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ABSTRACT Lipins are evolutionarily conserved phosphatidate phosphatases that perform
key functions in phospholipid, triglyceride, and membrane biogenesis. Translocation of lipins
on membranes requires their dephosphorylation by the Nem1p-Spo7p transmembrane phos-
phatase complex through a poorly understood mechanism. Here we identify the carboxy-
terminal acidic tail of the yeast lipin Pah1p as an important regulator of this step. Deletion or
mutations of the tail disrupt binding of Pah1p to the Nem1p-Spo7p complex and Pah1p
membrane translocation. Overexpression of Nem1p-Spo7p drives the recruitment of Pah1p
in the vicinity of lipid droplets in an acidic tail-dependent manner and induces lipid droplet
biogenesis. Genetic analysis shows that the acidic tail is essential for the Nem1p-Spo7p-de-
pendent activation of Pah1p but not for the function of Pah1p itself once it is dephosphory-
lated. Loss of the tail disrupts nuclear structure, INOT gene expression, and triglyceride syn-
thesis. Similar acidic sequences are present in the carboxy-terminal ends of all yeast lipin
orthologues. We propose that acidic tail-dependent binding and dephosphorylation of
Pah1p by the Nem1p-Spo7p complex is an important determinant of its function in lipid and
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membrane biogenesis.

INTRODUCTION

In eukaryotes, the central hub for lipid synthesis is the endoplas-
mic reticulum (ER), where cells coordinate the expression, local-
ization, and activity of a multitude of lipid-modifying enzymes
(Nohturff and Zhang, 2009). Phosphatidate (PA) is a key precur-
sor in lipid metabolism: its dephosphorylation gives rise to
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diacylglycerol (DAG), which can be acylated to generate triacyl-
glycerol (TAG), an important form of energy and fatty acid stor-
age that is deposited in lipid droplets (Figure 1A). In the pres-
ence of choline and ethanolamine, DAG can be also used to
generate phospholipids through the Kennedy pathway. Alterna-
tively, PA can be converted to cytidine diphosphate diacylglyc-
erol (CDP-DAG), from which all membrane phospholipids are
produced (Henry et al., 2012).

In the budding yeast Saccharomyces cerevisiae, PA homeostasis
is controlled by Pah1p, which dephosphorylates PA to DAG (Han
et al., 2006). Consistent with the important roles of these two lipids
in cell physiology Pah1p is required for cell surface biosynthesis
(Lussier et al., 1997), nuclear/ER membrane biogenesis (Santos-Rosa
et al., 2005), vacuole function (Sasser et al., 2012), and lipid droplet
biogenesis (Adeyo et al., 2011). In addition to its lipid metabolic
roles on cytosolic membranes, Pah1p can also translocate to the
nucleus, where it binds to chromatin (Santos-Rosa et al., 2005). How
the intranuclear localization of Pah1p relates to its ER biosynthetic
roles is not known.

Molecular Biology of the Cell
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FIGURE 1: The C-terminal acidic stretch of Pah1p is required for binding to the Nem1p-Spo7p
complex in vivo. (A) Simplified schematic of the role of Pah1p in lipid biosynthesis. (B) Schematic
of the primary structure of Pah1p with the position of key motifs/domains shown. AH,
amphipathic helix. The sequence of the acidic stretch is shown, with the three aspartates
mutated in Pah1D3A-PtA highlighted by stars. (C) Mutational analysis of the interaction of
Pah1p and Nem1p-Spo7p. Control untagged PAH1 or the indicated wild-type or mutant
PAH1-PtA fusions were expressed in pah1A cells carrying GAL-NEM1-Myc and GAL-SPO?7. Cells
were transferred from raffinose- into galactose-containing medium and grown for 8 h before
lysis and affinity purification over IgG-Sepharose columns. Each of the four boxes corresponds
to one independent representative set of experiments. Top and bottom (IP) correspond to
equivalent amounts of affinity purified eluates, analyzed by SDS-PAGE (8%) and Western
blotting using anti-protein A and anti-Myc antibodies, respectively. Middle (Sup) corresponds to
equal amounts of clarified cell extracts used for the affinity purifications, analyzed by Western

has been identified as the Dullard-TMEM188
transmembrane complex, recently renamed
as CTDNEP1-NEP1R1 (Kim et al., 2007; Han
et al., 2012), raising the possibility that as-
pects of the Pah1p recruitment pathway are
conserved in higher eukaryotes.

The association of Pah1p with ER mem-
branes will influence the partitioning of lipid
biosynthetic precursors between storage
and membrane phospholipid biogenesis
(Figure 1A). In addition, it may affect local
PA and DAG pools and organelle function
through downstream signaling pathways.
Despite these important roles, the mecha-
nisms by which Pah1p translocates onto
membranes and their spatial regulation are
poorly understood. Here we identify a short
carboxy-terminal acidic peptide on Pah1p
that mediates its interaction with the
Nem1p-Spo7p complex and is consequently
important for Pah1p membrane transloca-
tion, production of DAG and TAG, lipid
droplet biogenesis, and transcriptional reg-
ulation of INOT. This requirement can be
bypassed if Pah1p is dephosphorylated and
thus membrane anchored in an Nem1p-
Spo7p—independent manner. Similar car
boxy-terminal tails are found in other yeast
lipins, suggesting that this represents an an-
cient mechanism for the activation of the
lipin PA phosphatases.

RESULTS

The acidic tail of Pah1p mediates its
interaction with the Nem1p-Spo7p
phosphatase complex

blotting using anti-Myc antibodies.

Pah1p is a member of the conserved lipin family (Peterfy et al.,
2001). Mammals express three lipin paralogues, lipins 1-3, which
are PA phosphatases (Han et al., 2006; Donkor et al., 2007) and also
have functions as transcriptional regulators (reviewed in Harris and
Finck, 2011). The important roles of lipins in metabolism are under-
scored by the fact that lipin 1-deficient mice display features of gen-
eralized lipodystrophy, characterized by significant reduction in fat
mass and lack of adipocyte differentiation (Peterfy et al., 2001; Phan
et al., 2004).

Similar to its mammalian orthologues, Pah1p lacks transmem-
brane domains, and therefore an essential step during its function is
its translocation onto membranes. Multisite phosphorylation con-
trols the activity and membrane translocation of Pah1p (O'Hara
etal., 2006; Karanasios et al., 2010; Choi et al., 2011, 2012). Genetic
screens in yeast have identified a transmembrane phosphatase
complex consisting of two subunits, Nem1p and Spo7p, required
for the dephosphorylation of Pah1p (Siniossoglou et al., 1998;
Santos-Rosa et al., 2005). Nem1p belongs to the CPD phosphatase
family and is the catalytic subunit, whereas Spo7p binds to the cata-
lytic domain of Nem1p and is required for the activity of the holoen-
zyme (Siniossoglou et al., 1998; Santos-Rosa et al., 2005). Dephos-
phorylation of Pah1p by Nem1p-Spo7p leads to its membrane
anchoring via an amino-terminal amphipathic helix (Karanasios
etal., 2010). The mammalian orthologue complex of Nem1p-Spo7p
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To identify proteins interacting with the

membrane-bound Pah1p, we expressed a
Pah1p protein A fusion (Pah1p-PtA) in a pah1A strain expressing
NEM1 and SPO7 under the control of the inducible GAL1/10 pro-
moter. Pah1p-PtA from cells grown in galactose was affinity purified
over an immunoglobulin G (IgG)-Sepharose column. Mass spectro-
metric analysis identified a number of candidate interacting proteins
that will be characterized in a separate study. Both Nem1p and
Spo7p were identified among the interacting proteins. To confirm
this result, we expressed galactose (Gal)-inducible NEM1-Myc and
SPO7 in pah1A strains expressing either PAH1 or PAH1-PtA and iso-
lated the Pah1p proteins as described. Western blot confirmed that
Nem1p-Myc can be recovered in association with PahTp-PtA but
not untagged Pah1p (Figure 1C, lanes 1 and 2). Moreover, Gal-
inducible Spo7p-Myc also can be coprecipitated with Pah1p-PtA
(data not shown). We were unable to detect an interaction between
Nem1p and Pah1p when the former was expressed at endogenous
levels (data not shown), however, implying a more transient binding,
which is typical of enzyme and substrate. Taken together, these data
show that overexpressed Nem1p-Spo7p complex interacts with
Pah1p.

To validate this interaction and explore its functional significance
in vivo, we sought to identify Pah1p mutants that are compromised
in their binding to Nem1p-Spo7p. Pah1p contains two conserved
domains (N-LIP and C-LIP/catalytic), a linker domain in between,
and a long carboxy-terminal tail (Figure 1B). Partial or complete

Acidic tail-mediated regulation of Pah1p | 2125
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FIGURE 2: The Pah1p acidic tail is evolutionarily conserved. Sequences and schematics of similar Pah1p-like aspartate/
glutamate-rich sequences found in other yeasts. Species, amino acid sequence (with aspartate and glutamate residues
in red), and the position of the acidic domains (in red) within the primary structure of the proteins are shown.

deletions of the carboxy-terminal tail led to loss of binding to
Nem1p-Spo7p, whereas deletion of the N-LIP domain did not
(Figure 1C). Pah1p lacking the linker domain was less stable than the
full-length version but still able to retain the interaction with Nem1p-
Spo7p (Figure 1C, compare lanes 7-9). Therefore the C-terminal
domain of Pah1p is essential for the interaction with Nem1p-Spo7p.
Shorter deletions identified the 25 extreme C-terminal residues as
the sequence necessary for this binding (Figure 1C, lanes 10-13).
This sequence is highly enriched in acidic residues (61% aspartate
and glutamates; Figure 1B). The acidic nature of this sequence is
important for the interaction with Nem1p-Spo7p because mutation
of only three central aspartates to alanines (Pah1pD851A/D852A/
D853A-PtA, referred here to as Pah1pD3A-PtA) decreased the inter-
action without affecting the stability of Pah1p (Figure 1C, lanes 14—
16). Of importance, Pah1pD3A-PtA displays a mobility shift when
compared with the wild-type Pah1p-PtA, consistent with the de-
creased interaction and therefore dephosphorylation by Nem1p-
Spo7p in vivo (Figure 1C, lanes 14 and 16). On the other hand,
mutations within its catalytic site (D398A D400A) or the N-LIP do-
main (the lipodystrophy mutation G8OR; Peterfy et al., 2001) did not
disrupt the binding of Pah1p to Nem1p-Spo7p (Figure 1C, lanes 17
and 18). Taken together, these data show that the C-terminal acidic
stretch of Pah1p is required for its binding to the Nem1p-Spo7p
phosphatase complex.

The acidic tail is conserved and functions

as an autonomous unit

Acidic domains similar to the one found in Pah1p are also present in
lipins from many other evolutionarily divergent yeast species. In all
cases, these domains are positioned at their C-terminal ends and
range from short clusters of few aspartates/glutamates, as in
S. cerevisiae or Schizosaccharomyces pombe, to longer sequences
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of seven to 10 residues that repeat over larger domains, as in Pichia
pastoris or Candida albicans—the latter containing a tail of 59 resi-
dues with 80% glutamates or aspartates (Figure 2). A common
feature in both short and long acidic domains is the presence of
hydrophobic residues, mostly F, Y, and V, that are inserted in be-
tween the aspartate/glutamate clusters.

To confirm the function of the acidic tail as a Nem1p-Spo7p-
binding platform in budding yeast, we fused either the entire C-
terminal domain of Pah1p (residues S586-D862; see also Figure 1B,
lipin 2-Pah1pLongC) or only the 26-residue-long acidic stretch (resi-
dues M837-D862, lipin 2-Pah1pShortC) to the C-terminal end of
mouse lipin 2 and asked whether these fusions would now bind to
the Nem1p-Spo7p complex in yeast (Figure 3A). We choose lipin 2
because, in contrast to lipin 1, its full-length PtA fusion is readily
expressed in yeast extracts (Grimsey et al., 2008; our unpublished
observations). Whereas lipin 2-PtA could specifically bind to the
mammalian lipin phosphatase complex CTDNEP1-NEP1R1 when
coexpressed in yeast, we could not detect a stable interaction with
Nem1p-Spo7p (Figure 3, B and C). On the other hand, once fused
to either the long or short acidic tail domains derived from Pah1p,
lipin 2 could bind very efficiently to Nem1p-Spo7p (Figure 3C).
Therefore the acidic stretch of Pah1p functions as an autonomous
unit and can promote stable binding to Nem1p-Spo7p even when
expressed in the context of an evolutionarily distant lipin enzyme.

The acidic tail is necessary and sufficient for Nem1p-Spo7p-
dependent recruitment of Pah1p close to lipid droplets and

is required for droplet biogenesis

To address the role of the acidic stretch of Pah1p on its intracellular
distribution, we examined the localization of Pah1p-green fluores-
cent protein (GFP) or Pah1pA837-GFP in cells carrying Gal-inducible
NEM1-SPO7. In cells grown in medium containing raffinose,

Molecular Biology of the Cell
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FIGURE 3: Pah1p acidic stretch-dependent interaction of mouse lipin
2 with the Nem1p-Spo7p complex. (A) Schematic of the primary
structure of lipin 2, with the position of key motifs/domains shown.
The arrow indicates the position where the Pah1p acidic stretch was
fused. (B) Control untagged lipin 2 or lipin 2-PtA was affinity purified
from pah1A cells expressing CTDNEP1-MyC and NEP1R1. IP and Sup
samples were processed as in Figure 1C. (C) Affinity purification of
PtA-tagged lipin 2, lipin 2-Pah1ShortC, or lipin 2-Pah1LongC. The PtA
fusions were expressed under the control of the PAH1 promoter and
low-copy plasmids, except for lipin 2-Pah1LongC, which was less
stable and expressed from a high-copy (2 p) vector. All fusions were
expressed in pah1A cells carrying GAL-NEM1-Myc and GAL-SPO?7. IP
and Sup samples were processed as in Figure 1C.

Pah1p-GFP showed a diffused cytosolic distribution (data not
shown). After the addition of galactose, Pah1p-GFP localized to dis-
crete punctuate structures that are in contact with the ER membrane,
whereas Pah1pA837-GFP maintained a diffused cytosolic localiza-
tion similar to the one seen under noninducible NEM1-SPO7 condi-
tions (Figure 4, A and B). Because a recent study from the Goodman
group reported that Nem1p localizes in close proximity to lipid
droplets (Adeyo et al., 2011), we asked whether high levels of
Nem1p-Spo7p could target Pah1p-GFP close to lipid droplets visu-
alized by a chromosomally tagged ERGé-Cherry fusion (Jacquier
etal., 2011). Pah1p-GFP overlapped with the Ergép-Cherry-labeled
droplets in 63% of the cells examined (Figure 4, C and E), whereas
the remaining cells with no overlap had no detectable membrane-
bound pool of Pah1p-GFP at all (see, for example, PAHT-GFP in
Figure 4C, middle). Often Pah1p-GFP appeared to be in contact,
but not entirely colocalizing, with Ergép-Cherry (Figure 4D), consis-
tent with recruitment to the ER site of lipid droplet formation,
whereas Pah1pA837-GFP remained cytosolic. To test whether the
acidic tail alone is sufficient for targeting, we fused the 25 C-terminal
residues of Pah1p to GFP and examined its localization in response
to Nem1p-Spo7p levels. After GAL-NEM1/SPO7 overexpression,
the acidic tail-GFP fusion showed similar levels of lipid droplet tar-
geting as Pah1p-GFP (Figure 4, F and G). Thus the acidic tail of
Pah1p is necessary and sufficient for the recruitment of Pah1p by
Nem1p-Spo7p.

Of interest, we noticed that GAL-NEM1/SPO7 cells contained
what appeared to be larger and irregularly distributed lipid
droplets when compared with the vector controls (Figure 4C,
compare top and middle). Lack of Pah1pA837-GFP recruitment

Volume 24 July 1, 2013

coincided with a decrease of the Ergép-Cherry labeling com-
pared with that seen in Pah1p-GFP cells, indicating that the
acidic stretch is required for droplet biogenesis (Figure 4C,
middle and bottom). Droplets in many Pah1pA837-GFP cells
appeared to be still modestly larger when compared with the
vector control (Figure 4C, top and bottom), however, suggesting
that an acidic-stretch independent mechanism contributes also
to lipid droplet biogenesis. Labeling lipid droplets with the lipo-
philic dye BODIPY 493/503 confirmed the results obtained with
Ergép-Cherry (Supplemental Figure S1A). Of importance, drop-
lets in pah1A cells were not affected by GAL-NEM1/SPO7, con-
firming that the observed effects are mediated by Pah1p and not
some other factor that could be dephosphorylated by Nem1p-
Spo7p (Supplemental Figure S1B).

To investigate the role of the acidic tail in lipid droplet biogenesis
and quantify the changes at the ultrastructural level, we examined
PAH1 or PAH1A837 strains after Nem1p-Spo7p overexpression us-
ing a cryosectioning procedure for the morphological examination
of yeast (Griffith et al., 2008). Whereas wild-type cells containing the
vector controls displayed a homogeneous distribution of lipid drop-
lets (Figure 5, A and B), cells expressing full-length Pah1p with
GAL-NEM1/SPO7 showed a striking accumulation of tightly packed
and possibly connected lipid droplets forming clusters (Figure 5, C
and D). The total number of lipid droplets per cell section showed
an almost 100% increase after Nem1p-Spo7p overproduction but
only in the presence of the acidic tail: the Pah1pA837 cells displayed
only a minor increase in lipid droplet number (Figure 5, E and F). Of
interest, the number of isolated lipid droplets does not increase in
GAL-NEM1/SPO7 cells; the difference in total lipid droplet number
is due to the increase of droplet cluster formation, which is again
partly dependent on the acidic tail (Figure 5, G and H). The forma-
tion of these closely associated droplets in clusters explains the in-
creased Ergép-Cherry and BODIPY labeling of GAL-NEM1/SPO7
cells, which cannot be resolved by fluorescence microscopy (Figures
4C and Supplemental Figure S1). Taken together, these data show
that the acidic tail of Pah1p is required for lipid droplet biogenesis
in response to Nem1p-Spo7p and that the partial rescue of the
A837 mutant is likely due to remaining Pah1p activity in droplet
biogenesis.

The acidic stretch mediates the Nem1p-Spo7p-dependent
function of Pah1p in cell growth
We next sought further evidence for the function of the acidic tail
as a Nem1p-Spo7p-binding domain of Pah1p using two genetic
assays. First, overexpression of NEM1-SPO7 causes lethality that
is mediated by Pah1p, as it is rescued in pah 1A cells (Santos-Rosa
et al., 2005). If the acidic stretch of Pah1p is important for bind-
ing to Nem1p-Spo7p in vivo, then its removal should rescue this
lethality. Indeed, in contrast to PAHT, both PAH1A837 and
PAH1D3A restore growth in cells overexpressing NEM1-SPO7
(Figure 6A). Of importance, however, the same tail deletion could
not rescue the lethality caused by the overexpression of a phos-
phorylation-deficient mutant (PAHT 7A) in which seven phospho-
residues were replaced by alanines (O’'Hara et al., 2006; Figure
6B). Thus mutation of the acidic stretch rescues the lethality of
dephosphorylated Pah1p only if the latter is generated by the
Nem1p-Spo7p phosphatase complex. If, on the other hand,
NEM1-SPO7 is bypassed by PAHT 7A, then the acidic tail is no
longer required.

Second, overexpression of PAH1 from either a high- or a low-
copy plasmid suppresses the slow growth of nem1A, which could be
accounted for by a low level of dephosphorylated Pah1p generated

Acidic tail-mediated regulation of Pah1p | 2127
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FIGURE 4: The acidic stretch is necessary and sufficient for the Nem1p-Spo7p—directed recruitment of Pah1p-GFP to
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GFP (right) were transformed with GAL-NEM1 and GAL-SPO?7, transferred from raffinose- to galactose-containing
medium, grown for 6 h, and imaged by epifluorescence microscopy. Bar, 5 pm. (B) pah1A cells expressing PAH1-GFP
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grown in galactose-containing medium for 6 h as in A. Arrows point to typical ER-associated Pah1p-GFP labeling. Bar,

5 um. (C) pah1A cells with chromosomally integrated ERG6-Cherry expressing PAH1-GFP (top and middle) or
PAH1A837-GFP (bottom) were transformed with either empty vectors (top) or GAL-NEM1 and GAL-SPO7 (middle and
bottom). Cells were grown in galactose for 6 h as in A. (D) Representative PAH1-GFP cell overexpressing GAL-NEM1
and GAL-SPO7 from C. (E) The percentage of cells in which Pah1p-GFP or Pah1pA837-GFP overlaps with more than half
of Ergép-Cherry puncta per cell is given. Values represent the mean + SD of three independent experiments. At least
300 cells per experiment and strain were scored. (F) Nem1p-Spo7p-dependent targeting of the Pah1p acidic stretch to
lipid droplets. The acidic tail fusion to GFP (AT-GFP, left) or GFP alone (right) was expressed under the control of the
NOP1 promoter in RS453 cells coexpressing chromosomally integrated ERG6-Cherry. Cells were grown in galactose as
in A (Gal) or glucose (Gluc) and imaged by epifluorescence microscopy. Bar, 5 um. (G) RS453 ERGé6-Cherry cells
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and the percentage of overlap between the GFP fusions and Ergé6p-Cherry was quantified as described in E.

spontaneously or by the action of some other phosphatase  similar to wild-type PAHT, both PAHTA837 and PAHTD3A are able
(Santos-Rosa et al., 2005; Figure 7). If the main function of the acidic  to rescue equally well the growth defect of nem1A at 37°C. Taken
stretch is to mediate the interaction of PahTp with the Nem1p-  together, these data strongly support the notion that the main func-
Spo7p complex, then removing it should not influence the ability of  tion of the acidic tail is to mediate the Nem1p-Spo7p-dependent

PAHT to rescue cells lacking NEM1. Indeed, as shown in Figure 7, activation of Pah1p.
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increases when Nem1p and Spo7p are overexpressed in the presence of full-length Pah1p and is partly dependent on
the acidic tail. Values represent the mean + SEM of measurements from at least three different grids.

The acidic tail is required for the functions of Pah1p

in nuclear membrane biogenesis, INO1 gene expression,
and neutral lipid metabolism

We next reasoned that if the Pah1p acidic stretch is important for its
binding to the Nem1p-Spo7p complex, then acidic stretch mutants
should display defects due to the lack of Pah1p dephosphorylation
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and membrane recruitment, such as those described in the nem1A
or spo7A cells. To test this, we integrated the A837 or D3A mutation
into the endogenous PAHT chromosomal locus. Because nem1A
cells display nuclear/ER membrane expansion (Siniossoglou et al.,
1998), we first examined nuclear morphology. In contrast to the
round nuclei of wild-type cells, both PAH1A837 and PAHTD3A

Acidic tail-mediated regulation of Pah1p | 2129



pahiA +
vectors PAH1
PAH1
GAL-NEM1

GAL-SPO7 | PAH1A837

PAH1D3A

Glucose Galactose

RS453 + [——
vector ' . a l
GAL-PAH1 “ ‘ *
GAL-PAH1-7A ‘ ‘ &

GAL-PAH1-A837-7A 7W.77‘ e

Glucose

Galactose

FIGURE 6: Mutation of the Pah1p acidic stretch rescues the
NEM1-SPO7-dependent but not the PAH1 7A -dependent lethality.
(A) Serial dilutions of pah1A cells carrying YCpLac33-URA3-GAL-
NEM1 and pRS313-HIS3-GAL-SPO7 or the corresponding empty
vectors, and the indicated YCplac111-LEU2-based PAH1 constructs,
were spotted onto synthetic plates supplemented with either glucose
(left) or galactose (right) and grown for 1.5 or 3 d, respectively, at
30°C. (B) Serial dilutions of RS453 wild-type cells expressing the
indicated YEplac181-LEU2-GAL-inducible constructs were spotted
onto synthetic plates lacking inositol and supplemented with either
glucose (left) or galactose (right). Plates were grown for 1.5 or 3 d,
respectively, at 30°C.

integrants displayed irregularly shaped nuclei (Figure 8A), although
these were less severe when compared with the pahTA cells
(Santos-Rosa et al., 2005; data not shown). A PAH1A837 mutant ex-
pressed by a centromeric plasmid in a pah 1A strain displayed a simi-
lar phenotype, which was rescued when combined with the 7A mu-
tations (Figure 8B). Therefore, and consistentwith GAL-PAH1A837-7A
lethality (Figure 6B), deletion of the acidic tail does not affect the
function of Pah1p once the latter is dephosphorylated.

Because lack of Pah1p dephosphorylation leads to derepression
of the INO1 gene expression (Santos-Rosa et al., 2005), we asked
whether the acidic stretch mutants could display a similar defect.
Indeed, INOT mRNA levels increase in both PAHTA837 and
PAHTD3A cells twofold and fivefold, respectively (Figure 8C). We
next tested the functional significance of the acidic tail in lipid pro-
duction. Lack of PAH1 decreases both DAG levels, blocks TAG pro-
duction, and increases total phospholipid levels (Han et al., 2006;
Figure 8D). Chromosomal integration of a PAH1 allele lacking the
15 carboxy-terminal residues of the acidic tail also led to significant
decrease of both DAG and TAG levels. The tail mutant also dis-
played an increase in total phospholipids (Figure 8D), consistent
with the derepression of INO1 transcription and membrane biogen-
esis defects. Taken together, these data show that the acidic tail of
Pah1p is required for the functions of Pah1p in lipid and membrane
biogenesis.

DISCUSSION
In this study we showed that a prime role for the acidic C-terminal
tail of Pah1p is to mediate its activation through its physical interac-
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FIGURE 7: The acidic stretch is not required for the suppression of
the nem1A growth defect by PAH1. Serial dilutions of nem1A cells
transformed with an empty YEplac181 vector or the same vector

containing PAH1, PAH1A837, and PAH1D3A, and pUN100-NEM1,
were spotted onto synthetic plates and grown for 2 d at 30 or 37°C.

tion with the transmembrane phosphatase Nem1p-Spo7p. Several
lines of evidence support the conclusion that the Pah1p tail is re-
quired for this function in vivo. First, the tail is necessary and suffi-
cient for the Nem1p-Spo7p—driven membrane targeting of Pah1p.
Second, mutation of the tail disrupts the binding of Pahlp to
Nem1p-Spo7p. This binding may be direct or indirect, mediated by
a third, as-yet-unidentified partner. Third, the same tail mutations
rescue the lethality caused by the overexpression of Nem1p-Spo7p.
Fourth, the tail mutations phenocopy nem1A and spo7A mutants.
We also showed that the acidic tail is dispensable once Pah1p is
dephosphorylated, as shown by the function of PAHTA837-7A.
Therefore we propose that the acidic stretch functions at an initial
step during which Pah1p interacts with Nem1p-Spo7p. Once de-
phosphorylated by the latter, Pah1p can associate with membranes
independently of the Nem1p-Spo7p complex via an N-terminal am-
phipathic helix (Karanasios et al., 2010), and therefore the tail is no
longer needed for the function of Pah1p. These data are consistent
with a model in which the C-terminal acidic tail and the N-terminal
amphipathic helix cooperate sequentially during the membrane
binding of Pah1p.

We also demonstrate here that overexpression of Nem1p-Spo7p
induces lipid droplet biogenesis, manifested as an increase in drop-
let numbers, in a pathway that is mediated by Pah1p. Because
Pah1p regulates triglyceride and phospholipid synthesis, both of
which affect droplet biogenesis, multiple, non-mutually exclusive
pathways could be responsible for this phenotype. Constitutive
membrane anchoring of Pah1p by Nem1p-Spo7p would increase
production of DAG and thus drive TAG synthesis, which may be suf-
ficient to increase lipid droplet numbers (Yang et al., 2012). Alterna-
tively, given that DAG generated by Pah1p has been proposed to
be also important for the initial steps of lipid droplet formation at
the ER membrane (Adeyo et al., 2011), Nem1p-Spo7p-anchored
Pah1p could act as a platform for derepressed lipid droplet biogen-
esis. The formation of tightly associated droplets in clusters could
be due to altered phospholipid composition either on lipid droplet
monolayers (Fei et al., 2011) or on ER membranes, affecting droplet
formation and dynamics (Jacquier et al., 2011). In this regard, it will
be interesting to examine the effects of Nem1p-Spo7p overexepres-
sion in other lipid droplet assembly mutants. In either case, disrupt-
ing the interaction between Pah1p and Nem1p-Spo7p by mutating
the acidic tail of Pah1p inhibits the recruitment of Pah1p-GFP and
consequently decreases lipid droplet numbers. Because removal of
the tail does not completely abrogate the effect of Nem1p-Spo7p
on droplets, it is likely that Pah1pA837 retains some affinity for
Nem1p-Spo7p through a second binding site. Interaction with
Nem1p-Spo7p under these conditions may not be readily detectable
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FIGURE 8: The Pah1p acidic stretch is required for nuclear structure,
INOT1 gene expression, and neutral lipid synthesis. (A) Cells with the
PAH1-KanMX4, PAH1A837-KanMX4, or PAH1D3A-KanMX4 alleles
integrated into the PAH1 locus were transformed with the nuclear
envelope reporter HEH2-GFP and examined by fluorescence
microscopy. The percentage of cells displaying irregular nuclear
morphology (excluding mitotic cells) is given. Values represent the
mean * SD of three experiments for each strain, with >100 cells
counted for each. Bar, 5 ym. (B) pah1A cells expressing the indicated
PAH1 mutants from a YCplac111 vector were transformed with
HEH2-GFP and examined by fluorescence microscopy. Bar, 5 pm.

(C) The mRNA levels of INO1T were analyzed in the indicated strains
grown in yeast extract/peptone/dextrose medium by quantitative
real-time PCR. Amplification of each sample was performed in
duplicate and normalized to RTG2. Values and + SDs were calculated
from three experiments. (D) Neutral lipid composition of the indicated
strains in the stationary phase of growth. Cells were grown to
stationary phase in the presence of [2-*Clacetate, and lipids were
extracted, separated, and quantified by one-dimensional TLC as
described in Materials and Methods. Each data point represents the
mean * SD of three experiments. DAG, diacylglycerol; Erg, ergosterol;
ErgE, ergosterol ester; FA, fatty acid; PL, phospholipid; TAG,
triacylglycerol.

by fluorescence microscopy with a Pah1pA837-GFP fusion, as is the
case of wild-type cells and non-NEM1/SPO7 induction conditions.
Nevertheless, that the A837 mutation alone can suppress GAL-
NEM1/SPO7 lethality and significantly decrease lipid droplet cluster
formation strongly supports an important functional role for the
Pah1p acidic tail in Nem1p-Spo7p-dependent activation in vivo.
Of interest, in addition to the effects on lipid droplet biogenesis,
cells overproducing Nem1p-Spo7p also arrest with an undivided
nucleus and a short spindle at the bud neck (Santos-Rosa et al.,
2005). It is tempting to speculate that these two events may be
linked. Dephosphorylation of PA by Pah1p determines whether the
glycerol backbones and fatty acids will be channeled toward TAG
for storage or phospholipids for membrane biogenesis and growth
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through the CDP-DAG pathway. It is conceivable that driving the
lipid biosynthetic precursors toward storage by anchoring Pah1p
onto the membrane may restrict the amount of lipids available for
nuclear membrane expansion during anaphase or activate a check-
point that monitors availability of lipids for membrane biogenesis
and growth. According to an alternative possibility, cell cycle arrest
by membrane-bound Pah1p causes triglyceride and lipid droplets
to gradually accumulate over membrane phospholipid growth that
would normally be needed for cell division.

Ectopic expression of the mammalian Nem1p-Spo7p ortho-
logue complex CTDNEP1-NEP1R1 leads to an increase of the
nuclear fraction of lipin 1b (Han et al., 2012). We did not detect
any significant change in its soluble intranuclear pool after GAL-
NEM1/SPO7 overexpression, suggesting that Pah1p-GFP is sta-
bly bound to membrane-anchored Nem1p-Spo7p. Because of
the very low levels of PAH1-GFP expression (our experiments
were performed with the endogenous PAH1 promoter and cen-
tromeric plasmid), however, we cannot exclude more subtle
changes in the distribution of Pah1p-GFP. More detailed studies
will be required to address this possibility.

Highly acidic sequences of variable length are always found at
the C-terminal tails of all other yeast lipin orthologues, and our re-
sults suggest that they may also be required for interaction to their
respective Nem1p-like phosphatases. Mammalian lipins differ from
their yeast counterparts in that they lack the long C-terminal tails
attached next to their C-LIP domains (Figure 1B). Of interest, the
C-terminus of mouse lipin 2 ends with the peptide DLDLDDLA,
which is reminiscent of the longer acidic repeats, interrupted by hy-
drophobic residues, seen in yeasts. On the other hand, lipin 1 lacks
acidic residues in its C-terminal end and is still a well-known target
of CTDNEP1-NEP1R1 (Kim et al., 2007; Han et al., 2012), suggest-
ing the presence of different and/or multiple modes of interaction
with the mammalian phosphatase.

Stretches of 15-25 contiguous acidic residues are not that un-
common in the yeast proteome (Kleiger et al., 2009a). Such nega-
tively charged sequences can promote very special types of interac-
tions with ligands through ionic bonds. One important property of
electrostatically driven bonding is the very fast on-rate for binding,
like those described for the assembly of the Cdc34p-SCF complex,
which catalyzes the transfer of polyubiquitin chains on substrates
and depends on the highly acidic tail of Cdc34p (Kleiger et al.,
2009b). A similar dynamic interaction may allow fast cycles of Pah1p
recruitment to the Nem1p-Spo7p complex and could be important
for the dynamics of PA dephosphorylation in vivo and the processiv-
ity of the enzyme. Future work will address these possibilities.

MATERIALS AND METHODS

Yeast strains, media, and growth conditions

Yeast strains used in this study are listed in Table 1. PAHT mutants
expressed from centromeric plasmids were first transformed in a
pah1A strain carrying a pURA-PAHT plasmid (S51746), followed by
growth on 5-fluoroorotic acid (5-FOA)-containing media to select
for loss of the pURA-PAH1 plasmid. Yeast cells were grown in syn-
thetic medium (SC) containing 2% glucose, lacking the appropriate
amino acids for plasmid selection. For the Nem1p-Spo7p-Pah1p in-
teraction experiments, pahTA cells expressing the appropriate
PAH1-PtA fusion and carrying the GAL-NEM1-Myc and GAL-SPO7
plasmids were grown in SC medium containing 2% raffinose, pel-
leted, resuspended into SC medium containing 2% galactose to a
final ODggg of 0.1, and grown for further 8 h. For growth assays on
plates, yeast cells were grown in the corresponding SC liquid me-
dium to early logarithmic phase. Ten microliters of serial 10-fold
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Reference/
Strain Genotype source
RS453 MATo. ade2-1 his3-11,15 ura3-52  Wimmer et al.
leu2-3112 trp1-1 (1992)
SS1746  RSA453 pah1:TRPT + YCplac33- This study
URA3-PAH1
§S2017  RS453 pah1::TRP1 ERG6- This study
Cherry:KANMX4 + YCplac33-
URA3-PAH1
SS1423  RS453 pah1::TRP1 Cherry- This study
PUS1::URA3
SS1328  RS453 PAH1::KANMX4 This study
SS1829  RS453 PAHT A837:KANMX4 This study
SS1363  RS453 PAHT D3A::KANMX4 This study

Thomas and
Rothstein (1989)

This study

W303-1A MATa ade2-1 can1-100 his3-11,15
leu2-3112 trp1-1 ura3-1

GHY67  W303-1A PAH1 A847

TABLE 1: Yeast strains used in this study.

dilutions was spotted onto the appropriate SC plates and incubated
at 30°C for 2-4 d. To assay growth of yeast cells in media lacking
inositol, synthetic medium was prepared using yeast nitrogen base
lacking inositol (Bio101). To integrate the PAH1A837 and PAH1D3A
into the endogenous chromosomal locus of PAHT, the PAHI-
KanMX4 cassettes, carrying 0.7 kb upstream of the ATG codon and
0.3 kb downstream of KanMX4, were excised as Xbal fragments and
transformed in wild-type RS453 cells. Integrants were selected by
resistance to G418. To construct control strains, the wild-type PAHT-
KanMX4 cassette was also integrated in parallel. To integrate the
pah1::URA3, the cassette was released by Xbal/Hindlll digest from
pGH338 and transformed in wild-type W303-1A cells, and transfor-
mants showing uracil prototrophy were selected. To integrate
PAHTA847, the cassette was released by Xbal/Sphl digest from
pGH315-CD15 and transformed in the pah1::URA3 strain, and
transformants showing resistance to 5-FOA were selected. In all
cases, correct integrants were verified by sequencing of genomic
DNA.

Plasmid constructs

Plasmids used in this study are listed in Supplemental Table S1.
PAH1 carboxy-terminal truncation mutants were constructed by in-
troducing a BamHI or Xhol site by PCR just after the codon corre-
sponding to the last amino acid of the respective mutant, followed
by the stop codon and PAHT terminator. Internal truncation mutants
were constructed by introducing a BamHl site at the site of the dele-
tion. Point mutations at the carboxy-terminal acidic stretch of Pah1p
were introduced by PCR-mediated mutagenesis. For tagging of
PAH1 mutants, two IgG-binding domains of protein A or the S65T/
V163A variant of GFP were introduced in-frame before the stop
codon. All PAH1T mutants were expressed under the control of the
PAH1T promoter and centromeric vectors. To introduce PAHTA837
and PAH1D3A into the endogenous chromosomal locus of PAHT,
the mutant alleles were first cloned into a pBluescript vector and the
KanMX4 gene was introduced 170 nucleotides downstream of the
PAH1 stop codon and integrated as described later. Plasmids
pGH338 and pGH315-CD15 carrying the pah1::URA3 and
PAHTA847 cassettes, respectively, were used to integrate them as
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described later. Mouse lipin 2, human CTDNEP1, and yeast NEM1
were all tagged by introducing a BamH| site before the stop codon
and inserting in-frame the protein A, GFP. or 3xMyc tags. Lipin 2-PtA
fusion was expressed under the control of the PAH1 promoter, CTD-
NEP1 and NEP1R1 under the control of the NOP1 promoter, and
NEM1 and SPO7 under the control of the inducible GAL1/10 pro-
moter. The fusions of the Pah1p carboxy-terminal domain to lipin 2
were constructed by introducing an Xbal site before the stop codon
of lipin 2 and inserting the Pah1p sequences corresponding to
Pah1p S586-D862 or M837-D862 as Xbal fragments followed by
the protein A tag. The fusion of the Pah1p acidic tail to GFP was
constructed by introducing a Notl site after the start codon and in-
serting the Pah1p sequences corresponding to Pah1p D838-D862
followed by GFP. All constructs were verified by DNA sequencing.

Affinity purification of Pah1p-PtA and Lipin 2-PtA

Cells were grown in galactose to induce GAL-NEM1 and GAL-SPO?7,
as described, washed once with water, and incubated for 10 min in
100 mM Tris-HCI, pH 9.4, and 10 mM dithiothreitol at room tem-
perature. Cells were then spheroplasted with Zymolyase 20T
(5 mg/g of cells) for 15 min at room temperature in spheroplasting
buffer (1.2 M sorbitol, 20 mM Ky;HPO4/KH,POy, pH 7.4). Cells were
washed once with spheroplasting buffer, and the cell pellet was fro-
zen in liquid nitrogen. Affinity purification of the PtA fusions with
IgG-Sepharose was done as described (Siniossoglou et al., 2000).
PtA fusions were eluted with acetic acid, pH 3.4, freeze-dried, and
resuspended in SDS-sample buffer. Protein identification by mass
spectrometry of tryptic fragments was performed as previously de-
scribed (O'Hara et al., 2006). To assay binding to CTDNEP1-NEP1R1,
pull-downs were performed identically, with the exception that cells
were grown in glucose. The anti—protein A antibody was from Dako
(Z0113; Carpinteria, CA) and the anti-cMyc-peroxidase antibody
from Roche (11814150001; Indianapolis, IN). Blot signals were
developed using enhanced chemiluminescence (GE Healthcare,
Piscataway, NJ).

RNA extractions and quantitative PCR

Total RNA was isolated from yeast cells using the hot phenol method
as described previously (O'Hara et al., 2006). RNA was subsequently
purified using the RNeasy Mini Kit (Qiagen, Valencia, CA) following
the manufacturer’s instructions. Quantitative real-time PCR was per-
formed on total RNA using an ABI 7900HT system and a SYBR
Green Mastermix (Applied Biosystems, Foster City, CA) as described
previously (O'Hara et al., 2006).

Labeling and analysis of lipids

Steady-state labeling of neutral lipids with [2-"*Clacetate was per-
formed as described previously (Han et al., 2006). Neutral lipids
were separated by one-dimensional TLC on silica gel plates using a
solvent system of hexane/diethyl ether/glacial acetic acid (40:10:1,
vol/vol/vol). The identity of the labeled lipids on TLC plates was
confirmed by comparison with standards after exposure to iodine
vapor. Radiolabeled lipids were visualized by phosphorimaging and
subjected to ImageQuant analysis.

Microscopy

Cells grown at 30°C in synthetic medium according to the selec-
tion marker of the plasmids were pelleted when reached mid-log
phase, resuspended in the same medium, and immediately im-
aged live at room temperature. For GAL-NEM1 and GAL-SPO7
inductions, cells were grown in galactose as described. Images
were acquired with an epifluorescence microscope (Axioplan;
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Carl Zeiss, Jena, Germany) using a 100x Plan-Apochromatic 1.4
numerical aperture objective lens (Carl Zeiss) connected to an
Orca R2 charge-coupled device camera and controlled by Simple
PClé software (Hamamatsu, Hamamatsu, Japan). The brightness
and contrast of the resulting images were adjusted using Photo-
shop (Adobe, San Jose, CA). For lipid droplet labeling, cells were
stained for 10 min with 1.25 pg/ml of BODIPY 493/503 (D-3922;
Invitrogen, Carlsbad, CA) at room temperature, mounted on glass
slides, covered with cover glasses, and sealed with nail polish and
imaged with a Zeiss LSM710 confocal microscope.

Electron microscopy

For galactose inductions, cells were grown in galactose-containing
medium for 5 h, as described. Cells were then collected by centrifu-
gation, chemically fixed, embedded in 12% gelatin, and cryosec-
tioned as described previously (Griffith et al., 2008). For better
preservation of lipid droplets, cryosections were picked up with
0.47% uranyl acetate (Jacquier et al., 2011) before being immedi-
ately stained and viewed in a JEOL1010 electron microscope
(JEOL, Tokyo, Japan). For statistical analyses, the numbers of struc-
tures, for example, lipid droplets or clusters of lipid droplets, per
cell section were determined by counting 200 randomly selected
profiles. The clusters of lipid droplets were defined as a concentra-
tion of more than three lipid droplets in close proximity, and each
cluster was counted as one individual structure when determining
the average number of clusters of lipid droplets per cell section.
SDs were used to perform a t test, confirming the significance of
the data (p < 0.05).
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