cells.

Both TAG and Pl biosynthesis takes places in
ER; however, the last step of synthesis of some
amounts of TAG is completed in LDs. TAG is built up
of three fatty acids and a glycerol, while PI is built up
of two fatty acids, a glycerol and a phosphate group
with an inositol ring (Fig. 1). According to Adeyo et
al., (2011); Henry, (2012), both of TAG and Pl are
synthesized from the same precursor; PA and one can
be converted to the other by the actions of lipases,
phosphatases and kinases. Recent reports of Van der
Veen et al., (2017); Wang et al., (2018); Wang et al.,
(2019) proved that there is an inverse correlation
between TAG and PI, where an increase of TAG level
is accompanied by a decrease of the PI level and vice
versa.
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Fig. 1. Structures of Pl and TAG. PI consists of two fatty
acids, a glycerol and a phosphate with an inositol ring.
However, TAG is built by three fatty acids and a glycerol.
Through the actions of phospholipase C or TAG lipases (on
the green bond), one can be a precursor of another.
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In this review we focused on TAG synthesis, LD
biogenesis, TAG and PI inverse correlation, and
discussed the mechanism of regulation of Pl by TAG
synthesis, storage and degradation, to clarify how
phospholipids and storage lipids are regulated.

2. TAG synthesis and LDs biogenesis
2.1. TAG synthesis

Phosphatidic acid (PA) is the initial precursor of
the synthesis of all phospholipids and TAG (Fig. 2).
PA is synthesized via two step acylation reactions
from glycerol-3-phosphate (G3P). Zheng and Zou,
(2001) demonstrated that Sctl and Gpt2 acyl-
transferases, catalyze the first acylation reaction,
giving snl-acylglycerol-3-phosphate (also termed
lyso-PA) as a product. Later, De Smet et al., (2012)
reported that Sctl and Gpt2 can also acylate
dihydroxyacetone phosphate (DHAP) to give 1-acyl-
DHAP, which is reduced later by Ayrl reductase to
give lyso-PA. Previous works conducted by Jain et
al., (2007); Riekhof et al., (2007) revealed that the
second reaction is the acylation of lyso-PA by Sicl
and Alel acyltransferases to form snl, 2-
diacylgycerol-3-phosphate also called PA. Carman and
Han, (2018) revealed that TAG synthesis starts from
de-phosphorylation of PA by phosphatidate
phosphohydrolase (Pahl) to make diacylglycerol
(DAG) This DAG is then converted to TAG by other
acyltransferases.

There are two acyltransferases that synthesize
TAG from DAG; a phospholipid dependent
acyltransferase (Lrol); and acyl-Coenzyme A (CoA)
dependent acyltransferase (Dgal). In contrast to Lrol
that is strictly localized in the ER, Dgal has two trans-
membrane segment hairpin like structure, which
allows it to be localized in the ER and LDs. All TAG
that are synthesized at LDs are mediated by Dgal
(Markgraf et al., 2014).

2.2. LD biogenesis

Although several models for LD biogenesis have
been suggested by Guo et al., (2009), the lensing
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model (Fig. 3) is widely accepted and is
experimentally supported by Brasaemle and Wolins,
(2012). In this model, the neutral lipids are
synthesized, deposited and coalesce between the ER
leaflets. After the deposited lipids reach a critical size,
LD bud is formed toward ER cytosolic side with
neutral lipid enclosed in it. In yeasts, LD stays
attached to ER membrane (Jacquier et al., 2011).

Initially neutral lipids are synthesized at low
concentration in the ER and stay dispersed between
the two ER leaflets. Thiam and Forét, (2016) added
that as the concentration of neutral lipids increases up
to the range between 5-10 mol%, they start to coalesce
to form an oil lens through a de-mixing process.
Expansion of the neutral lipid lens causes membrane
tension and results in the formation of LD bud from
the ER membrane. Recently, Chen and Goodman,
(2017) reported that this budding process is not well
understood, but several proteins that are involved in
the process have been elucidated including; seipin
complex, Pex30, Fit2 related proteins and Pet10.

Walther et al., (2017) demonstrated that seipin protein
complex plays a role in promoting the initiation of
nascent LD formation, by marking the sites where
TAG accumulates. It also facilitates the growth and the
expansion of LD by enabling lipid transfer from the
ER to nascent LD. This process results in the
maturation of LDs. Moreover, seipin complex controls
the morphology, the number and the size of LDs.

Ldo proteins are recently identified by Teixeira et
al., (2018) as subunits of the seipin complex; they are
expressed as two proteins, Ldo45 and Ldol6 with a
unique splicing. Ldo genes deletion affects some of the
LD proteins localization. Teixeira et al., (2018) added
that overexpression of Ldo45 increases the TAG level
up to 3 folds more than the wild-type, by dampening
the lipolysis and increasing the Dgal mediated
synthesis. The effects of Ldo45 can be regarded in
TAG level regulation, protein localization and LD
morphology, whereas Ldo16 plays a role in lipophagy.
Teixeira et al., (2018) reported that during the
stationary phase there are changes in cell lipid
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Fig. 2. Phosphatidic acid (PA) synthesis and degradation. PA is utilized as a substrate for TAG and Pl synthesis, and their
degradation gives DAG as a product, which is later phosphorylated by Dgk1 to synthesize PA
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Fig. 3. Schematic representation of LD biogenesis and TAG lipolysis. As the concentration of TAG increases in the ER
membrane, the synthesized TAGs coalesce and form a lens. Seipin complex and Pex30 mark the sites, where the TAG lens
accumulates for a nascent LD formation. FIT2 related proteins transfer TAGs from ER to the LD. TAG is converted to DAG
and FA through the actions of TAG lipases localized in LD. The DAGs produced during lipolysis are transferred back to the ER
by Ice2. Pet10 is recruited to the nascent LD from the cytosol for membrane tension balance.
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composition and nutrient level. One of the changes in
lipid composition is the increase in storage lipid,
which later becomes an energy source through a
specific form of micro autophagy called lipophagy.
For energy production, the LDs that are normally
localized in the proximal region of the vacuole during
the stationary phase translocate eventually to the
vacuole lumen for degradation. In ldol6A cells, LDs
are localized as the same to both the wild-type and
ldo45A, but fail to translocate to vacuole for
lipophagy. This is also supported with an accumulation
of TAG in the LDO16 deleted cells, suggesting a role
of Ldo16 in lipophagy.

Recently, Wang et al., (2018) revealed that an ER
protein Pex30 is required for LD budding in seipin
deleted cells. This Pex30 co-localizes with nascent
LDs and LD-proteins including seipin (Wang et al.
2018; Nettebrock and Bohnert, 2020). The pex30A
mutant shows a mild delay in LD budding, and a
dramatic increase in DAG, PE and PI levels have been
observed in pex30A, seilA and ldb16A. This suggests a
role of Pex30 in LD budding, in addition to the inverse
correlation between TAG and PI.

Kadereit et al., (2008) highlighted that among the
other proteins that are involved in LD budding, there
are human homologies with the fat storage inducing
trans-membrane (FIT) proteins. In general, the human
cells have two FIT proteins namely, FIT1 and FIT2.
Whereas, the yeast cells have no FIT1 homologue, but
have two FIT2 homologous proteins mainly, Yft2 and
Scs3. Later, Gross et al., (2011); Choudhary et al.,
(2018) added that the FIT2 related proteins are ER
resident proteins that are involved in partitioning the
neutral lipids from ER for LDs formation. This point is
supported by the fact that a purified human FIT2 binds
DAG and TAG in vitro, accompanied by an increase
of DAG and TAG in the ER of the fit2 deficient cells.
Gross et al., (2011); Choudhary et al., (2015) works
demonstrated that an overexpression of FIT2 related
proteins results into larger LDs, but it doesn’t affects
the level of TAG or inhibits lipolysis. However, its
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deletion results into smaller LDs in addition to the
accumulation of neutral lipids lenses in the ER, thus
suggesting its role in TAG partitioning. According to
Gross et al., (2011), the FIT2 related proteins also
ensure the directionality of LD budding, and make
sure that a nascent LD grows towards the cytosolic
side rather than the luminal side of the ER. Previous
works of Choudhary et al., (2015); Wang et al., (2016)
suggested that on deletion of the FIT2 related proteins,
LDs become embedded in the ER. Moreover, they
showed an abnormal ER morphology with several
membrane clumps, thus suggesting their roles in LD
bud directionality.

Recently, Gao et al., (2017); Olzmann and
Carvalho, (2019) reported that Pet10 is a member of
the perilipin protein family, which is known to
functions in protecting LDs from lipase activity. In
addition, it collaborates with the FIT2 related proteins
and seipin complex for LD budding formation. This
Pet10 facilitates LD budding by changing the balance
tension between the two ER membrane monolayers.

3. Relationship between LD biogenesis and Pl
level

The PI level changes by mutations in the enzymes
involved in TAG synthesis, hydrolysis and/or LD
biogenesis. Both of the TAG and PI are synthesized
from the same precursor, PA. Therefore, there is a
competition between them and one can be changed to
the other. Several reports of Henry et al., (2012);
Markgraf et al., (2014) revealed their inverse
proportionality and regulation.

3.1. PA conversion

Phosphatidic acid (PA) is a common precursor for
both of TAG, PI and other phospholipids. It can be
converted into DAG by Pahl or into CDP-DAG by
CDP-Diacylglycerol ~ Synthase  (Cdsl), through
Kennedy or CDP-DAG pathways, respectively. Some
phospholipids such as PC and PE can be synthesized
through both pathways, while others including PS and
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Pl use only the CDP-DAG pathway, as highlighted by
Henry et al., (2012); Graef, (2018). Conversion of PA
is the most important regulatory step for lipid
biosynthesis. Competition between Cdsl and Pahl
determines the levels of TAG and PI. The CDP-DAG
pathway, which is essential for Pl synthesis, starts with
the condensation of PA and cytidine triphosphate
(CTP); eliminating pyrophosphate to give CDP-DAG,
this reaction is catalyzed by Cdsl. Finally, Pl synthesis
is completed through a phosphatidylinositol synthase
(Pisl), which catalyzes the binding of inositol-3-
phosphate (synthesized by Inol) to the CDP-DAG
(Loewen, 2004). A study conducted by Qi et al.,
(2016) reported that deletion of CDS1 in a mammalian
cell (where the gene is not essential) increases the PA
level dramatically in ER, and consequently give rise to
a super-sized LD. On the other hand, the Kennedy
pathway starts with PA dephosphorylation by Pahl,
which converts PA into DAG. While, the Lrol or
Dgal acyl-transferases convert DAG to TAG. In
pahlA cell, the level of TAG is significantly decreased
and ER/nuclear membrane is abnormally expanded,
thus suggesting the increase in phospholipids (Barbosa
et al., 2015).

A previous work of Han et al., (2008) highlighted that
Dgkl is an enzyme with opposite activity to Pahl, it
converts DAG into PA. Deletion of Dgkl in pahl
mutant cell rescues the abnormal ER/nuclear
membrane expansion, and result in a reduction of LD
number observed in a pahlA strain. Meanwhile, an
overexpression of Dgkl results in expansion of the
nuclear/ER membrane due to the increase in
phospholipids synthesis, whereas its deletion causes a
decrease in the PA level. Han et al., (2008) reported
that the function of Dgkl in the nuclear membrane
counteracts that of Pahl through controlling the
cellular levels of PA. In addition, an increase in the PA
levels up-regulates the transcription of PI biosynthetic
genes.

3.2. Actions of the TAG lipases

Previous works of Rajakumari et al., (2010);
Gaspar et al., (2011) highlighted that TAG lipases are
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encoded by TGL genes, and they catalyze the
conversion of TAG to DAG. In wild-type cells, the
TAG lipases are recruited from the ER to LDs.
However, in mutant cells that are devoid of LDs, TAG
lipases are accumulated in the ER and lose their
lipolytic activity. Lipolysis of TAG by TAG lipases
gives rise to DAG and fatty acids, which serves as
precursors for the synthesis of the membrane
phospholipids including PI. Yeast cell has 5 TAG
lipases namely, Tgll, Tgl2, Tgl3, Tgl4 and Tgl5. They
are localized in the LD, except for Tgl2 which is
localized in the mitochondria. Ham et al., (2010)
revealed that in cells devoid of LDs, the TAG lipases
are localized in the ER, and are partially retained in the
ER in cells where TAG is not synthesized. Previous
reports of Schmidt et al., (2013) showed that minor
amounts of Tgl3 are detected in the ER. While Tgll is
specific to sterol ester, and its deletion does not affect
the mobilization of TAG (Koffel et al., 2005; Klein et
al., 2016). Tgl3, Tgl4 and Tgl5 are the major TAG
lipases in yeast cells. Athenstaedt and Daum, (2005)
demonstrated that tg/3A; tgl4A double mutant cells
show an increased number and size of the LDs. The
same authors added that Tgl3 preferentially hydrolyzes
TAG species containing C14, C16, C20, and C26
saturated acyl chains, whereas cells defective in Tgl5
show an increased level of TAG containing C26 acyl
chain. The triple mutant cells mainly; tgl3A, tgl4A,
tgl5A are able to synthesize TAG, but not able to
mobilize it. In these mutant cells, the Pl level is
decreased as reported by Gaspar et al., (2011), thus
suggesting a direct link between TAG breakdown and
the increase in level of the PI. Later, Markgraf et al.,
(2014) highlighted that both products of TAG lipolysis
namely; DAG and FA, are needed for the synthesis of
Pl

3.3. Proteins involved in LD formation

LD buds emerge from the cytosolic side of the
ER, catalyzed by Seil, Pet10, Pex30 and FIT2-related
proteins (Wang et al., 2018; Nettebrock and Bohnert,
2020). Deletion of any of the genes encoding proteins
involved in LD bud formation, affect the cellular TAG
level. Several works of Han et al., (2015); Chen and
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Goodman, (2017) demonstrated that deletion of seipin
complex reduced 50% of the TAG, deletion of FIT2
related proteins caused 15% reduction, whereas that of
Pet10 resulted in 35% drop in the TAG level. Teixeira
et al., (2018) study reported that overexpression of
Ldo45 causes 3-4 folds increase in TAG compared to
the wild-type; however, an opposite phonotype is
detected in pet/0OA mutant (Gao et al., 2017). Recent
work of Velazquez et al., (2016) revealed that cells
with no LD have relatively increased level of PI and
decreased level of PA.

3.4. FIT2 related proteins, TAG lipases, lce2 and
Dgkl interaction

Markgraf et al., (2014) reported that transfer of
yeast cells from the stationary phase with high TAG
level to a fresh medium, results in a decrease in the
TAG level and in an increase in PA and Pl
Meanwhile, the TAG lipases, Dgkl, Ice2 and FIT2
related protein interact with this increase in the PI
level.

During LD formation, FIT2 related proteins transfer
TAG and DAG from ER to LDs for storage. The TAG
imported to or synthesized at the LDs is broken down
by TAG lipases through a lipolysis reaction, producing
FA and DAG inside the LDs. This DAG produced in
the LDs are transferred back to ER by the Ice2, where
they are further phosphorylated by Dgklp to form PA.
Such increase in the level of PA activates the CDP-
DAG pathway for Pl synthesis (Markgraf et al., 2014).

Ice2 is a multi-spanning membrane protein
localized in the ER during exponential growth of the
cells, and in the proximal LDs at the stationary phase
(Markgraf et al., 2014). This Ice2 acts as a DAG
transferring protein from LDs to the ER, and delivers
DAG to Dgkl. Such DAG transferred to the ER cannot
be phosphorylated by Dgk1 in the absence of Ice2. The
ice2A mutant cells have a delay in lipolysis which is
almost at the same level to tg/3A. During growth
resumption, the TAG level in ice2A is 3 folds higher
compared to the wild-type. Moreover, Markgraf et al.
(2014) added that on comparing the stationary and
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growth resumption phase in the ice2A cells, the PS and
Pl level in the cell remained the same while the DAG
level remained high, confirming the DAG channeling
function of the Ice2. These ice2A mutant cells undergo
a futile cycle in LDs, where TAG is continuously
degraded by the TAG lipases to DAG, and then
resynthesized by Dgal.

4. Transcription, regulation of Pl and TAG
biosynthesis

Several genes that are involved in phospholipid
synthesis in yeasts are sensitive to the inositol level,
and are regulated by the inositol transcriptional
regulation (Fig. 4). They share a common cis-acting
element 5’CATGTGAAT 3’ in their promoters, which
is known as inositol sensitive upstream activating
element, (UASno). The transcription activator, Ino2-
Ino4 heterodimer, binds on the UAS\o element, for
their transcriptional activation (Bachhawat et al.,
1995). The transcription of genes under the UASyo
element such as CDS1 and INOL is repressed by Opil;
a transcription repressor that binds with Ino2
transcription activator and repress the transcriptional
activation.

According to Loewen et al., (2004), the PA level
is a key regulator of the transcriptional activation and
repression of the UAS;o containing genes. Henry,
(2012) reported that under growth conditions such as;
inositol  starvation, zinc  supplementation  or
exponential phase in which the PA is relatively high,
Opil binds on the ER/nuclear membrane where it stays
inactive outside the nucleus. Opil then binds with an
integral ER membrane protein, Scs2, through the
FFAT motif, and with PA via its PA binding domain.
Dietz et al., (2003); Henry, (2012) added that
inactivation of the transcription repressor results in the
active transcription of the UAS\\o containing genes.
Once the PA level is decreased, Opil dissociates from
ER/nuclear membrane and then translocate to the
nucleus, where it represses the transcription of UAS|yo
containing genes by binding with Ino2. The Pl level is
also regulated by zinc availability.
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Fig. 4. Transcriptional regulation of the genes involved in Pl and TAG biosynthesis. The transcriptional activation of UASyo
containing genes requires binding of Ino2-Ino4 transcription activator on the UASyo element. The transcription activation is
repressed by a binding of Opil to Ino2. Under different growth conditions of yeasts such as; inositol starvation, zinc
supplementation or exponential growth, where the PA level is high; Opil transcription repressor binds with Scs2 and PA at the
ER/nuclear membrane, and stays inactive outside the nucleus. In conditions such as inositol supplementation, zinc depletion or
stationary phase, in which the PA level is low, Opil translocate to the nucleus and binds with Ino2, to repress the UAS \o
containing genes transcription. On the other hand, Zap1 is activated under zinc limited conditions, and enhances transcription of
genes such as P1S1 and PAH1. A bold line shows genes with activated transcription.

Transcription of the genes encoding
Phosphatidylinositol synthase, Pisl; and phosphatidic
acid hydrolase, Pahl are controlled by a zinc-sensing
and zinc-inducible transcriptional activator, Zapl. This
activator binds on zinc responsive cis-acting element
(UASzge) of their promoters to activate transcription of
these genes. Under different growth conditions such
as; inositol supplementation, zinc depletion or
stationary phase, the PA level is reduced; thus Zapl
becomes activated and up-regulates the transcription
of PIS1, resulting in an increase in the Pl level, as
revealed by Carman and Han, (2007); Henry, (2012).

5. Future perspective

We discussed the genes that are involved in the
TAG synthesis, storage and mobilization, which
contributed in the increase or decrease of the Pl level.
This PI is a major component of the lipid bilayer. A
recent study of Phan et al., (2019) added that PI is
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phosphorylated, and acts as a regulator of membrane
trafficking, cytoskeleton interaction and signal
transduction. Furthermore, previous work of Fujita and
Kinoshita, (2012) reported that PI is a precursor of
glycosyl-phosphatidylinositol (GPI), which is a
conserved post-translational modification among the
eukaryotes. In yeasts, Yoko-o et al., (2013)
highlighted that GPl-anchored proteins are major
components of the mannan layer in the cell wall
structure, which are involved in cell wall biogenesis
and integrity. Several reports suggested there is an
inverse correlation between TAG and Pl. However,
PA seems to have a key role in the control of TAG and
Pl levels. The balance between Pl and TAG might
affect membrane trafficking, cellular signaling and
GPI biosynthesis. Further researches are thus required
on the cellular level to clarify the impact of the genes
required for biosynthesis of Pl and TAG.
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Conclusion

TAG and PI levels are inversely correlated.
Deletion of any of the genes encoding the proteins
involved in LD bud formation results in the decrease
of TAG level, and a concomitant increase of the PI
level.
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