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ER-localized phosphatidylethanolamine synthase

plays a conserved role in lipid droplet formation

Mehmet Oguz Gok, Natalie Ortiz Speer, W. Mike Henne, and Jonathan R. Friedman*
Department of Cell Biology, University of Texas Southwestern Medical Center, Dallas, TX 75390

ABSTRACT The asymmetric distribution of phospholipids in membranes is a fundamental
principle of cellular compartmentalization and organization. Phosphatidylethanolamine (PE),
a nonbilayer phospholipid that contributes to organelle shape and function, is synthesized at
several subcellular localizations via semiredundant pathways. Previously, we demonstrated in
budding yeast that the PE synthase Psd1, which primarily operates on the mitochondrial in-
ner membrane, is additionally targeted to the ER. While ER-localized Psd1 is required to sup-
port cellular growth in the absence of redundant pathways, its physiological function is un-
clear. We now demonstrate that ER-localized Psd1 sublocalizes on the ER to lipid droplet (LD)
attachment sites and show it is specifically required for normal LD formation. We also find
that the role of phosphatidylserine decarboxylase (PSD) enzymes in LD formation is con-
served in other organisms. Thus we have identified PSD enzymes as novel regulators of LDs
and demonstrate that both mitochondria and LDs in yeast are organized and shaped by the
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spatial positioning of a single PE synthesis enzyme.

INTRODUCTION
Cellular organelles are defined by the composition of their mem-
brane bilayers, which are composed largely of phospholipids with
distinct polar head groups. The biochemical properties of these in-
dividual phospholipids give rise to membrane shape, influence pro-
tein behavior and complex formation, act as signaling molecules,
and contribute to giving organelles their distinct identity and func-
tion. Thus, the biosynthesis and spatial organization of these mem-
brane components plays a pivotal role in cellular function.
Phosphatidylethanolamine (PE) is a major phospholipid in cells
and has a distinctive shape that contributes to negative membrane
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curvature (Vance, 2018). PE also serves as a substrate in the biosyn-
thesis of phosphatidylcholine (PC), the most abundant phospho-
lipid in cells. PE is synthesized in multiple cellular locales and via
multiple pathways. A common source of PE production is the ER-
localized Kennedy pathway, which can be fueled by exogenous
ethanolamine or by the breakdown of phospho-sphingosine.
Additionally, phosphatidyl decarboxylase (PSD) enzymes utilize
phosphatidylserine as a substrate in the production of PE (Di
Bartolomeo et al., 2017).

The budding yeast Saccharomyces cerevisiae (hereafter yeast)
expresses two PSD enzymes, Psd1 and Psd2. Psd2, characterized by
its conserved C2 domain, localizes to the endolysosomal system
(Trotter and Voelker, 1995; Kitamura et al., 2002; Gulshan et al.,
2010). Psd1, meanwhile, is primarily localized to the inner mitochon-
drial membrane (IMM), where it is required for mitochondrial mor-
phology and respiratory function (Kuroda et al., 2011; Chan and
McQuibban, 2012; Joshi et al., 2012). Previously we established that
Psd1 can also localize to the ER bilayer, and cells without ER-local-
ized Psd1 have cellular growth defects in the absence of redundant
pathways (Friedman et al., 2018). Despite this, the ER-localized Psd1
pool is less abundant than mitochondrial Psd1 and is difficult to de-
tect, particularly in nutrient-rich or respiratory-demanding growth
conditions (Friedman et al., 2018; Sam et al., 2021). This begs
the question of whether the ER-localized enzyme plays a specific
cellular function or if the redundant maintenance of cellular growth
is an example of selective pressure to maintain survival in an unusual
circumstance.
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PSD enzymes are highly conserved from bacteria to humans,
though the number of distinct proteins and their subcellular localiza-
tion are variable depending on the organism. For example, Psd2 is
found in other fungi such as fission yeast, but is absent in higher
organisms (Luo et al., 2009). Humans have a PSD encoded by the
PISD gene, which is critical for mitochondrial morphology and func-
tion (Steenbergen et al., 2005; Tasseva et al., 2013). Recently, how-
ever, human PISD was demonstrated to express an alternate isoform
(isoform 2) that encodes for an enzyme with a distinct N-terminus
(Kumar et al., 2021). When GFP-tagged and overexpressed, this iso-
form exhibited localization not only to mitochondria but also to an
ER-derived organelle, the lipid droplet (LD). While this work demon-
strated that depletion of both isoforms of PISD leads to a defect in
the incorporation of oleic acid (OA) into triacylglycerol (TAG), it is
unclear whether this is indirectly due to defects in cellular metabo-
lism caused by reduction in mitochondrial function or to a potential
specific role of PISD at LDs. Thus, while PISD can target to LDs, it
remains unknown whether it plays a physiological role there.

The observation of PISD localization to an ER-associated organ-
elle raised the question of whether ER-localized Psd1 in yeast con-
tributes to LD morphology or function. We therefore examined Psd1
localization in yeast under conditions that promote LD formation
utilizing improved fluorescent markers. Here, we show that Psd1 can
target on the ER membrane to a subset of LDs, particularly under
conditions that promote LD biogenesis. Further, we demonstrate
that loss of ER-localized Psd1 causes defects in LD formation and
morphology. Finally, utilizing the fission yeast Schizosaccharomyces
pombe (Sp), we show that ER and LD targeting of PSDs is conserved
under physiological conditions and that PSD enzymes play a con-
served role in contributing to normal LD formation.

RESULTS
Psd1 sublocalizes on the ER to a subset of LDs in budding
yeast
Previously, we performed confocal fluorescence microscopy of yeast
cells expressing EGFP-tagged Psd1 and observed dual localization
to the ER and mitochondria (Friedman et al., 2018). To improve our
visualization of ER-localized Psd1, we generated a yeast strain with
Psd1 chromosomally tagged with the brighter and more photosta-
ble mNeonGreen (mNG). Tagging with mNG did not interfere with
Psd1 mitochondrial function, as assessed by growth on carbon
sources that require respiration (Figure 1; Supplemental Figure
S1A), or global cellular function, as assessed by the ability to sup-
port growth of cells in the absence of other PE-producing pathways
(Figure 1; Supplemental Figure S1B). We imaged cells coexpressing
Psd1-mNG, the ER marker mCherry-HDEL, and mitochondrial ma-
trix-targeted mito-TagBFP by confocal fluorescence microscopy and
detected ER-localized Psd1 when images were contrast-enhanced
to overcome the predominant mitochondrial-localized signal (Figure
1A). Strikingly, with this improved tag, we routinely detected enrich-
ment of ER-localized Psd1 at discrete focal structures (Figure 1A,
arrows). While the relatively low ER signal and the prevalence of
mitochondrial Psd1-mNG signal made a quantitative assessment of
bona fide focal structures impossible, a majority of cells displayed
localized concentration of Psd1 into foci on the ER membrane.
Recently, work in human cells by Burd and colleagues revealed
that the single human PSD, PISD, has multiple spliced isoforms that
encode for differentially localized proteins (Kumar et al., 2021).
When overexpressed and GFP-tagged, a long isoform of PISD ex-
clusively localized to mitochondria, while a shorter isoform localized
to both mitochondria and LDs. As LDs are formed within the ER bi-
layer (Olzmann and Carvalho, 2019), we reasoned that focal ER-lo-
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calized Psd1-mNG may target to LDs. To test this, we endogenously
tagged the LD marker Ergé with mKate2 in yeast coexpressing
Psd1-mNG and imaged logarithmically growing cells in synthetic
defined (SD) media. Under these conditions, we could identify rare
examples (in 5% of cells) of unambiguous colocalization between
Erg6-mKate and Psd1-mNG (Figure 1, B, arrow, and E). However, we
observed many instances with no detectable or inconclusive local-
ization of Psd1 at LDs. Since Psd1 appeared to target only to some
LDs and additionally generally localized along the ER bilayer, we
reasoned that LD localization of endogenous Psd1 may be transient
or occur primarily at a specific stage of LD biogenesis. We thus im-
aged cells grown in SD media after supplementation for 30 min with
0.2% OA to stimulate LD biogenesis. Strikingly, after treatment,
Psd1-mNG could routinely be detected at or adjacent to Ergé—
mKate-labeled LDs, which we observed in 39% of cells (Figure 1, C,
arrows, and E).

Because yeast LDs normally appear as diffraction-limited foci by
fluorescence microscopy, we sought to alter LD structure in order to
more confidently differentiate whether Psd1 targeted to the LD sur-
face or whether it simply enriched on the ER membrane in close
proximity to them. We therefore examined Psd1-mNG localization
in the absence of the LD morphogens seipin (Seil) and perilipin 1
(PIn1), which lead to the formation of “supersized” LDs (Szymanski
et al., 2007; Fei et al., 2008; Gao et al., 2017; Choudhary et al.,
2020). We treated Aseil Apln1 cells for 2 h with 0.2% OA to pro-
mote the formation of supersized LDs and, under these conditions,
Psd1 localization in proximity to Ergé-labeled LDs was enhanced
and we could unambiguously detect Psd1 at the surface of individ-
ual LDs (observed in 72% of cells; Figure 1, D and E). In supersized
LDs, Psd1 frequently appeared in focal structures at the LD surface
(Figure 1D, arrows). To a lesser degree, Psd1 also appeared to sur-
round larger LDs. Altogether, this indicates that a pool of Psd1 tar-
gets to a subset of LDs, particularly under conditions that promote
LD biogenesis.

PE generated by ER-localized Psd1 is required for normal
LD morphology

We next determined whether ER-localized Psd1 contributes to the
maintenance of normal LD morphology. We utilized a chimeric allele
of Psd1, which replaces the mitochondrial targeting sequence (MTS)
and transmembrane domain (TMD) of Psd1 with that of Micé0, an-
other IMM protein (Friedman et al., 2018). This allele, Psd1,,t,, was
demonstrated previously to have no detectable ER localization
while fully maintaining the mitochondrial functions of Psd1. We la-
beled LDs with the neutral lipid fluorescent dye monodansylpen-
tane (MDH) in logarithmically growing yeast cells grown in SD media
and treated with 0.2% OA for 2 h to promote LD biogenesis. As
expected, in wild-type yeast, LDs appeared as several small punc-
tate structures per cell (Figure 2A). Similarly, in cells with chromo-
somally integrated Psd1 (Apsd1 + Psd1) or Psd1 i1, (ApsdT + Psd-
Tmito) driven by the PSD1 promoter, LDs exhibited normal character,
indicating that cells without ER-localized Psd1 did not have a gross
LD morphology defect at steady state (Figure 2, A and C).

We reasoned that any defect in LD morphology may be difficult
to detect and therefore examined LD morphology in the Aseil
ApInT background. In these cells, the majority of cells contained
LDs with a supersized spherical appearance, which we defined as
>0.5 pm in diameter (Gao et al., 2017) (Figure 2, B and C). A small
fraction of Aseil Apln1 cells failed to form supersized LDs and in-
stead exhibited LDs that appeared in a grapelike cluster pattern
(9% of cells; Figure 2C). Unlike cells with wild-type Psd1, cells with-
out ER-localized Psd1 (ApsdT + Psd1,io) rarely formed supersized
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FIGURE 1: Psd1 sublocalizes on the ER to a subset of LDs in budding yeast. (A) Confocal fluorescence microscopy
images of wild-type cells grown in SD media and coexpressing Psd1- mNG (green), mito-TagBFP (blue), and mCherry-
HDEL (ER; magenta). Single planes are shown of the cell midplane (top) and cortex (middle); maximum intensity
projection is shown at the bottom. Arrows mark sites of ER-sublocalized Psd1-mNG puncta. (B) Confocal fluorescence
microscopy images are shown of a wild-type cell coexpressing Psd1-mNG (green) and Erg6-mKate (magenta) and grown
in SD media. Images on the right are enlarged from the boxed region on the left. An arrow marks the site of Psd1 and
Ergé colocalization. (C) As in B for cells treated for 30 min with 0.2% OA prior to imaging. (D) As in B in Asei1ApInT cells
treated for 2 h with 0.2% OA prior to imaging. Psd1-mNG images are shown with nonlinear contrast enhancement
where indicated to enable visualization of nonmitochondrial signal. (E) A graph of the percentage of cells with examples
of Psd1-mNG colocalization with Ergé-mKate-labeled LDs in the indicated strains and growth conditions from cells as in
B-D. Data shown represent a total of 150 cells per condition quantified from three independent experiments. Scale bars
=4 pm. See also Figure 1 and Supplemental Figure S1.
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FIGURE 2: PE generated by ER-localized Psd1 is required for normal LD morphology. (A) Maximum intensity
projections of deconvolved epifluorescence microscopy images of LDs in cells from the indicated strain backgrounds
grown to exponential phase in SD media, treated for 2 h with 0.2% OA, and stained with the neutral lipid dye MDH.
Apsd1 cells express wild-type Psd1 or Psd1,,:, where indicated, driven by the native promoter and integrated at the
ura3 locus. Cells are outlined with solid white lines. Scale bars = 4 pm. (B) As in A in Asei1Apin1 cells. (C) A graph of the
categorization of LD morphology from cells from A and B. Data shown are the average of three independent
experiments and bars indicate SEM. Asterisks (***p < 0.001) represent unpaired two-tailed t test of supersized LD
morphology. See Methods for detailed description of categorization. (D) Representative electron micrographs from
the indicated strains grown to exponential phase in SD and treated for 2 h with 0.2% OA prior to fixation. Scale bars =

500 nm.

LDs in the AseiT Apln1 background; instead, they manifested pre-
dominantly clustered LDs (50% of cells; Figure 2, B and C). To inves-
tigate the character of LD morphology in greater detail, we per-
formed thin section electron microscopy of cells grown in SD and
treated for 2 h with 0.2% OA. We regularly observed enlarged LDs
in Aseil ApInT cells as compared with wild-type cells (Figure 2D). In
agreement with fluorescence imaging, Aseil Apln1 cells expressing
Psd1mito exhibited grapelike LD clusters (Figure 2D). Together,
these data indicate that loss of ER-localized Psd1 alters the LD mor-
phology defect of Aseil Apln1 cells and impedes the formation of
supersized LDs.

PE produced by Psd1 is specifically required for the
promotion of normal LD morphology

We next wanted to determine if the contribution of ER-localized
Psd1 to LD morphology was specific or mimicked by altering PE
production by other means. In addition to Psd1, yeast cells grown in
SD media are able to produce PE by two additional pathways (Trot-
ter and Voelker, 1995; Birner et al., 2001; Gulshan et al., 2010). Psd2,
while incapable of rescuing the mitochondrial defects caused by
loss of Psd1, is able to support cellular growth in its absence. Addi-
tionally, Dpl1 is able to generate ethanolamine by degrading phos-
phorylated sphingoid bases, which can then fuel the ER-localized
Kennedy pathway to produce PE. We examined LD morphology
using MDH after 2 h OA treatment in Aseil Apln1 cells that har-
bored additional deletions of DPL1, PSD2, or both, and compared
each to the ER-deficient Psd1 i, strain (Figure 3A). As before, Asei1
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Apin1 cells formed predominantly supersized droplets compared
with wild-type cells but formed clusters in this background when
expressing Psd 1, (Figure 3A). In contrast, loss of Dpl1, Psd2, or
both enzymes in a Asei1 Apln1 background had a less severe effect
on the ability of supersized droplets to form (Figure 3A).

Next, we asked whether fueling the Kennedy pathway by sup-
plementing the yeast with exogenous ethanolamine was sufficient
to restore the primarily supersized LD morphology observed in
AseiTApinT cells when treated for 2 h with OA. Consistent with pre-
vious observations (Fei et al., 2011), the addition of exogenous
ethanolamine alone mildly increased the amount of cells with super-
sized LDs in a Asei ApIn1 strain (73% of untreated cells vs. 82% of
cells treated with ethanolamine; Figure 3B). The addition of ethanol-
amine also correlated with the ability of Asei1ApIn1 cells with mito-
chondrial-locked Psd1 to form supersized rather than clustered LDs,
however, not to the same extent as in yeast expressing wild-type
Psd1 (48% of ethanolamine-treated cells without ER-Psd1 formed
supersized LDs; Figure 3B).

Collectively, these observations suggested that lack of an ER
pool of Psd1 contributed to LD morphological defects. To test this,
we next assessed whether ectopic expression of ER-localized Psd1
was sufficient to fully restore the prevalence of supersized LD mor-
phology in a AseilApIn1 strain expressing Psd1 .. We introduced
a plasmid expressing pPsd1gg, a Psd1 chimera previously demon-
strated to target to the ER using the N-terminal TMD of the ER-res-
ident Secé6 (Friedman et al., 2018). Remarkably, ectopic expression
of pPsd1gr qualitatively increased the size and quantitatively
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PE produced by Psd1 is specifically required for the promotion of normal LD morphology. (A) Maximum
intensity projections of deconvolved epifluorescence microscopy images of LDs in cells from the indicated strain
backgrounds grown to exponential phase in SD media, treated for 2 h with 0.2% OA, and stained with MDH. Graph is
the categorization of LD morphology from the indicated strains and is the average of three independent experiments.
Asterisks (***p < 0.001; **p < 0.01) represent unpaired two-tailed t test of supersized LD morphology. (B) As in A for the
indicated strains supplemented with 10 mM ethanolamine (etn) where indicated. Untreated cells served as controls for
multiple experiments and data are redisplayed from Figure 2C. (C) As in A for the indicated strains expressing ectopic
Psd1 targeted to the ER (pPsd1gg). Cells are outlined with solid white lines. Scale bars =4 pm.

increased the prevalence of supersized LDs in Aseil Apln1 cells
(Figure 3C). Likewise, expression of pPsd1gg fully resolved the clus-
tered LD morphology of cells expressing the Psd1, chimera
(Figure 3C). Together these data indicate that Psd1 plays a specific
role in contributing to LD morphology at the ER.

ER-localized Psd1 is required for normal LD formation

Our observations that ER-localized Psd1 concentrated at a subset of
LDs, and that the absence of an ER pool of Psd1 contributed to
noticeable differences in LD morphology under conditions that pro-
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moted supersized LDs, raised the question of whether Psd1 contrib-
utes to LD biogenesis or maturation. In line with this, the presence
of nonbilayer lipids like PE on the LD monolayer surface is thought
to promote LD fusion and the formation of larger LDs (Fei et al.,
2011; Chorlay et al., 2019). To dissect how loss of ER-localized Psd1
impacted LD formation, we modified a system initially developed to
induce TAG synthesis and LD formation. This system utilizes a yeast
strain in which genes encoding all LD-promoting enzymes (AreT,
Are2, and Lro1) were deleted except the TAG synthase Dga1, which
was placed under control of a carbon source-dependent promoter

5

PE synthase plays conserved role at LDs |



A

Alro1 Naret Nare2
DGA1 Oh

L
2

estradiol

Apsd1 + Psd1

Apsd1 +Psdil

Q

T e
I

LDs per cell

0
[=]
3
©
I
A
<
k=
3
°L
©
o
et
)
-
1
@
2
@
o

0

TAG

free fatty acid

ergosterol

oh 4h oh 4h

Apsd1 + Psdi Apsd1 + Psdi

mito

Alro1 Aare1 Aare2
DGA1

estradiol

lr
e

50
40
30
20

10

4h
.
.

Alro1 Nare1 Aare2
DGA1

estradiol

[ Apsd? + Psdi
Ea Apsd? + Psdil

|_| mito

ol L1

Oh 1h 2h 3h 4h

0.3
% NS, Airo1 Aaret Aare2
e 024 estrad!o\D GA1
3
§ i3 [ Apsdi? + Psd1
> ’ B Apsdi+Psdl
S 0.0+
(=2
=

-0.1 . .

Oh 4h

ER-localized Psd1 is required for normal LD formation. (A) Maximum intensity projections of deconvolved
epifluorescence microscopy images of MDH-stained LDs in cells expressing wild-type Psd1 or Psd 1, where Dga1
expression is controlled by treatment with 0.5 nM estradiol in SD media for the indicated times. Cells are outlined with
solid white lines. Scale bars = 4 ym. (B) Graphs of the number of LDs per cell (left) and percentage of cells with eight or
more LDs (right) at the indicated times posttreatment with estradiol from the indicated cells as in A. Data shown
represent a total of 225 cells per strain per time point quantified from three independent experiments. Solid lines (left)
indicate median and dotted lines indicate upper and lower quartiles. (C) Thin layer chromatography analysis of the
indicated cells grown as in A and treated for the indicated times with 0.5 nM estradiol. Graph (right) displays the
amount of TAG/cell weight averaged from three independent experiments. Asterisks (***p < 0.001) represent unpaired
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Figure S1.

(Cartwright et al., 2015). We deleted the PSD1 gene from this strain
and reintroduced chromosomally integrated Psd1 or Psd1,yto, which
were verified to express at equivalent levels to wild-type cells and
rescue the glycerol growth defects of the Apsdi-deficient strain
(Figure 4 and Supplemental Figure S1). Given our previous findings
that the degree of Psd1 localization to the ER is altered in different
carbon sources (Friedman et al., 2018), we engineered the strain to
drive expression of Dgal in the presence of estradiol. Finally, we
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identified conditions (0.5 nM estradiol) that promoted the formation
of nascent LDs in cells grown in SD media on a timescale similar to
that observed previously (Gao et al., 2017).

We then asked how loss of ER-localized Psd1 impacted nascent
LD formation. As expected, yeast grown in SD media exhibited only
very rare LDs by MDH staining (Figure 4A). On treatment with estra-
diol, LD formation was rapidly induced, with about half of cells hav-
ing at least one LD after 1 h regardless of the presence of wild-type

Molecular Biology of the Cell



Psd1 or Psd1 locked in mitochondria (Psd1,ito). However, after 2 h
of treatment, Psd1,i, yeast had substantially higher numbers of
LDs as assessed by quantifying the number of LDs per cell or by
examining the percentage of cells with eight or more LDs (Figure
4B). Indeed, while cells with wild-type Psd1 only occasionally formed
eight or more LDs (14% at 4 h), nearly half of cells (47% at 4 h) with
mitochondrial-locked Psd1 formed eight or more LDs (Figure 4, A
and B). Thus, in cells lacking ER-localized Psd1, LD formation was
perturbed, giving rise to excessive small LDs.

To understand the cause of the LD formation defect in cells de-
pleted of ER-localized Psd1, we considered the possibility that the
Dgal enzyme activity may be altered in each strain background. We
therefore measured TAG levels in cells with wild-type Psd1 and cells
with mitochondrial-locked Psd1 by thin layer chromatography. TAG
levels were negligible in both strains in untreated cells grown in SD
media (Figure 4C). Importantly, we observed no significant differ-
ence in TAG between the strains under conditions where Dga1 ex-
pression was induced with estradiol for 4 h (Figure 4C). These data
suggest that TAG formation is unaltered in the absence of ER-local-
ized Psd1, and that the increased number of LDs formed on induced
expression of Dga is likely due to differences in the coalescence of
TAG into nascent LDs.

LD localization of PSD is conserved between budding and
fission yeasts

So far, we have determined that in budding yeast, Psd1 is localized
to both the mitochondria and the ER, where it can concentrate near
a subset of LDs, particularly under conditions that promote LD bio-
genesis (Figure 1). We also have demonstrated that ER-localized
Psd1 contributes to normal LD formation (Figures 2-4). When con-
sidering whether this was true of Psd1 orthologs in other organisms,
we noted that our previous work identified a glycosylation site on
the N-terminus of native Psd1, indicating the ER-localized form of
the enzyme must contain a TMD and be integral to the ER mem-
brane (Friedman et al., 2018). In contrast, human PISD is alterna-
tively spliced to produce two isoforms: the canonical long isoform
(isoform 1) localizes to the IMM and a shorter isoform (isoform 2)
exhibits dual localization (when tagged and overexpressed) at mito-
chondria and LDs (Kumar et al., 2021). Importantly, the LD-localized
isoform in human cells does not contain a predicted TMD and likely
targets to LDs via an amphipathic a-helix (Kumar et al., 2021). Ad-
ditionally, while PISD-depleted cells exhibit a defect in incorporation
of radiolabeled OA into TAG, it is unclear whether the LD-targeted
form of PISD plays a direct role in LD biogenesis as, to date, no
experiments have selectively depleted the LD form of the enzyme
(Kumar et al., 2021). Thus, while yeast Psd1 and human PISD likely
target to LDs via distinct mechanisms, whether PSD plays a con-
served role in contributing to LD formation is an open question.

To investigate whether additional Psd1 orthologs localize to LDs,
we evaluated the presence of PSD in other model systems. Remark-
ably, the fission yeast Sp has three distinct PSD enzymes. As in bud-
ding yeast, Sp cells require a source of PE production for cell growth,
and loss of all three PSD enzymes is lethal unless cells are supplied
with exogenous ethanolamine; however, each enzyme alone is also
sufficient to support life (Luo et al., 2009). Psd1 is conserved in Sp
and also named Psd1 (hereafter SpPsd1 for clarity) and contains a
computationally predicted MTS and TMD akin to isoform 1 of hu-
man PISD (Figure 5A). Additionally, Psd2, which can be identified by
its C2 domain, is not conserved in humans but is found in Sp and
named SpPsd3. Finally, Sp has an additional PSD enzyme, SpPsd2,
which despite its name is distinct from S. cerevisiae Psd2. SpPsd2
has no predicted TMD and the presence of an MTS is ambiguous
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(Fukasawa et al., 2015). Interestingly, in genomewide analysis of
overexpressed GFP-tagged Sp open reading frames, SpPsd2 was
annotated to target to both mitochondria and the nuclear envelope
(Matsuyama et al., 2006). This raised the question of whether
SpPsd2 may exhibit similar behaviors to the ER-targeted Psd1 of S.
cerevisiae and isoform 2 of human PISD.

We examined localization of SpPsd1 and SpPsd2 by chromo-
somally tagging mNG at the C-terminus of both genes in Sp. Con-
sistent with predicted targeting to the IMM, SpPsd1-mNG localized
to mitochondria, which we verified by coexpressing mito-mCherry
and imaging cells grown in the synthetic glucose medium EMM
(Figure 5B). In contrast to Psd1 from S. cerevisiae, we did not detect
obvious ER targeting of SpPsd1. We next examined the localization
of SpPsd2-mNG. Remarkably, SpPsd2 appeared to localize to mul-
tiple distinct subcellular compartments. In confocal sections taken
through the cell midplane, we observed targeting to the nuclear
envelope and the peripheral ER, which we verified by coexpressing
the lumenal ER marker mCherry-AHDL (Figure 5C). In other sections
of the cells, we noticed apparent mitochondrial targeting of SpPsd2,
which we verified by coexpression of mito-mCherry (Figure 5, C and
D). However, we frequently observed a pool of SpPsd2 that ap-
peared in focal structures adjacent to the ER membrane, even with-
out supplementation with OA (Figure 5C). To determine if these foci
were colocalized with LD markers, we chromosomally tagged the
C-terminus of the Sp Ergé ortholog with mKate (Meyers et al., 2017).
Indeed, Ergé-labeled LDs frequently colocalized with focal SpPsd2,
indicating that LD targeting of PSD enzymes is conserved in three
distinct model organisms (Figure 5E).

Loss of spPsd2 impacts LD morphology in fission yeast

We next dissected the functional roles of the different PSD enzymes
in Sp. As both SpPsd1 and SpPsd2 were observed to localize to
mitochondria, we asked whether deletion of each affected the abil-
ity of cells to grow on nutrient-rich media (YES) supplemented with
glucose, which does not require mitochondrial respiration, or media
with a nonfermentable carbon source (ethanol/glycerol). Similar to
S. cerevisiae, Sp Apsd1 cell growth was severely affected specifically
on respiration-requiring media (Figure 6A). In contrast, Sp Apsd2
cells had no observable growth deficiency on either carbon source.
We then asked if combined loss of both Apsd1 and Apsd2 in Sp
exhibited a more severe growth defect but observed no additive
effect of loss of SpPsd2 (Figure 6A). These data indicate that mito-
chondrial targeting of SpPsd2 contributes negligibly to the respira-
tory-dependent growth of Sp, while SpPsd1 primarily contributes to
respiratory function.

Given that deletion of Sp Psd2 did not appreciably affect mito-
chondrial function, we asked how LD morphology was affected in
cells. We stained LDs with MDH in logarithmically growing cells in
the synthetic glucose medium EMM after treatment for 4 h with
0.2% OA. Remarkably, LDs were far more prevalent in Apsd2 cells,
with approximately twice as many LDs per cell as compared with
wild-type cells (Figure 2, B and C). While this defect was more se-
vere than the loss of ER-localized Psd1 in S. cerevisiae as it was ob-
served at steady state rather than during induced LD biogenesis,
these data are consistent with the increased LD number observed
during induced nascent LD biogenesis in budding yeast. Together,
these observations suggest a conserved role for ER/LD-localized
PSD in promoting the formation of a normal number of LDs per cell.

DISCUSSION
LDs are surrounded by a phospholipid monolayer that influences
protein targeting to the LD surface, but how distinct phospholipids
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FIGURE 5: LD localization of PSD is conserved between budding and fission yeasts. (A) Schematic depicting
conservation of PSD enzymes between S. cerevisiae, S. pombe, and Homo sapiens. (B) Confocal fluorescence
microscopy images of wild-type fission yeast cells coexpressing SpPsd1-mNG (green) and mito-mCherry (magenta) and
grown in EMM media. Single planes are shown except where indicated. Cells are outlined with white lines. (C-E) As in
B for cells expressing SpPsd2-mNG (green) and (C) mCherry-AHDL (ER; magenta), (D) mito-mCherry (magenta), or

(E) Ergb-mKate (magenta). Dashed boxes (E) indicate area of enlargement on the right. Magenta arrows mark
localization of SpPsd2 to the ER, yellow arrows mark localization of SpPsd2 to mitochondria, and white arrows mark

localization of SpPsd2 to LDs. Scale bars = 4 pm.

contribute to the biogenesis and maturation of LDs is poorly under-
stood. We have determined that PE-synthesizing PSD enzymes play
a conserved role in LD formation in budding and fission yeasts. In
budding yeast, the PSD Psd1 localizes both to mitochondria, where
it is critical for respiratory function, and to the ER, where it can be
observed to concentrate in close proximity to a subset of LDs, likely
at the site of connection between LDs and the ER network. Further,
we demonstrate that ER-localized Psd1 is required for proper LD
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formation. Our data indicate a specific functional role of Psd1 in or-
ganelle morphogenesis that cannot be completely compensated
for by other sources of PE, including exogenous ethanolamine uti-
lized by the Kennedy pathway. We also find that in fission yeast, the
PSD SpPsd2 localizes to three distinct organelles: mitochondria, the
ER, and LDs. We show that the primary mitochondrial PSD function
is performed by SpPsd1, while SpPsd2 is functionally required for
the formation of an appropriate number of LDs per cell. Combined
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FIGURE 6: Loss of SpPsd2 impacts LD morphology in fission yeast. (A) Serial dilutions of the
indicated fission yeast cells plated on YES media containing glucose (left) or the nonfermentable
carbon source ethanol/glycerol (right). (B) Maximum intensity projections of deconvolved
epifluorescence microscopy images of LDs in cells from the indicated strains grown to
exponential phase in EMM media, treated for 4 h with 0.2% OA, and stained with MDH. Cells
are outlined with solid white lines. Scale bars = 4 um. (C) Graph of the number of LDs per cell
from the indicated strains as in B. Data shown represent a total of at least 260 cells per strain
quantified from three independent experiments. Solid lines indicate median and dotted lines
indicate upper and lower quartiles. Asterisks (***p < 0.001) represent results of unpaired

two-tailed t test.

with recent observations that humans have a PSD that can target to
LDs (Kumar et al., 2021), our work demonstrates that a primary and
conserved function of ER/LD-localized PSD is to spatially contribute
to organelle biogenesis.

Due to the technical limitations of detecting the minor amount of
yeast Psd1 at the ER relative to the abundant mitochondrial pool, it
was not possible for us to temporally link Psd1 concentration in
proximity to LDs to the biogenesis of the organelle. However, sev-
eral observations indicate that Psd1 likely transiently localizes to and
generates PE at the site of LD formation. First, we rarely detect ER-
localized Psd1 foci that colocalize with Ergé except on brief stimula-
tion of LD formation with OA. Second, in the absence of Sei1 and
PIn1, where LD morphology is enlarged, Psd1 clearly enriches at
puncta on LDs, likely where it connects with the ER membrane. Fi-
nally, while loss of ER-localized Psd1 does not cause a noticeable LD
morphology defect at steady state except in Aseil ApInT cells, it
does cause a significant increase in LD copy number during de novo
LD biogenesis. Unlike budding yeast Psd1, fission yeast SpPsd2
does not have a predicted TMD, potentially revealing it targets to
LDs similarly to human PISD isoform 2, which can be easily observed
in a ring around the entire LD and likely localizes via an amphipathic
helix (Kumar et al., 2021). However, the increased LD number in Sp
Apsd2 cells implies either enhanced LD formation events as ob-
served in S. cerevisiae or a decrease in LD-LD fusion. Thus, a com-
mon role of PSDs may be to generate PE to promote TAG coales-
cence and/or LD growth (Figure 7). Loss of this local PE pool in the
ER network may thus give rise to larger numbers of smaller nascent
LDs. This could be directly due to loss of local PE or, alternatively, by
indirectly altering the prevalence of other phospholipids such as PS
or PC, leading to premature LD budding or dysregulated emer-
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LDs per cell

gence (Adeyo et al, 2011; Ben M'barek
et al., 2017; Choudhary et al., 2018). Addi-
tionally, in yeast genetic backgrounds that
support the formation of supersized LDs
(such as Aseil ApIn1), the absence of ER-lo-
calized Psd1 may reduce the PE levels on
the LD surface monolayer, attenuating the
ability of small LDs to fuse with one another
and generate supersized LDs (Fei et al.,
2011). A nonmutually exclusive possibility is
that altered PC/PE ratios at the ER in PSD-

Hkk

100 deficient cells influence LD protein target-

ing, which feeds back into influencing LD

75+ biogenesis or expansion (Caillon et al.,
2020).

50 A A common feature between Psd1,

254 [ SpPsd2, and the short isoform of human

PISD is their localization to multiple organ-

0l——+— elles. In budding yeast, the mitochondrial

wild type Apsd2 Psd1 is integral to the inner membrane and
is required for respiratory function. We pre-
viously determined that different metabolic
growth conditions alter the degree of ER
localization of Psd1 (Friedman et al., 2018).
Given the roles of LDs and mitochondria in
cellular metabolism, an outstanding ques-
tion is how the cell controls the amount of
enzyme targeted to each compartment. In-
terestingly, in human cells, the relative
amount of mitochondrial- versus LD-tar-
geted PISD isoform 2 changes dependent
on metabolic growth conditions (Kumar
et al., 2021), suggesting a conserved mechanism may exist to regu-
late differential targeting. In addition to mitochondrial versus ER/LD
targeting, it also remains to be determined how yeast Psd1 parti-
tions on the ER and concentrates at LDs. Previously, LD targeting of
some proteins was shown to protect against their degradation on
the ER (Ruggiano et al., 2016), leaving open the possibility that a
similar regulatory mechanism controls Psd1 distribution.

A key difference between budding and fission yeasts is that mi-
tochondrial targeting of SpPsd2 is redundant with SpPsd1. We
found that SpPsd1 is required for respiratory growth, while SpPsd2
was dispensable, even in the absence of SpPsd1. These data raise
the question of what, if any, physiological role SpPsd2 plays at the
mitochondria. Unlike SpPsd1, SpPsd2 has no predicted TMD do-
main, though it likely contains an MTS and localizes to the mito-
chondrial matrix. Interestingly, the short isoform of human PISD also
localizes to mitochondria via an MTS (Kumar et al., 2021), raising the
possibility that these enzymes may play a specialized role in gener-
ating PE on the matrix-facing leaflet of the IMM. Alternatively, their
import into mitochondria may serve to sequester excess enzyme
from activity at the ER/LD membrane.

While we have now demonstrated that ER-localized PSD en-
zymes play a conserved role in LD formation, PSD can also be ob-
served to localize in general to the ER membrane in three different
model systems. An outstanding question is whether PSD has other
roles at the ER, for example, under circumstances that promote bio-
genesis of peroxisomes, which can also be formed at LD biogenesis
sites (Joshi et al., 2018) or during UPR-mediated ER expansion
(Schuck et al., 2009). It also is unclear to what extent that ER-local-
ized Psd1 generates PE that is ultimately converted to PC or whether
mitochondrial-produced PE is the major substrate for PC formation
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FIGURE 7: Model for the role of PSD enzymes at sites of LD
formation and growth. In yeast, Psd1 concentrates at discrete
positions on the ER membrane during LD biogenesis and expansion.
Psd1 and its homolog, Sp Psd2, maintain the appropriate number of
LDs during their biogenesis by contributing locally to the production
of PE from PS (arrows). Yeast Psd1 is integral to the ER membrane,
where it is glycosylated, while Sp Psd2 and human PISD are soluble
and may target directly to the LD surface. Our data are consistent
with the model that PE produced locally by PSD enzymes helps
facilitate, in conjunction with known LD promoting factors such as
Sei1, either LD formation and/or later stages of LD maturation, such
as fusion. This may occur by the production and concentration of PE
locally at the LD neck, a site of negative membrane curvature. PSD
enzymes may also contribute to LD growth and LD-LD fusion by
producing PE on the LD surface itself. Additionally, by altering the LD
surface phospholipid composition, LD behavior may be indirectly
affected by impacting protein targeting to the organelle.

and ER-localized Psd1 is only active under specific growth condi-
tions. While the amount of ER-localized PSD is relatively minor com-
pared with the mitochondrial enzyme, at least in budding yeast, it is
now clear that it plays a fundamentally important role in organelle
biogenesis.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Strains, plasmids, and media

All S. cerevisiae strains were constructed in the W303 genetic back-
ground (ade2-1; leu2-3; his3-11, 15; trp1-1; ura3-1; can1-100). Wild-
type haploid Sp was a kind gift of Jeffrey Pleiss.

All S. cerevisiae strains were grown as indicated in YPD (1% yeast
extract, 2% peptone, 2% glucose), YPEG (1% yeast extract, 2% pep-
tone, 3% glycerol, 3% ethanol), and SD (2% glucose, 0.7% yeast ni-
trogen base, amino acids) at 30°C. All Sp strains were grown as indi-
cated in YES (0.5% yeast extract, 3% glucose, 225 mg/| adenine,
225 mg/I leucine, 225 mg/| histidine, 225 mg/I uracil, 225 mg/I ly-
sine) or EMM (Sunrise Science; supplemented with 225 mg/I| ade-
nine, 225 mg/I leucine, 225 mg/I histidine, 225 mg/I uracil, 225 mg/I
lysine) at 30°C. To test respiratory growth, YES media were prepared
with 3% glycerol, 3% ethanol in place of glucose. Where indicated,
cells were treated with 0.2% vol/vol OA (Sigma O1008), 10 mM
ethanolamine (pH 5.6, ACROS Organics 149582500), or 0.5 nM f-
estradiol (Sigma/Calbiochem 3301).
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All deletions were made using PCR-based homologous recombi-
nation replacing the entire ORF with the NatMX6é or HphMX6é cas-
sette from pFAba-series plasmids using lithium acetate transforma-
tion (Longtine et al, 1998). C-terminal protein fusions were
integrated at the endogenous loci using pYLB10 (mMNG [yeast
optimized]-hphMXé) (Arguello-Miranda et al., 2018), pYLBY (MNG
[yeast optimized]-NatMXé (Wood et al., 2020), pFA6a-mNG-
KanMX6 (see below), pFAb6a-link-yomKate2-SpHis5 (Lee et al.,
2013), and pFAba-mKate2-NatMX6 (see below). The AseilApin
strain was a kind gift of Joel Goodman. Combinations of multiple
tags and/or deletions were generated by back-crossing and tetrad
dissection and/or by serial PCR-based homologous recombination.

To examine LD biogenesis in S. cerevisiae, Apsd1::NatMX (Fried-
man et al., 2018) was introduced into the 3KO(54 DGA1) strain
(Cartwright et al., 2015) by crossing and tetrad dissection. pRS306
Psd1-HygR and pRS306 Psd1ito-HygR (see below) were linearized
and introduced into that strain and expression was verified by West-
ern analysis (see Figure 4 and Supplemental Figure S1). To control
DGAT expression with estradiol, pAGL-KanMXé (see below) was
linearized and replaced the leu2-3 locus.

pFA6-mNG-KanMX6 was generated by digesting mNG from
pFA6a-mNG-HygR and cloning into the Pacl/Ascl sites of pKT127
(pFA6a-yEGFP-Kan) (Sheff and Thorn, 2004). pFAéa-mKate2-NatMX
was generated by cloning the NatMX6 cassette from pFAba-
NatMXé digested with Bglll/EcoRl and cloning into the Bglll/EcoRI
sites of pFA6a-yomKate2-SpHis5.

pRS306 Psd1-HygR and pRS306 Psdimito-HygR were gener-
ated by digesting the HphMX6 cassette from pFA6a-HphMXé with
Sacl/Notl and ligating it into the Sacl/Notl sites in pRS306 Psd1 and
pRS306 Psd1mito, respectively (Friedman et al., 2018). pAGL-
KanMX6é was generated by PCR amplifying the KanMXé cassette
from pFAba-KanMXé and cloning into pAGL (Veatch et al., 2009)
digested with Ascl/Bsml by isothermal assembly.

To reintroduce pPsd1gg into cells, pRS314 Psd1gg was generated
by cloning the Psd1ER cassette from pRS306 Psd1gg (Friedman
et al., 2018) with Notl/Kpnl and ligating it into the Notl/Kpnl sites of
pRS314 (Sikorski and Hieter, 1989).

To visualize the ER in S. cerevisiae cells, pRS305 mCherry-HDEL
(Friedman et al., 2018) was linearized with EcoRV and integrated
into the leu2-3 locus. To visualize mitochondria in S. cerevisiae cells,
pVT100-mitoTagBFP (Friedman et al., 2015) was used.

To visualize the ER in Sp cells, pAV0764 (mCherry-AHDL, kindly
provided by Sophie Martin; Addgene # 133520) was linearized with
BstZ171 and integrated into the lys3 locus and selected for with blas-
ticidin (Vjestica et al., 2020). To visualize mitochondria in Sp cells,
mito-mCherry (mitoRED::Hyg; Kraft and Lackner, 2019) was linear-
ized with Notl and introduced into the leu? locus and selected for
with hygromycin.

Cell growth analysis

For analysis of growth on glucose versus ethanol/glycerol solid me-
dia, assays were performed by growing S. cerevisiae or Sp to expo-
nential phase in YPD or YES, respectively, pelleting, and resuspend-
ing cells in water at a concentration of 0.5 OD 600/ml; 4 pl of 10-fold
serial dilutions of cells were plated on YPD/YPEG plates or
YES+glucose/YES+ethanol/glycerol and incubated at 30°C. For
analysis of growth in the presence or absence of exogenous etha-
nolamine, cells were grown to exponential phase in SD supple-
mented with 10 mM ethanolamine and plated on SD media or SD
media supplemented with 10 mM ethanolamine and incubated at
30°C.
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Whole cell extracts and Western analysis

For whole cell extracts, cells were grown to exponential phase in
YPD; 0.25 OD 600 cells were pelleted, washed with dH20, and ex-
tracts were prepared by alkaline extraction (0.255M NaOH, 1%
2-mercaptoethanol) followed by precipitation in 9% trichloroacetic
acid. Precipitates were washed with acetone, dried, and resus-
pended in 50 ml MURB protein sample buffer (100 mM MES, pH
7.0, 1% SDS, 3 M urea, 10% 2-mercaptoethanol) prior to Western
analysis.

Protein samples were incubated at 95°C for 1-2 min prior to
SDS-PAGE, transferred to nitrocellulose membranes, and immu-
noblotted with a-Psd1 (1:1000, antibody kind gift from S. Claypool)
or o-G6PDH (1:2000, Sigma-Aldrich A9521). Anti-rabbit antibody
conjugated to DyLight 800 (1:10000, Thermo Fisher Scientific) was
used and visualized with the Odyssey Infrared Imaging System (LI-
COR). Linear adjustments to images were made with Photoshop
2021 (Adobe).

Induction of LD biogenesis in S. cerevisiae, lipid isolation,
and thin layer chromatography analysis

To induce LD biogenesis, cells were freshly recovered from frozen
glycerol stocks and maintained in exponential growth phase in SD
media for at least 16 h prior to treatment with 0.5 nM B-estradiol.
Cells were then processed for fluorescence microscopy analysis (see
below) or lipid extraction and thin layer chromatography analysis.
For lipid extraction, approximately 50 OD units of cells were col-
lected for each sample, and pellet wet weight was normalized prior
to extraction. Lipid extraction was performed using a modified
Folch method (Folch et al., 1957). Briefly, cell pellets were resus-
pended in MilliQ water with glass beads and lysed by three 1-min
cycles on a bead beater. Chloroform and methanol were added to
the lysate to achieve a 2:1:1 chloroform:methanol:water ratio. Sam-
ples were vortexed, centrifuged to separate the organic and aque-
ous phases, and the organic phase was collected. Extraction was
repeated a total of three times. Prior to thin layer chromatography,
lipid samples were dried under a stream of argon gas and resus-
pended in 1:1 chloroform:methanol to a final concentration corre-
sponding to 4 pl of solvent per 1 mg cell pellet wet weight. Isolated
lipids were spotted onto heated glass-backed silica gel 60 plates
(Millipore Sigma 1057210001), and neutral lipids were separated in
a mobile phase of 80:20:1 hexane:diethyl ether:glacial acetic acid.
TLC bands were visualized by spraying dried plates with cupric ac-
etate in 8% phosphoric acid and baking at 140°C for an hour. To
quantify TLC bands, all plates were run with an internal neutral lipid
standard. Densitometry of bands was performed in Fiji.

Fluorescence microscopy and analysis
For all fluorescence microscopy analysis of S. cerevisiae, cells were
grown in SD media with appropriate auxotrophic selection to expo-
nential phase. To characterize LD morphology, cells were treated
with 0.2% OA and/or B-estradiol where indicated, stained with a
1:1000 dilution of MDH (AUTODOT; Abcepta) for 5 min, washed in
water, concentrated, and immobilized directly on microscope slides.
To visualize protein localization, cells were grown to exponential
phase in SD media, treated where indicated with 0.2% OA, concen-
trated, and immobilized on a 3% agarose bed of SD media on cavity
microscope slides. For all fluorescence microscopy analysis of Sp,
cells were grown to exponential phase in YES followed by subse-
quent dilution into EMM and growth for ~16-20 h before treatment/
imaging as for S. cerevisiae.

All analyses of LD morphology were performed on a Nikon
Eclipse Ti inverted epifluorescence microscope equipped with a
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Hamamatsu Orca-Fusion sCMOS camera and a Nikon 100x 1.45
NA objective and acquired with Nikon Elements. Z-series images
were acquired with a 0.2-pm step size. All images were deconvolved
using AutoQuant X3 (10 iterations, blind deconvolution, low noise),
linear adjustments were made with Fiji, and maximum intensity pro-
jection images are shown. All data analysis/quantification were per-
formed on nondeconvolved (raw) images using Fiji (see below).

All analyses of subcellular protein localization were performed
on a Nikon Spinning Disk Confocal microscope with Yokogawa CSU-
W1 SoRa and equipped with a Hamamatsu Orca-Fusion sCMOS
camera and a Nikon 100x 1.45 NA objective. Z-series images were
acquired with a 0.2-um step size and the standard resolution disk
with 50-um pinholes. Linear adjustments, except where noted in
figure legends, were made with Fiji, and single plane images are
shown except where noted in figures and figure legends.

For all image analyses, images were blinded prior to analysis. In
experiments scoring Psd1-Ergé colocalization, 50 cells were scored
per strain per condition in each of three independent experiments.
In experiments categorizing LD morphology, at least 75 cells were
scored from at least three different fields of view in each of at least
three independent experiments. To characterize morphology, indi-
vidual cells were characterized as having normal LDs, supersized
LDs (at least 0.5 pm in diameter in a single plane of view), or clus-
tered LDs (LDs that appeared congregated together in a multilobed
appearance). As we determined the capability of individual cells to
form supersized LDs, all cells with a mixture of morphologies were
counted as supersized. In experiments quantifying LD number per
cell, individual cells were scored from at least three fields of view
imaged in each of three independent experiments.

Electron microscopy

Yeast cells were grown to logarithmic growth phase in SD media
followed by treatment with 0.2% OA for 2 h and submitted to the
University of Texas (UT) Southwestern Electron Microscopy Core Fa-
cility for processing using a protocol adapted from Wright (2000). In
brief, cells were harvested and fixed in potassium permanganate,
dehydrated, and stained in uranyl acetate and embedded in Spurr
Resin. Specimen blocks were polymerized at 60°C overnight and
sectioned at 70 nm with a diamond knife (Diatome) on a Leica Ultra-
cut UCT 7 ultramicrotome (Leica Microsystems). Sections were post-
stained with 2% uranyl acetate in water and lead citrate. Sections
were placed on copper grids and poststained with 2% uranyl ace-
tate in water and lead citrate. Images were acquired on a JEM-1400
Plus (JEOL) transmission electron microscope equipped with a LaB6
source operated at 120 kV using n AMT-BioSprint 16M CCD
camera.
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