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ARTICLE INFO ABSTRACT

Keywords: The PAHI-encoded phosphatidate phosphatase, which catalyzes the dephosphorylation of phos-
PhOSPhOI%Pid ) phatidate to produce diacylglycerol, controls the divergence of phosphatidate into triacylglycerol
Ph.OSP}llalnd‘C alc1d synthesis and phospholipid synthesis. Pah1 is inactive in the cytosol as a phosphorylated form and
;ri;i;}ig%}izz becomes active on the nuclear/endoplasmic reticulum membrane as a dephosphorylated form by

Pahl PA phosphatase the Nem1-Spo7 protein phosphatase complex. The phosphorylation of Pahl by protein kinases,
Nem1-Spo protein phosphatase which include casein kinases I and II, Pho85-Pho80, Cdc28-cyclin B, and protein kinases A and C,
Protein kinase controls its cellular location, catalytic activity, and susceptibility to proteasomal degradation.
Yeast Neml (catalytic subunit) and Spo7 (regulatory subunit), which form a protein phosphatase
complex catalyzing the dephosphorylation of Pahl for its activation, are phosphorylated by
protein kinases A and C. In this review, we discuss the functions and interrelationships of the
protein kinases in the control of the Nem1-Spo7/Pahl phosphatase cascade and lipid synthesis.

1. Introduction and background

In the model eukaryote yeast Saccharomyces cerevisiae,"">>* the Nem1-Spo7/Pahl phosphatase cascade has emerged as one of
highly regulated processes in lipid metabolism (Carman, 2018; Carman and Han, 2009, 2019; Hennessy et al., 2019; Pascual and
Carman, 2013). Pah1? is a Mg?*-dependent phosphatidate (PA)® phosphatase (PAP) that catalyzes the dephosphorylation of PA to
yield diacylglycerol (DAG) (Fig. 1) (Han et al., 2006; Lin and Carman, 1989; Smith et al., 1957). The discovery of yeast PAH1 revealed

* Corresponding author. Departmen of Food Science, Rutgers University, 61 Dudley Rd., New Brunswick, NJ 08901, USA.
E-mail address: gcarman@rutgers.edu (G.M. Carman).

1 In this review, Saccharomyces cerevisiae is used interchangeably with yeast.

2 The PAP orthologs in various organisms are known by different acronyms that are based on the names of genes that encode the enzyme. For S.
cerevisiae, the protein product of the PAHI gene is known as Pahl (Han et al., 2006), whereas in human and mouse, the protein products of the
LPIN1 and Lpin1 genes, respectively, are known as lipin 1 (Péterfy et al., 2001). The PAP encoded by PAH1 differs from the PAP enzymes encoded by
APP1 (Chae et al., 2012; Chae and Carman, 2013), DPP1 (Toke et al., 1998) and LPP1 (Toke et al., 1999), which dephosphorylate a broad spectrum
of substrates (e.g., phosphatidate, lysophosphatidate, diacylglycerol pyrophosphate) and are not involved in de novo lipid synthesis (Chae et al.,
2012).

3 Abbreviations: PA, phosphatidate; PAP, PA phosphatase; DAG, diacylglycerol; TAG, triacylglycerol; HAD, haloacid dehalogenase; PKA, protein
kinase A; PKC, protein kinase C; CK, casein kinase; IDR, intrinsically disordered region.

4 The orthologous components of yeast Nem1-Spo7 protein phosphatase complex in higher eukaryotes consist of CTDNEP1 (catalytic subunit) and
NEP1-R1 (regulatory subunit) (Han et al., 2012; Kim et al., 2007).
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that the PAP-encoding gene is conserved in eukaryotes, including fungi (Liu et al., 2019), plants (Eastmond et al., 2010; Nakamura
et al., 2009), worms (Golden et al., 2009), flies (Ugrankar et al., 2011; Valente et al., 2010), mice (Donkor et al., 2007; Péterfy et al.,
2001), and humans (Han et al., 2006; Han and Carman, 2010).2

Pah1 PAP largely governs whether yeast cells convert PA to DAG for the synthesis of triacylglycerol (TAG) or to the liponucleotide
CDP-DAG for the synthesis of membrane phospholipids (Fig. 1) (Carman, 2018; Carman and Han, 2009, 2019; Kwiatek et al., 2020;
Pascual and Carman, 2013). PAP activity elevated in the cells entering the stationary phase of growth is associated with the increased
production of TAG, whereas the enzyme activity reduced during exponential phase of growth is associated with the higher production
of membrane phospholipids (Carman, 2018; Carman and Han, 2009, 2019; Kwiatek et al., 2020; Pascual and Carman, 2013). PAP
activity is the primary regulator of this metabolic switch (Carman, 2018; Carman and Han, 2009, 2019; Kwiatek et al., 2020). The
PAP-derived DAG can also be converted to phosphatidylcholine and phosphatidylethanolamine by an auxiliary (Kennedy) pathway
when the cells are supplemented with choline and ethanolamine, respectively (Carman and Han, 2011; Kwiatek et al., 2020).

The impact of Pah1 PAP on lipid metabolism extends beyond converting PA to DAG (Kwiatek et al., 2020). By controlling the levels
of PA and its derivatives (Fakas et al., 2011; Han et al., 2006; Hassaninasab et al., 2017), the enzyme affects the expression of many
lipid synthesis genes (Han and Carman, 2017; Santos-Rosa et al., 2005), phospholipid synthesis (Pascual et al., 2013), nuclear/ER
membrane growth (Santos-Rosa et al., 2005), and lipid droplet formation (Adeyo et al., 2011). The PAP activity is also required for
growth on non-fermentable carbon sources (Han et al., 2006, 2007), vacuole fusion (Sasser et al., 2012), cell wall integrity (Lussier
etal., 1997; Ruiz et al., 1999), autophagy induction (Rahman et al., 2018), and resistance to stresses caused by fatty acids (Fakas et al.,
2011), oxidizing agents (Park et al., 2015), heat (Han et al., 2006, 2008; Irie et al., 1993; Santos-Rosa et al., 2005), and cold (Cor-
coles-Saez et al., 2016). Yeast cells lacking the enzyme have a shortened chronological life span (Park et al., 2015) and exhibit
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Fig. 1. Model for the phosphorylation/dephosphorylation-mediated regulation of Pah1 PAP in lipid synthesis. Expression of the PAP-encoding gene
PAHI is regulated during growth by nutrient status. After expression, its product Pah1 in the cytosol is phosphorylated by multiple protein kinases.
Phosphorylated Pahl translocates to the nuclear/ER membrane through its recruitment and dephosphorylation by the Nem1-Spo7 protein phos-
phatase complex, which itself is subject to phosphorylation. Dephosphorylated Pah1 that is associated with the membrane catalyzes the conversion
of PA to DAG, which is then acylated to form TAG that is stored in lipid droplets. Dephosphorylated Pahl or PKC-phosphorylated Pahl that is not
phosphorylated at the target sites for Pho85-Pho80/Cdc28-cyclin B is degraded by the proteasome (indicated by the dashed line arrows and ellipse).
The PAP substrate PA may also be converted to CDP-DAG, which is then used for the synthesis of the membrane phospholipids phosphatidylserine,
phosphatidylethanolamine, phosphatidylcholine, phosphatidylinositol, phosphatidylglycerol, and cardiolipin. The PAP product DAG may also be
converted to phosphatidylcholine and phosphatidylethanolamine via the Kennedy pathway. Greater details of the yeast phospholipid synthetic
pathways may be found elsewhere (Carman and Han, 2011; Kwiatek et al., 2020).
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apoptotic cell death in the stationary phase (Fakas et al., 2011). Many of the pah1 A phenotypes are linked to the elevation of PA levels,
and require Dgk1 DAG kinase activity (Adeyo et al., 2011; Fakas et al., 2011; Han et al., 2008; Park et al., 2015). In mice and humans,
the lack of lipin 1 PAP function is associated with a variety of lipid-based syndromes that include lipodystrophy, peripheral neu-
ropathy, and rhabdomyolysis (Nadra et al., 2008; Péterfy et al., 2001; Phan and Reue, 2005; Wiedmann et al., 2008; Zeharia et al.,
2008; Zhang et al., 2014).

Great strides have been made using yeast as a model system to understand the mode of action and regulation of the PAP enzyme
(Carman, 2018; Carman and Han, 2019; Kwiatek et al., 2020). As depicted in Fig. 1, the function of Pah1 as a lipid biosynthetic enzyme
is mainly controlled by its localization. Following its expression, which is regulated at the level of transcription by nutrient status
(Pascual et al., 2013; Soto-Cardalda et al., 2011), Pah1 in the cytosol is phosphorylated on serine and threonine residues (Albuquerque
et al., 2008; Bodenmiller et al., 2010; Chi et al., 2007; Gnad et al., 2009; Gruhler et al., 2005; Helbig et al., 2010; Lanz et al., 2021; Li
et al., 2007; MacGilvray et al., 2020; O’Hara et al., 2006; Smolka et al., 2007; Soufi et al., 2009; Soulard et al., 2010; Swaney et al.,
2013) by multiple protein kinases (Choi et al., 2011, 2012; Hassaninasab et al., 2019; Hsieh et al., 2016; Su et al., 2012, 2014a).
Phosphorylated Pahl is non-functional because it is sequestered in the cytosol apart from its membrane-associated substrate PA.
However, the phosphorylated protein translocates to the nuclear/ER membrane through its dephosphorylation by the Nem1 (cata-
lytic)-Spo7 (regulatory) protein phosphatase complex (Barbosa et al., 2015; Choi et al., 2011; Choi et al., 2012; Karanasios et al., 2010;
Karanasios et al., 2013; O’Hara et al., 2006; Santos-Rosa et al., 2005; Siniossoglou et al., 1998; Su et al., 2012; Xu et al., 2012).4
Following its dephosphorylation, Pahl hops onto the membrane and catalyzes the conversion of PA to DAG that is acylated to TAG
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Fig. 2. Domains/regions and phosphorylation sites in Pahl. A, the diagram shows the positions of the N-terminal amphipathic helix (AH), the
conserved N-LIP and HAD-like catalytic domains, the conserved tryptophan (W) residue, the C-terminal acidic tail (AT), and the intrinsically
disordered regions (IDR). The serine (S) and threonine (T) residues known to be phosphorylated are grouped at their approximate positions, and
marked in red color for the known responsible protein kinases. B, the AlphaFold (Jumper et al., 2021) structure prediction of Pah1 was visualized
with the PyMol program.
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stored in lipid droplets (Fig. 1). Pahl may subsequently scoot on the membrane for additional rounds of catalysis (Kwiatek and
Carman, 2020). The dephosphorylated (or unphosphorylated) form of Pahl is susceptible to degradation by the 20S proteasome,
whereas the phosphorylated form is stable against the proteasomal degradation (Hsieh et al., 2015; Pascual et al., 2014). An exception
to the phosphorylation effect is shown by protein kinase C (PKC), which stimulates the proteasomal degradation of Pah1 in the absence
of prephosphorylation by the Pho85-Pho80 protein kinase, (Su et al., 2014a). Whereas the Nem1-Spo7 complex functions to de-
phosphorylate Pahl, both Nem1 and Spo7 are themselves subject to phosphorylation (Dey et al., 2017; Dubots et al., 2014; Holt et al.,
2009; Su et al., 2018; Swaney et al., 2013), and these modifications add yet another layer of complexity to the regulation of Pahl PAP
function. Overall, the posttranslational modifications of phosphorylation and dephosphorylation are a major mechanism for regulating
the membrane localization of Pahl and its PAP activity for lipid synthesis. In this review, we summarize current knowledge on the
phosphorylation of Pahl, Nem1, and Spo7, the functions and interrelationships of the protein kinases that phosphorylate these pro-
teins, and how this knowledge might be used to develop pharmacological reagents to fine-tune the Nem1-Spo7/Pahl phosphatase
cascade and PAP function.

2. Domains/regions and phosphorylation sites in Pahl, Nem1, and Spo7
2.1. A. Pahl

A linear diagram of the domains/regions of Pahl and its phosphorylation sites are shown in Fig. 2A. The conserved N-LIP and
haloacid dehalogenase (HAD)-like domains (Han et al., 2006; Péterfy et al., 2001) are required for PAP activity (Han et al., 2007; Park
et al., 2017). In all organisms studied thus far, PAP activity is dependent on the DXDX(T/V) (e.g., DIDGT) catalytic motif in the
HAD-like domain (Han et al., 2007; Khayyo et al., 2020; Péterfy et al., 2001). In the membrane translocation of Pahl, its C-terminal
acidic tail interacts with the Nem1-Spo7 protein phosphatase complex (Karanasios et al., 2013), and the N-terminal amphipathic helix
is required for membrane interaction following the Nem1-Spo7-mediated dephosphorylation (Karanasios et al., 2010). Pahl is
phosphorylated to control its subcellular location, catalytic activity, and protein stability (Carman and Han, 2019), and its phos-
phorylation sites are concentrated in the intrinsically disordered regions (IDRs) (Fig. 2A) located between the two conserved domains
and at the C-terminal region (Hsieh et al., 2015). Many of those sites have been identified as target residues for specific protein kinases
(e.g., casein kinase I (CKI) (Hassaninasab et al., 2019), casein kinase II (CKII) (Hsieh et al., 2016), Cdc28-cyclin B (Choi et al., 2011),
Pho85-Pho80 (Choi et al., 2012), protein kinase A (PKA) (Su et al., 2012), and PKC (Su et al., 2014a)).

A conserved tryptophan residue (Trp-637) of Pah1l (Park et al., 2017), which is located in the C-terminal IDR, plays a role in the
enzyme phosphorylation, the Nem1-Spo7 complex-mediated cytosol-to-membrane translocation, and enzyme function in TAG syn-
thesis (Park et al., 2017, 2022). This residue, however, is not essential for inherent PAP activity (Park et al., 2017, 2022). The
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Fig. 3. Domains/regions and phosphorylation sites in Nem1 and Spo7. A, the diagram denotes the catalytic HAD-like domain, transmembrane (TM)
region, and intrinsically disordered regions (IDR) in Nem1. C, the diagram shows the conserved regions (CR) 1, 2, and 3 and transmembrane regions
of Spo7. The serine residues phosphorylated (red color) by PKA or PKC in Nem1 and Spo7 are also indicated. B and D, the AlphaFold (Jumper et al.,
2021) structure predictions of Nem1 and Spo7 were visualized with the PyMol program.
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AlphaFold (Jumper et al., 2021) model of Pah1 shows that Trp-637 and the catalytic residues (i.e., Asp-398 and Asp-400) contained
within the HAD-like domain almost lie in the same plane (Fig. 2B), suggesting that the proper alignment of the residues are important
for the enzyme to recognize its substrate at the membrane surface in vivo (Park et al., 2022). The AlphaFold (Jumper et al., 2021) model
also shows the close interactions between the structured N-LIP and HAD-like catalytic domains and the phosphorylation sites of known
protein kinases within the IDRs of the protein (Fig. 2B)

2.2. B. Neml and Spo7

The Nem1-Spo7 protein phosphatase complex (Siniossoglou et al., 1998) is a major regulator of Pah1 function; it is responsible for
recruiting and dephosphorylating Pahl at the nuclear/ER membrane, and for stimulating PAP activity (Karanasios et al., 2010;
Karanasios et al., 2013; O’Hara et al., 2006) (Fig. 1). Of the known protein kinase-phosphorylation site relationships in Pahl (Choi
et al.,, 2011, 2012; Hsieh et al., 2016; Su et al., 2012, 2014a), the specificity of the Nem1-Spo7 protein phosphatase-mediated
dephosphorylation is in the order of the sites phosphorylated by Pho85-Pho80 > PKA = CKII > Cdc28-cyclin B > PKC (Hsieh
etal., 2016; Su et al., 2014b). Given the function of the Nem1-Spo7 protein phosphatase complex to activate Pahl, it is not surprising
that the nem1A and spo7A mutants exhibit the same phenotypes of the pahIA mutant (Mirheydari et al., 2020; Pascual et al., 2013;
Rahman et al., 2018; Santos-Rosa et al., 2005; Siniossoglou et al., 1998; Xu and Okamoto, 2018).

The domains/regions and phosphorylation sites of Nem1 and Spo7 are depicted in Fig. 3A. Nem1 and Spo7 are integral nuclear/ER
membrane proteins possessing transmembrane spanning domains (Siniossoglou et al., 1998). Nem1, which serves as the catalytic
subunit, is a member of the haloacid dehalogenase superfamily (Koonin and Tatusov, 1994; Madera et al., 2004); its phosphatase
activity is conferred by the DXDX(T/V) (e.g., DLDET) catalytic motif within its HAD-like domain (Santos-Rosa et al., 2005; Sinios-
soglou et al., 1998). Nem1 binds to Spo7 through its conserved C-terminal domain, and this association is responsible for the formation
of the complex (Siniossoglou et al., 1998). Spo7, which serves as the regulatory subunit of the phosphate complex (Siniossoglou et al.,
1998), facilitates the recognition of its substrate Pahl (Dubots et al., 2014; Karanasios et al., 2013). The diagram shows conserved
regions (CR) 1, 2, 3, and an LLI sequence within CR1 that is required for Spo7 interaction with Nem1 (Mirheydari et al., 2020). The
phosphorylation sites for PKA (Su et al., 2018) and PKC (Dey et al., 2019) in Nem1 and Spo7 are shown in red color. The protein kinases
that phosphorylate residues shown in black have not been identified. The AlphaFold (Jumper et al., 2021) models for the structures of
Neml and Spo7 are shown in Fig. 3B. Interestingly, the phosphorylation sites in Nem1 and Spo7, like most of those in Pah1, are located
in the intrinsically disordered regions of the proteins (Fig. 3B). Insufficient information is available to predict how Nem1 forms a
complex with Spo7 and how the phosphatase complex interacts with Pahl.

Table 1
Protein kinases that phosphorylate Pahl, Nem1, and Spo7.
Protein Phosphorylation sites Consequences Reference
kinase
Pahl
CKI Ser-114, Ser-475, Ser-511, Stimulates PAP activity, stimulates phosphorylation by Hassaninasab et al., (2019)
Ser-602, Ser-677, Ser-748, CKII, inhibits phosphorylations by Pho85-Pho80, PKA,
Ser-774 and PKC
CKIIL Thr-170, Ser-250, Ser-313, Stimulates TAG synthesis when the Pho85-Pho80 sites Hsieh et al., (2016)
Ser-705, Ser-814, Ser-818 are not phosphorylated, inhibits phosphorylation by PKA
Cdc28- Ser-602, Thr-723, Thr-744 Inhibits PAP activity and TAG synthesis, attenuates Choi et al., (2011)
cyclin membrane association, stabilizes Pah1l abundance
B
Pho85- Ser-110, Ser-114, Ser-168, Inhibits PAP activity and TAG synthesis, attenuates (Choi et al., 2012; Hassaninasab et al., 2019; Hsieh
Pho80 Ser-602, Thr-723, Ser-744, membrane association, stabilizes Pah1l abundance, et al., 2015; Karanasios et al., 2010; Karanasios
Ser-748 inhibits phosphorylations by CKI and PKC et al., 2013; O’Hara et al., 2006; Su et al., 2014a)
PKA Ser-10, Ser-677, Ser-773, Ser- Functions in conjunction with Pho85-Pho80 and Cdc28- (Hsieh et al., 2016; Su et al., 2012)
774, Ser-788 cyclin B to regulate lipid synthesis, inhibits
phosphorylation by CKII
PKC Ser-677, Ser-769, Ser-773, Destabilizes Pah1 abundance when Pho85-Pho80/ (Hsieh et al., 2016; Su et al., 2014a)
Ser-788 Cdc28-cyclin B sites are not phosphorylated, inhibits
phosphorylation by CKII
Nem1
PKA Ser-140, Ser-210 Inhibits Nem1-Spo7 protein phosphatase activity and (Dey et al., 2019; Su et al., 2018)

TAG synthesis, phosphorylation of the Nem1-Spo7
complex inhibits phosphorylation of Spo7 by PKC

PKC Ser-201 Stimulates Nem1-Spo7 activity and TAG synthesis, Dey et al., (2019)
phosphorylation of the Nem1-Spo7 complex inhibits
phosphorylation of Nem1 by PKA

Spo7

PKA Ser-28 Inhibits Nem1-Spo7 protein phosphatase activity and (Dey et al., 2019; Su et al., 2018)
TAG synthesis, phosphorylation of the Nem1-Spo7
complex inhibits phosphorylation of Spo7 by PKC

PKC Ser-22 Phosphorylation of the Nem1-Spo7 complex inhibits Dey et al., (2019)
phosphorylation of Nem1 by PKA
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3. Functions and interrelationships of the protein kinases that phosphorylate Pahl, Nem1, and Spo7

The protein kinase-mediated phosphorylations of Pah1l, Nem1, and Spo7, along with the interrelationships of their phosphoryla-
tions are summarized in Table 1 and Fig. 4, respectively.

3.1. A. Pahl

Pho85, which is a multifunctional cyclin (e.g., Pho80)-dependent protein kinase involved in several signal transduction pathways
that affect cell cycle progression and the metabolism of nutrients (Carroll and O’Shea, 2002; Huang et al., 2007; Moffat et al., 2000),
has strong regulatory effects on the location, enzyme activity, and protein stability of Pahl (Choi et al., 2012; Hsieh et al., 2015;
Karanasios et al., 2010; O’Hara et al., 2006). The seven target sites of Pho85-Pho80 in Pah1 are distributed at the N- and C-termini of
the protein (Fig. 2A). Three of the seven sites are also targets for the Cdc28 protein kinase (Choi et al., 2011; O’Hara et al., 2006), a
master regulator of cell-cycle transitions whose activity is governed by interaction with various G1 and B-type cyclins (Enserink and
Kolodner, 2010). Pah1 phosphorylated by Pho85-Pho80 (Choi et al., 2012) and Cdc28-cyclin B (Choi et al., 2011) is not active in the
cell due to its sequestration in the cytosol apart from the substrate PA in the nuclear/ER membrane (Fig. 1). In addition, Pah1l PAP
activity is reduced through its phosphorylation at the seven sites by Pho85-Pho80 (Choi et al., 2011, 2012).

In conjunction with Pho85-Pho80 and Cdc28-cyclin B, PKA, a cAMP-dependent protein kinase whose activity is associated with
active cell growth and increased metabolic activity, and an increase in membrane phospholipid synthesis (Broach and Deschenes,
1990; Carman and Han, 2011; Thevelein, 1994), functions to regulate the location and activity of Pah1l through its phosphorylation at
five sites located at the beginning and end of the protein (Su et al., 2012) (Fig. 2A). Pah1 phosphorylated by the Pho85-Pho80,
Cdc28-cyclin B, and PKA is protected against its degradation by the 20S proteasome (Hsieh et al., 2015; Pascual et al., 2014).

In contrast to the protective phosphorylation effect, Pahl phosphorylated by PKC, which occurs on four sites at the C-terminus
(Fig. 2A), is susceptible to the proteasomal degradation (Su et al., 2014a). PKC is a lipid-dependent protein kinase (Dey et al., 2017;
Kamada et al., 1996; Nishizuka, 1984, 1992), and the enzyme in yeast is required for cell cycle regulation and plays a role in regulating
phospholipid synthesis (Choi et al., 2003, 2005; Park et al., 2003; Sreenivas et al., 2001; Yang et al., 1996; Yang and Carman, 1995)
and in maintaining cell wall integrity (Kamada et al., 1995; Levin et al., 1990; Levin and Bartlett-Heubusch, 1992).

The phosphorylation of Pah1 by CKII, a highly conserved serine/threonine protein kinase that is essential for cell viability in yeast
(Glover, 1998; Guerra and Issinger, 1999; Litchfield, 2003; Poole et al., 2005), occurs on six sites at the N- and C-termini (Fig. 2A). The
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Fig. 4. Interrelationships between the phosphorylations of Pah1, Nem1, and Spo7. Pah1 is phosphorylated by CKI, CKII, Pho85-Pho80, PKA, and
PKC (solid arrows, upper diagram). The CKI phosphorylation of Pahl stimulates its subsequent phosphorylation by CKII (dashed green arrow), but
inhibits its subsequent phosphorylations by Pho85-Pho80, PKA, and PKC (dashed blunted red line). The Pho85-Pho80 phosphorylation of Pahl in-
hibits its subsequent phosphorylation by CKI (dashed blunted red line). Nem1 and Spo7 are phosphorylated by PKA and PKC (solid arrows, lower
diagram). The phosphorylation of the Nem1-Spo7 complex by PKA inhibits phosphorylation of Spo7 by PKC, whereas the phosphorylation of the
complex by PKC inhibits phosphorylation of Nem1 by PKA (dashed blunted red lines). Phosphorylated Pahl, Nem1, and Spo7 are indicated by the
small pink circles, and the effects of the phosphorylations by the various protein kinases are indicated by + and - symbols.
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CKII phosphorylation of Pahl prevents its subsequent phosphorylation by PKA, and stimulates its catalytic activity (Hsieh et al., 2016).
The regulatory effects of Pahl phosphorylation by PKC (Su et al., 2014a) and CKII (Hsieh et al., 2016) on its stability and function are
shown when it is not prephosphorylated at the seven sites by Pho85-Pho80/Cdc28-cyclin B. The phosphorylation of Pahl by
Pho85-Pho80/Cdc28-cyclin B exerts an inhibitory effect on its phosphorylation by PKC (Su et al., 2014a), but has no effect on its
phosphorylation by CKII (Hsieh et al., 2016). Unlike their effects on Pah1 phosphorylation, PKC (Su et al., 2014a) and CKII (Hsieh
et al., 2016) have little effect on its PAP activity.

CKI is a constitutively active serine/threonine protein kinase that plays a key role in nutrient-mediated cell morphogenesis,
cytokinesis, secretion, and endocytosis (Robinson et al., 1992, 1993; Snowdon and Johnston, 2016; Stalder and Novick, 2016; Wang
etal., 1992). The protein kinase phosphorylates Pah1 at eight sites scattered throughout the protein (Fig. 2A). The CKI phosphorylation
of Pahl has two major effects; it stimulates PAP activity and regulates the phosphorylation of Pah1l by other protein kinases (Has-
saninasab et al., 2019). The CKI phosphorylation of Pahl stimulates its phosphorylation by CKII, but inhibits its phosphorylation by
Pho85-Pho80, PKA, and PKC.

The six sites phosphorylated by CKI are also targets for other protein kinases (Fig. 2A), and thus, CKI could phosphorylate the
common sites when those protein kinases are inactive. For example, Pho85-Pho80 and PKA are most active during the exponential
phase of growth when phospholipid synthesis is favored over TAG synthesis (Pascual et al., 2013). Therefore, at any point during
growth, lipid synthesis might be regulated via the CKI-mediated phosphorylation of Pahl at a site(s) that is phosphorylated by
Pho85-Pho80 and PKA when they are not active.

Ser-475 and Ser-511, which are located within the HAD-like domain of Pahl (Fig. 2A), are CKI-specific phosphorylation sites
(Hassaninasab et al., 2019). The phosphorylations of these sites play roles in the subsequent phosphorylations by other protein kinases.
The CKI phosphorylation of Ser-475 and Ser-511 are required for the stimulation of Pah1 phosphorylation by CKII (Hassaninasab et al.,
2019). As discussed above, the CKII phosphorylation of Pah1 stimulates the synthesis of TAG, but this occurs when the enzyme is not
phosphorylated by Pho85-Pho80 (Hsieh et al., 2016). Thus, the CKI-mediated phosphorylation of Ser-475 and Ser-511 would be
expected to have a positive impact on Pah1 function as mediated by CKII. Yet, the phosphorylation of Ser-475 and Ser-511 are required
for the CKI-mediated inhibition of the phosphorylation by PKA and PKC (Hassaninasab et al., 2019). As discussed above, PKA works in
conjunction with Pho85-Pho80 to attenuate Pahl interaction with the ER membrane and inhibit PAP activity, but at the same time,
stabilize the enzyme to proteasomal degradation (Hsieh et al., 2015; Su et al., 2012). Moreover, as PKC facilitates the proteasomal
degradation of Pahl when the seven Pho85-Pho80 sites are not phosphorylated (Hsieh et al., 2015; Su et al., 2014a), the phosphor-
ylations of Ser-475 and Ser-511 would be expected to sustain the PKA- and PKC-mediated regulations of Pahl.

The phosphorylation of Pahl by CKI inhibits the subsequent phosphorylation by Pho85-Pho80, but Ser-475 and Ser-511 are not
involved in this regulation (Hassaninasab et al., 2019). These sites are not involved in the stimulatory effect of CKI on PAP activity. In
fact, the S475A and S511A mutations enhance the stimulation of PAP activity by the CKI-mediated phosphorylation (Hassaninasab
et al., 2019), suggesting that the phosphorylation of these sites inhibit the phosphorylation of another site(s) that must be responsible
for the stimulation of activity. The phosphorylation of Pahl by Pho85-Pho80 inhibits PAP activity, and the alanine mutations of its
seven target sites augments the stimulatory effect CKI has on PAP activity. Clearly, the stimulation of the PAP activity caused by its
phosphorylation by CKI is complex.

Pho85-Pho80, Cdc28-cyclin B, PKA, PKC, and CKII are all associated with the cytosolic fraction of the cell (Huh et al., 2003).
Accordingly, it is presumed that the phosphorylation of Pahl by most protein kinases occurs in cytosol (Fig. 1). However, CKI asso-
ciates with the plasma membrane through the posttranslational modification of palmitoylation (Babu et al., 2002), and this association
is required for its known physiological functions (Wang et al., 1996). Whether a soluble unmodified form of CKI phosphorylates Pah1
in the cytosol is unknown. Contact sites between the ER membrane and plasma membrane exist (Quon et al., 2018), and so CKI
associated with the plasma membrane could phosphorylate Pahl associated with the ER membrane.

3.2. B. Neml and Spo7

Nem1 and Spo7 are both phosphorylated by PKA and PKC at their N-terminal regions (Fig. 3A). For Nem1, the sites phosphorylated
by PKA and PKC are unique, whereas for Spo7, one site (i.e., Ser-28) is phosphorylated by both protein kinases (Dey et al., 2019; Su
et al., 2018). Data indicate that PKA has a negative impact on the activity of Nem1-Spo7 and TAG synthesis (Su et al., 2018), whereas
the phosphorylation of the complex by PKC has the opposite effect (Dey et al., 2019). Additionally, the prephosphorylation of the
Nem1-Spo7 complex by PKC has an inhibitory effect on the phosphorylation of Nem1 by PKA, whereas the prephosphorylation of the
complex by PKA has an inhibitory effect on the phosphorylation of Spo7 by PKC.

4. How might knowledge of phosphorylation be used to control the Nem1-Spo7/Pah1 phosphatase cascade and lipid
synthesis in vivo?

The lack of PAP activity in yeast, as well as in humans, leads to aberrant lipid metabolism and cell physiology (Carman and Han,
2019; Reue and Wang, 2019). Too much PAP activity is also detrimental (e.g., obesity in the mouse model) (Phan and Reue, 2005).
Thus, understanding the phosphorylation of the Nem1-Spo7/Pahl phosphatase cascade proteins may lead to the identification of
effector molecules to fine-tune PAP activity and/or the Pahl cellular location. Peptide-based protein kinase inhibitors are attractive
because they may block phosphorylation or disrupt protein-protein interactions (Eldar-Finkelman and Eisenstein, 2009; Jenardhanan
et al., 2019). Most peptide inhibitors of protein kinases are based on the consensus phosphorylation motif (Eldar-Finkelman and
Eisenstein, 2009; Jenardhanan et al., 2019). However, those inhibitors have a drawback of not having specificity for a particular
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substrate target of phosphorylation. A peptide sequence unique to a specific phosphorylation site would provide specificity without
off-target side effects.

A peptide containing a specific phosphorylation site would be expected to serve as a substrate for the protein kinase that phos-
phorylates that site. In fact, Pah1 peptides that contain a specific phosphorylation site for CKI (Ser-511, residues 506-LYFEDSDNEVDT-
517) and PKC (Ser-769, residues 763-NYNRTKSRRA-772) are substrates for CKI and PKC, respectively (Dey et al., 2017; Hassaninasab
et al., 2019). Likewise, Nem1 peptides with specific phosphorylation sites for PKA (Ser-140, residues 135-KRNRGSNASEN-145 and
Ser-210, residues 205-RPRSYSKSELS-215) and PKC (Ser-201, residues 197-LRAQSVKSRPR-207) are substrates for PKA and PKC,
respectively (Dey et al., 2019; Su et al., 2018). Substitution of a non-phosphorylatable alanine residue for the phosphorylatable serine
residues (shown in bold red color) in these peptide substrates obviates the phosphorylation by the protein kinase involved (Dey et al.,
2019; Hassaninasab et al., 2019; Su et al., 2018).

A peptide containing a specific phosphorylation site should inhibit the phosphorylation of that site in the full-length protein.
Indeed, in a preliminary experiment we have shown that the Pah1 peptide 506-LYFEDSDNEVDT-517, which contains the major CKI
phosphorylation site Ser-511, competitively inhibits (IC59 = 80 pM) the phosphorylation of full-length Pahl by CKI (Hassaninasab
et al., 2019). This sequence is specific to Pah1 as it does not align with any other proteins in yeast, and thus, the peptide should not
cause off-target effects. This provides a proof-of-concept that knowledge of phosphorylation sites in Pahl, Neml, or Spo7 could
theoretically be used to design peptides that prevent phosphorylation of specific sites to control the Pahl/Nem1-Spo7 phosphatase
cascade and lipid synthesis. Most pharmacological inhibitors work in the nM range, and thus, strategies (e.g., peptide cyclization and
modification of backbone structure (Wojcik and Berlicki, 2016)) would need to be developed to enhance the inhibitory activity and
effectiveness of a Pah1 peptide if it were to work in vivo. Nonetheless, additional studies with the Ser-511-containing peptide, as well as
peptides that target other phosphorylation sites in Pah1, Nem1, and Spo7 are warranted to test the notion that peptides might be used
to fine-tune the Nem1-Spo7/Pahl phosphatase cascade and lipid synthesis in cells.

5. Concluding comments

In this review, we have summarized current knowledge of the mode of action and the phosphorylation-mediated regulation of
components of the Nem1-Spo7/Pah1 phosphatase cascade in yeast. The posttranslational modification of phosphorylation/dephos-
phorylation is an important regulatory mechanism to control the location, activity, and stability of Pah1l PAP. The phosphorylation of
Pahl is particularly complex as the protein is phosphorylated on at least 56 residues. Some of the phosphorylations are hierarchical in
nature (e.g., phosphorylation on one site affects phosphorylation on another site), whereas other phosphorylations occur on common
sites by different protein kinases. Moreover, the protein kinase-phosphorylation site relationships of all the sites have yet to be
determined. In this regard, phosphoproteomics and bioinformatics, coupled with site-specific mutagenesis and old fashion
biochemistry should provide information on all the protein kinases that regulate the enzyme. Moreover, it is the mutagenesis studies of
specific sites of phosphorylation that have yielded the most fruitful information on the regulation. We propose that knowledge of
specific phosphorylations might be used to develop pharmacological peptides to fine-tune the Nem1-Spo7/Pah1 phosphatase cascade
and lipid synthesis in vivo. Furthermore, such an approach might be applicable to higher eukaryotes owing that this cascade and its
regulation by phosphorylation is conserved.
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