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Ist2 recruits the lipid transporters Osh6/7 to ER-PM
contacts to maintain phospholipid metabolism

Andrew King On Wong®, Barry Paul Young®, and Christopher J.R. Loewen®

ER-plasma membrane (PM) contacts are proposed to be held together by distinct families of tethering proteins, which in yeast
include the VAP homologues Scs2/22, the extended-synaptotagmin homologues Tcb1/2/3, and the TMEM16 homologue Ist2. It
is unclear whether these tethers act redundantly or whether individual tethers have specific functions at contacts. Here, we
show that Ist2 directly recruits the phosphatidylserine (PS) transport proteins and ORP family members Osh6 and Osh7 to
ER-PM contacts through a binding site located in Ist2’s disordered C-terminal tethering region. This interaction is required for
phosphatidylethanolamine (PE) production by the PS decarboxylase Psd2, whereby PS transported from the ER to the PM by
0sh6/7 is endocytosed to the site of Psd2 in endosomes/Golgi/vacuoles. This role for Ist2 and Osh6/7 in nonvesicular PS
transport is specific, as other tethers/transport proteins do not compensate. Thus, we identify a molecular link between the

ORP and TMEM16 families and a role for endocytosis of PS in PE synthesis.

Introduction

Lipid metabolic pathways often have steps that occur at different
organelles throughout the cell (Henry et al,, 2012), and thus,
lipid substrates must be transported between organelles. Much
of this transport occurs in a nonvesicular fashion at membrane
contact sites (MCSs), where the membranes of different or-
ganelles are closely apposed, usually to within 10-30 nm (Gatta
and Levine, 2017). Contacts have been observed between most
organelle pairs in the cell and are likely sites of material transfer
and signaling between organelles, and thus there is great in-
terest in elucidating the functions of MCSs and their molecular
constituents (Gatta and Levine, 2017).

The ER makes contact with nearly all organelles as well as the
plasma membrane (PM; Wu et al., 2018). The ER makes a large
number of contacts with the PM (Saheki and De Camilli, 2017),
with up to 20-40% of the internal PM surface contacting the ER
in yeast (West et al., 2011). ER-PM contacts, also known as PM-
associated ER (pmaER; West et al., 2011), are enriched in lipid-
synthesizing enzymes (Pichler et al., 2001) and are believed to
be sites where lipids are transported between the ER and the PM
(Maeda et al., 2013; Gatta et al., 2015), as well as sites where ER
resident enzymes act in trans across the cytoplasmic gap on lipid
substrates in the PM (Tavassoli et al., 2013; Stefan et al., 2011).
Contacts can be formed dynamically in response to signaling
events or substrate loads (Lees et al., 2017; Sandhu et al., 2018).

Lipid transport at ER-PM contacts is performed by lipid
transfer proteins (LTPs). A major family of LTPs are the oxysterol-

binding protein related proteins (ORPs). ORPs are conserved
throughout eukaryotes, with 12 homologues in humans and 7 in
yeast (Pietrangelo and Ridgway, 2018). Although ORPs may
share redundant functions (Beh et al., 2001), individual ORPs
seem to be involved in the transport of specific lipids. Yeast
ORPs Oshé and Osh7 and mammalian ORPs ORP5 and ORPS8
have been found to bind the lipid phosphatidylserine (PS) and
transport it from its site of synthesis at the ER to the PM
(Maeda et al., 2013; Chung et al., 2015; Moser von Filseck et al.,
2015), where it is enriched (van Meer et al., 2008). As ER-to-
PM PS transport goes up a concentration gradient, PS movement
is driven by countertransport of phosphatidylinositol-4-phos-
phate (PI4P) by Osh6/7 or ORP5/8 down its concentration gra-
dient from the PM to the ER, where it is hydrolyzed by the PI4P
phosphatase Sacl into phosphatidylinositol (PI; Chung et al.,
2015; Moser von Filseck et al., 2015).

PS is both a major lipid component of the inner leaflet of the
PM and a substrate for synthesis of the other major lipids
phosphatidylethanolamine (PE) and phosphatidylcholine (PC;
Henry etal., 2012). In yeast, the PS decarboxylases Psd1 and Psd2
convert PS to PE, which is then converted to PC by the meth-
yltransferases Cho2 and Opi3. Psdl resides on the inner mem-
brane of mitochondria (Wagner et al., 2018) and on the ER
(Friedman et al., 2018), whereas Psd2 localization is less well
defined and is proposed to be at endosomes (Gulshan et al.,
2010), ER-endosome contact sites (Riekhof et al., 2014), and

Department of Cellular and Physiological Sciences, Life Sciences Institute, University of British Columbia, Vancouver, British Columbia, Canada.

Correspondence to Christopher J.R. Loewen: cloewen@mail.ubc.ca.

© 2021 Wong et al. This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press
J. Cell Biol. 2021 Vol. 220 No. 9 201910161

W) Check for updates

https://doi.org/10.1083/jcb.201910161

10f19


https://orcid.org/0000-0002-5333-8043
https://orcid.org/0000-0002-8777-0352
https://orcid.org/0000-0002-1760-5749
mailto:cloewen@mail.ubc.ca
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1083/jcb.201910161
http://crossmark.crossref.org/dialog/?doi=10.1083/jcb.201910161&domain=pdf

the Golgi and/or vacuoles (Trotter and Voelker, 1995). PS syn-
thesized by the ER-localized PS synthase Chol is directly ac-
cessible to ER-localized Psdl (Friedman et al., 2018) or can be
delivered to mitochondrial-localized Psdl by LTPs (Lang et al.,
2015) for conversion to PE. However, it is less clear how PS is
delivered to Psd2. Presumably, secretory traffic could deliver PS
from the ER to the Golgi (Fairn et al., 2011) where it could be
used by Golgi-localized Psd2 or trafficked to the late endosomes/
vacuoles, depending on where Psd2 resides. It is not known
whether Osh6/7-mediated PS transport to the PM contributes to
PE synthesis, although this pool of PS would conceivably need to
be delivered to the site of Psdl or Psd2, either by endocytosis or
by using an MCS.

The cytoplasmic gaps at MCSs are bridged by protein tethers
that are either anchored in or bind to both membranes at a
contact. Tethers presumably create MCSs by physically holding
two membranes together. However, a strict definition of an MCS
tether is contentious (Eisenberg-Bord et al., 2016), as nominal
tethers often have functional modules such as lipid-binding
domains in the linker between the two membrane anchors
(Gatta and Levine, 2017). In yeast, several proteins have been
reported to function as tethers at ER-PM contacts. The vesicle-
associated membrane-protein-associated protein homologues
Scs2/22, the extended synaptotagmin homologues Tcb1/2/3, the
TMEMI16 homologue Ist2 (Manford et al., 2012), and the integral
membrane protein Ice2 (Tavassoli et al., 2013; Loewen et al.,
2007) all presumably function redundantly as ER-PM tethers,
as deletion of all seven proteins results in ER-PM contacts at
levels consistent with incidental contact of the ER with the PM
(Quon et al., 2018). However, these tethers are structurally di-
verse, suggesting specialized physiological functions. For ex-
ample, Ascs2Aice2 mutants alone are sufficient to reduce in trans
activity of ER-localized Opi3 on the PM, conferring cells with a
choline (Cho) auxotrophy (Tavassoli et al., 2013). Furthermore,
the mammalian extended-synaptotagmins are directly capable
of lipid transport via their SMP domains and are involved in the
clearance of diacylglycerol from the PM (Saheki et al., 2016).
Thus, distinguishing the roles of individual ER-PM tethers is
important in understanding the biology of ER-PM contact sites.

Here we show that Oshé and Osh7 directly bind to the teth-
ering protein Ist2 to transport PS from the ER to the PM. Ist2
recruits Osh6/7 to the pmaER through a binding site in the
disordered linker region of Ist2 that bridges the ER-PM gap. Loss
of Oshé and Osh7 (or ablation of their binding site in Ist2) in the
absence of Psdl results in dramatically inhibited cell growth and
reduced PE synthesis, with PS delivery to Psd2 at the Golgi/
endosome/vacuole requiring endocytosis.

Results

Osh6 and Osh7 physically interact with Ist2 at pmaER

Both Osh6 and its paralogue Osh7 are soluble members of the
ORP family and contain only the core OSBP-related domain with
no known membrane-binding domains or motifs (Raychaudhuri
and Prinz, 2010). Although Oshé6/7 can bind two membranes
simultaneously in vitro (Schulz et al., 2009), we reasoned that
Osh6/7 may need a membrane-bound partner to localize them to
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pmaER. We searched through high-throughput protein-protein
interaction datasets and found an interaction between Osh6 and
Ist2 by coimmunoprecipitation (Babu et al., 2012). Ist2 would be
an ideal candidate binding partner, as it is N-terminally em-
bedded in the ER through its multipass transmembrane TMEM16
domain and contains a C-terminal amphipathic helix that binds
the PM (Fig. 1 A; Fischer et al., 2009). These modules are con-
nected by a disordered linker that spans the intermembrane gap
(Kralt et al., 2015).

To confirm the interaction of Ist2 and Oshé, we used a pro-
tein complementation assay (PCA) whereby we fused Ist2 and
Osh6/7 with either the N-terminal ([1,2]) or the C-terminal ([3])
fragments of a murine dihydrofolate reductase (DHFR) mutant
resistant to the drug methotrexate (Michnick et al.,, 2010).
Protein interaction reversibly reconstitutes DHFR, allowing cells
to grow in the presence of methotrexate. We found that Ist2 PCA
pairs with Osh6 and Osh7 allowed growth on methotrexate,
suggesting these proteins interacted in vivo (Fig. 1 B). To de-
termine the localization of the Ist2-Oshé and Ist2-Osh7 inter-
action, we used another PCA with fragments of the fluorophore
Venus, allowing visualization of the intact fluorophore upon
protein interaction (Michnick et al., 2010). We found that all
Ist2, Oshé, and Osh7 PCA pairs resulted in a punctate fluores-
cence pattern at the cell periphery characteristic of pmaER
(Fig.1C), similar to the localization of GFP-tagged Ist2, Osh6, and
Osh?7 (Fig. S1 A; Schulz et al., 2009; Manford et al., 2012). These
data suggested that Ist2 could interact with Osh6/7 in vivo at
pmaER.

Although protein complementation can be used to infer pro-
tein interaction in vivo, positive complementation signals can
arise from coincidental proximity of two target proteins without
direct binding. To demonstrate that this interaction is specific,
we sought to locate the binding site for Osh6/7 on Ist2. We first
deleted the C-terminal PM-binding region of Ist2 but found that
the construct still interacted with Oshé by Venus PCA (Fig. S1C).
However, Ist2 constructs missing both the C-terminal helix and
most of the disordered linker displayed an attenuated Venus PCA
signal at the cell periphery with Oshé/7, suggesting that the
binding site may be located in the linker (Fig. S1 D). We aligned
the linker region with fungal homologues and found that the
sequence between residues 721 and 790 contained a number of
conserved residues, with a core sequence between residues 732
and 747 being the most conserved (Fig. S1 E). Additionally, res-
idues 739-747 were not predicted to be disordered (Fig. S1 F).
Thus, we selected this sequence for further investigation as a
binding site for Oshé6/7.

Using bacteria, we expressed and purified various GST-
tagged Ist2 linker peptides from the region discussed above,
and then immobilized these fusion proteins onto glutathione
resin. We also expressed and purified soluble MBP-tagged Oshé
and found that the Ist2 peptides were able to pull down MBP-Oshé
(Fig. 1 D). Of these peptides, residues 732-747 were sufficient to
interact with Osh6, whereas further truncation into this region
disrupted binding (Fig. 1 D). Thus, Ist2 bound to Oshé directly
in vitro through a binding site centered around residues 732-747.

Next, we tested if this region of Ist2 is important for binding
in vivo. First, we imaged Ist2A732-747-GFP and found it to be
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Figure 1. Ist2 physically interacts with Osh6 and Osh7. (A) Topology of Ist2 and key residue locations. 490: Truncation before this residue removes most of
the TMEM16 domain leaving two transmembrane helices as an ER anchor. 721-790: Maximum Ist2 linker sequence explored as a binding site for LTPs Osh6/7.
732-747: Core sequence for Osh6/7 binding. 928-946: PM-binding amphipathic helix. (B) DHFR PCA with yeast expressing C-terminal fusion proteins. DHFR
[1,2] fusions are genomically integrated; DHFR[3] fusions are plasmid expressed. WT cells contained untagged Ist2. DMSO control plates incubated for 48 h,
methotrexate (MTX) plates incubated for 96 h. (C) Live imaging of log-phase yeast cells. Venus PCA using genomically integrated C-terminal protein fusions
with fragments vF1 and vF2. (D) Purified recombinant GST-fusion proteins were immobilized on glutathione beads and incubated with purified recombinant
MBP-0shé fusion protein. Bound fractions were analyzed by SDS-PAGE and Coomassie Blue staining. (E) As in B, except MTX plates were incubated for 72 h.

(F) As in B. Scale bars: 2 um.

present in cortical puncta, indicating that deleting the Osh6/7
binding site did not interfere with Ist2 localization to pmaER
(Fig. S1 G). Then, we used DHFR PCA to test if residues 732-747
were necessary for binding Osh6. Unexpectedly, genomically
tagged Osh6-DHFR([1,2] interacted nearly as robustly with
plasmid-expressed Ist2A732-747-DHFR[3] as with full-length
Ist2-DHFR[3] (Fig. 1 E), suggesting that this mutant is capable
of interacting with Oshé. However, Ist2 likely dimerizes (Franz
etal., 2007), with structural information from several TMEM16
homologues, indicating that TMEM16 domains exist as dimers
(Alvadia et al., 2019; Brunner et al., 2014; Dang et al., 2017;
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Falzone et al., 2019). We reasoned that Ist2A732-747-DHFR[3]
constructs may form a heterodimer with untagged Ist2 in
these strains, giving an interaction signal from proximity with
Osh6-DHFR([1,2] interacting with untagged Ist2. Therefore, we
created Osh6-DHFR[1,2] Aist2 cells to assess the interaction be-
tween Oshé6 and mutant Ist2 homodimers exclusively. We found
that, unlike full-length Ist2-DHFR[3], Ist2A732-747-DHFR[3]
yielded a severely weakened interaction signal, suggesting that
residues 732-747 are necessary for Ist2’s interaction with Oshé
(Fig. 1 F). We then tested if residues 732-747 alone were suffi-
cient for interaction with Oshé. We found that in cells both with
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and without genomic IST2, Ist2732-747-DHFR|[3] displayed an ex-
tremely weak interaction with Osh6-DHFR[1,2] (Fig. 1, E and F).
Increasing the length of the peptide to span residues 727-776
yielded a stronger interaction signal with Oshé (Fig. 1, E and F),
possibly from increased binding due to additional conserved
residues (Fig. S1 E), more conformational flexibility between
the peptide and the DHFR[3] tag, or better expression/stability
of the construct. However, cells containing the Ist272”-776-DHFR
[3] construct did not grow as well as cells containing full-length
Ist2-DHFR([3], suggesting that Ist272-77¢ does not interact as
strongly with Oshé as full-length Ist2 (Fig. 1, E and F). Taken
together, these results suggest that the linker region of Ist2
centered around residues 732-747 is sufficient for binding to
Oshe.

Osh6/7 are recruited to the pmakR by Ist2

Next we determined if Ist2 was responsible for localizing Osh6/7
to the pmaER. Osh6 and Osh7 have been reported to be located to
the pmaER (Schulz et al., 2009; Maeda et al., 2013; Moser von
Filseck et al., 2015; Lipp et al., 2019). In WT cells, Osh7-GFP
fluorescence signal was strongly localized to the pmaER (Fig. 2
A), whereas we found that Osh6-GFP predominantly localized to
the cytosol, with weakly fluorescent puncta at the pmaER (Fig. 2
A). Deleting IST2 delocalized Osh6-GFP and Osh7-GFP from the
pmaER into the bulk cytosol (Fig. 2 A). We measured the ratio of
fluorescence at the pmakR to that in the cytosol and found that
deletion of IST2 resulted in a 69% decrease of the pmaER/cytosol
ratio for Osh7-GFP and a 25% decrease for Osh6-GFP (Fig. 2 B).
To further confirm the importance of Ist2 in Oshé localization,
we increased cellular levels of Ist2 in WT cells by placing an
additional copy of IST2 on a plasmid driven either by its native
promoter or by a galactose-inducible promoter (Fig. 2 C). As
these cells did not contain an ER marker, we measured the cell
periphery:cytosol fluorescence ratio of Osh6-GFP. IST2 driven by
its native promoter increased the cell periphery:cytosol ratio
by 20%, whereas galactose-inducible IST2 increased the ratio by
28% (Fig. 2 D).

We then tested whether full-length Ist2 or Ist2A732-747
constructs could relocalize Osh7 in a Aist2 deletion strain. We
found that deleting the putative Osh6/7 binding site on Ist2
prevented recruitment of Osh7-GFP to pmaER (Fig. 2 E), re-
sulting in a 77% decrease in the cell periphery/cytosol ratio
(Fig. 2 F). To exclude the possibility of Osh6/7 being required for
Ist2 localization, we tested the effect of Aosh6Aosh7 deletion on
the localization of C-terminally tagged Ist2-GFP. In WT cells,
Ist2-GFP localized predominantly to the pmaER, although there
was some localization to internal ER structures (Fig. 2 G). As
discussed below, this construct was functional (Fig. 6 C). We
compared this localization to the localization of Ist2-GFP in
Aosh6Aosh7 cells as well as WT cells containing Ist2A928-946-
GFP, whereby the genomically integrated GFP tag truncates the
PM-binding C-terminal helix, thus delocalizing Ist2 from pmaER
into general ER (Manford et al., 2012; Fig. 2 G). By quantifying
the ratio of fluorescence in nuclear ER compared with pmaER,
we found that Aosh6Aosh7 did not significantly alter Ist2-GFP
localization compared with WT cells, whereas Ist2A928-946-GFP
had a 48% increase in the nuclear ER/pmaER ratio (Fig. 2 H).
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These data suggested that Ist2 directly interacted with Osh6/7
to recruit these LTPs to the pmaER.

IST2 and OSH6/7 function in aminophospholipid metabolism
Given that PS makes up a large component of the inner leaflet of
the PM and is a precursor for PE and PC (Fig. 3 A), we expected
that deleting the PS transporters Osh6/7 or Ist2 should have
striking physiological consequences. However, we detected no
growth defects for Aist2 or Aosh6Aosh7 deletion strains (Fig. 3, B
and D). We reasoned that a redundant cellular pathway may
mitigate the effects of these deletions. As negative genetic in-
teractions between two deletion mutants are often indicative of
redundant pathways (Boone et al., 2007), we searched high-
throughput genetic interaction datasets and found that IST2
is annotated to have a negative genetic interaction with PSDI
(Costanzo et al., 2010). Although Psdl and Psd2 are located in
different subcellular compartments, the presence of either en-
zyme is sufficient for cellular growth, whereas deletion of both
enzymes results in synthetic lethality, as the cell can no longer
produce PC (Storey et al., 2001). This phenotype can be allevi-
ated by addition of exogenous ethanolamine (Etn) or Cho, which
are salvaged by the Kennedy pathways to PE and PC, respec-
tively (Fig. 3 A).

We confirmed that Aist2Apsdl cells had a negative genetic
interaction that could be alleviated with Etn or Cho supple-
mentation, whereas Aist2Apsd2 cells did not have a genetic inter-
action (Fig. 3 B). We quantified the growth defects by measuring
the log-phase growth rates in liquid medium (Figs. 3C and S2,
A-D). WT cells had a base 2 exponential growth constant of
0.67 h! (Fig. 3 C). We found that Apsd2 cells had a growth
constant of 0.64 h7l, similar to WT, whereas Apsdl cells had a
mild growth defect, with a constant of 0.48 h™! (Fig. 3 C).
Apsd2Apsdl exhibited no growth unless supplemented with Etn
or Cho (Fig. S2 A). Aist2Apsdl cells did not have a lethal growth
phenotype but grew less than Apsdl cells, with a growth constant
of 0.24 h! (Fig. 3 C), which is less than expected per the mul-
tiplicative model of genetic interactions (Fig. S2 E; Dixon et al.,,
2009), with growth restored to the rate of Apsdl by addition of
Etn or Cho (Fig. S2, C and D). Aist2 and Aist2Apsd2 had growth
constants of 0.67 and 0.69 h!, respectively, similar to WT cells
(Fig. 3 C). These data suggested that Ist2 had a role in the same
pathway as Psd2. Interestingly, Aist2Apsdl cells had increased
final stationary-phase cell density in the presence of Etn and Cho
compared with Apsdl cells (Fig. S2 A).

If Osh6/7 and Ist2 functioned in the same pathway, then
deleting OSH6/7 should also result in a genetic interaction with
PSD1. While OSH6 or OSH7 deletion alone did not result in a
genetic interaction with PSDI1, Aosh6Aosh7Apsdl cells exhibited
a growth defect that was alleviated by Etn or Cho (Fig. 3 D).
We measured growth rates in liquid medium and found
Aosh6Aosh7Apsdl cells had a growth constant of 0.17 h, slightly
slower than Aist2Apsd] cells, with a growth constant of 0.23 h~!
(Figs. 3 E and S2, F-I) less than expected by the multiplicative
model (Fig. S2J). Aosh6Aosh7Apsd2 cells did not grow differently
than Apsd2 cells (Figs. S2 F and S3 A). We expressed from
plasmids either full-length Ist2 or Ist2A732-747 in Aist2Apsdl
cells and found that Ist2 complemented the growth defect of
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(B) Serial dilutions of the indicated yeast strains grown on SC agar medium with or without Etn or Cho. (C) Base 2 exponential growth constants calculated
from liquid cultures of yeast in SC medium without Etn or Cho. (D and E) As in B and C. (F) Serial dilutions of indicated yeast strains expressing plasmid-borne
WT Ist2 or mutant Ist2A732-747 driven by their native promoter, grown on SC agar medium with or without Etn or Cho. ****, P < 0.0001. Data are mean +

SEM, n = 3.

Aist2Apsdl cells, but Ist2A732-747 could not (Fig. 3 F). These
results were consistent with binding between Ist2 and Osh6/7
being required for their function in the Psd2 pathway.

We sought to further characterize the position of Ist2 and
Oshé/7 in the Psd2 pathway. We found that overexpression of
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Oshé or Osh?7 alleviated the growth defect of Aist2Apsdl, whereas
overexpression of Ist2 did not alleviate the Aosh6Aosh7Apsdl
growth defect, indicating that Osh6/7 functioned downstream of
Ist2 (Fig. 4, A-C). We then overexpressed Psd2 in Aist2Apsdl and
Aosh6Aosh7Apsdl cells and found that Psd2 alleviated their
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growth defects (Fig. 3 D), whereas overexpression of Ist2 or Osh7
did not alleviate the growth defect of Apsd2Apsdi cells (Fig. S3 C),
indicating Psd2 acted downstream of Ist2 and Osh6/7. Further-
more, overexpression of Cho2 or Opi3 failed to rescue Aist2Apsdl
and Aosh6Aosh7Apsdl cells (Fig. S3, D and E), consistent with
Ist2/Osh6/7 participating in a step proximal to Psd2 and PE
synthesis, as rescue by Cho2/0pi3 would depend on sufficient
PE production. Thus, Ist2 functioned upstream of Osh6/7, which
functioned upstream of Psd2.

To test if lipid counter transport ability was indeed required
for Osh6/7 function in the Psd2 pathway, we introduced the
L69D binding-pocket mutation into both Oshé/7, which ablates
their ability to bind PS and PI4P (Maeda et al., 2013; Moser von
Filseck et al., 2015). We found that Osh6/7 L69D was unable to
complement Aosh6Aosh7Apsdl cells (Fig. 5 A). Additionally, the
PI4P phosphatase Sacl is believed to function on the ER mem-
brane to hydrolyze PI4P delivered by Osh6/7 from the PM to the
ER in order to maintain a PI4P gradient between the PM and the
ER and create a motive force to drive countertransport of PS
from the ER to the PM (Moser von Filseck et al., 2015; Zewe
et al,, 2018). We found that simultaneous deletion of Asacl and
Apsdl resulted in a negative genetic interaction that was rescued
by addition of Etn or Cho (Fig. 5 B), indicating that Sacl was
required for PE synthesis by Psd2. Taken together, these results
strongly support that PS transport by Oshé/7 is important for
their function in aminophospholipid metabolism.

Tethering by Ist2 is necessary for its role in the Psd2 pathway
Ist2 is composed of a large N-terminal multipass transmembrane
domain region followed by a disordered linker region, and ter-
minating in a C-terminal amphipathic helix that binds PM lipids
(Fig. 6 A; Fischer et al., 2009). The transmembrane region, though
highly conserved with the TMEMI6 family of lipid scramblases
and ion channels, has not been demonstrated to have lipid
scramblase activity (Malvezzi et al., 2013). However, the trans-
membrane domain also provides an anchor into the ER mem-
brane and is mostly dispensable for its pmaER tethering ability,
provided a minimal number of transmembrane helices are left
intact (Manford et al., 2012). Deleting the entirety of the trans-
membrane region or the PM-binding helix compromises the
tethering ability of Ist2, resulting in loss of large regions of
pmaER in a strain deleted of several other redundant pmaER
tethering proteins (Manford et al., 2012). Thus, ER and PM
membrane anchoring are essential for Ist2’s tethering function.
To assess whether the tethering ability or putative scram-
blase/channel activity is required for Ist2 function in the Psd2
pathway, we constructed several GFP-tagged truncation mu-
tants of Ist2 (Fig. 6 B) in the presence of a Apsdl deletion (Fig. 6
C). N- or C-terminal tagging of Ist2 (GFP-Ist2 and Ist2-GFP, re-
spectively) in the presence of Apsdl did not result in low growth
on medium lacking Etn, indicating tagging Ist2 at either termi-
nus produced a functional protein (Fig. 6 C). Deletion of the
C-terminal PM-binding helix of Ist2 (Ist2A928-946-GFP) mis-
localized Ist2 from exclusively at pmaER to the general ER, in-
cluding the nuclear envelope (Fig. 6 B), leading to a severe
negative genetic interaction with Apsdl (Fig. 6 C). Deleting the
linker and the ER-embedded domain, leaving only the PM-binding
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domain (GFP-Ist2A1-927) also resulted in a severe growth defect in
the presence of Apsdl (Fig. 6 C). We then N-terminally truncated
the majority of the ER embedded transmembrane region of Ist2
from residues 1-490, yielding a tethering-capable mutant that
was lacking the putative scramblase/channel-forming region
(GFP-Ist2A1-490) and found that this mutant did not have a
negative genetic interaction with Apsdl (Fig. 6 C). Furthermore,
to reconstitute tethering by the C-terminal region of Ist2 without
any of its transmembrane helices, we fused residues 589-946 of
Ist2 to the C-terminus of the type I transmembrane protein Snd3,
including GFP as a spacer, resulting in the construct Snd3-GFP-
Ist2589-946 (Fig. 6 A). We found that Snd3-GFP-Ist2589-94¢ Jocal-
ized to cortical puncta typical of pmakER, indicating this region of
Ist2 was sufficient for tethering when fused to an ER anchor
(Fig. 6 D). Snd3-GFP-Ist258°-946 complemented the growth defect
of Aist2Apsdl cells (Fig. 6 E), indicating that the tethering func-
tion of Ist2 was necessary and sufficient for its activity in the
Psd2 pathway.

Osh6/7 and Ist2 have a specific role in the Psd2 pathway
While different Osh proteins have been shown to bind different
lipid substrates, deletion of all seven members results in a lethal
phenotype, suggesting that the entire family shares an essential
function (Beh et al., 2001). Thus, we wondered if other Osh
proteins could compensate for Osh6/7 function. Overexpression
of other Osh family members did not rescue the growth defect of
either Aist2Apsdl or Aosh6Aosh7Apsdl cells, suggesting that Osh6/
7 function in the Psd2 pathway was specific to these two Osh
proteins (Fig. 7, A and B).

To assess if other pmaER tethers could compensate for the
loss of Ist2, we overexpressed Scs2 and the tricalbin Tcb3 in
Aist2Apsdl and Aosh6Aosh7Apsdl cells. Although Scs2 and Tcb3
mildly alleviated the Aist2Apsdl growth defect, they did not fully
compensate for the loss of Ist2 (Fig. 7 C). Scs2 and Tcb3 over-
expression had only a very minor alleviating effect on the
Aosh6Aosh7Apsdl growth defect, suggesting the effect observed
with Aist2Apsdl cells was indirect and mediated through Oshé/7
(Fig. 7 D). Thus, tethering and recruitment of Osh6/7 to pmaER
by Ist2 played a specific physiological role in the Psd2 pathway.

Ist2 and Osh6/7 contribute to maintenance of PE levels in the
absence of Psdl

The strong growth defect of Aist2Apsdl and Aosh6Aosh7Apsd] cells
suggested that aminophospholipid metabolism may be disrupted.
To assess this, we extracted lipids from log-phase cells growing
without Etn/Cho supplementation and measured steady-state PE
levels relative to combined PS + PE + PC + PI levels after sep-
aration by TLC. Compared with WT, Apsd2 and Apsdl cells had
PE levels of 70% and 44%, respectively (Fig. 8 A and Fig. S4). As
Apsd2Apsdl double mutants are obligate Etn/Cho auxotrophs,
we grew these cells with Cho and found PE levels to be 13% of
WT (Fig. 8 A). Residual PE in Apsd2Apsdl is due to catabolism of
sphingolipids via Dpll to produce phosphoethanolamine that is
incorporated into PE by the Kennedy pathway (Fig. 8 C) and
likely represents the base level of PE required for cell survival in
the presence of Cho (Storey et al., 2001). Aist2 and Aosh6Aosh?
cells did not have significantly different PE levels compared
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Figure 4. Ist2 functions upstream of Osh6/7, which function upstream of Psd2. (A and B) Serial dilutions of yeast grown on SC medium with 2% dextrose
(Dex) or 2% galactose (Gal), with or without Etn or Cho, containing plasmids for overexpression of Osh6 (pOSH6) or Osh7 (pOSH7) under a galactose-inducible
GAL promoter. Gal-containing plates were incubated for 5 d. (C) As in A, but with plasmids for Ist2 overexpression (p/ST2). (D) As in A, but with plasmids for
overexpression of Psd2 (pPSD2), Ist2, and Osh7. Gal-containing plates were incubated for 3 d.
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Figure 5. Osh6/7 function is dependent on lipid-binding and the ER-PM PI4P gradient generated by Sacl. (A and B) Serial dilutions of yeast grown on
SC medium with 2% dextrose (Dex) or 2% galactose (Gal), with or without Etn or Cho supplementation, containing plasmids for overexpression of WT (pOSH6,
pOSH?7) or the L69D lipid-binding mutants of Osh6/7 (pOSH6 L69D, pOSH7 L69D) under a GAL promoter. Gal-containing plates were incubated for 4 d (bottom)
or 5 d (top). (B) Serial dilutions of yeast grown on SC medium with 2% Dex, with or without Etn or Cho.

with WT (Fig. 8 A). However, Aist2Apsdl and Aosh6Aosh7Apsdl
cells had PE levels 29% and 23% of WT, respectively, a signifi-
cant decrease compared with Apsdl (Fig. 8 A). These levels were
not as low as Apsd2Apsdl cells grown with Cho (Fig. 8 A), con-
sistent with Aist2Apsdl and Aosh6Aosh7Apsdi cells having limited
residual growth without Cho, possibly because a low level of PS
could still reach Psd2 via vesicular transport (Fairn et al., 2011)
or other MCSs (Riekhof et al., 2014). Indeed, vesicular transport
of PS or alternate LTPs/MCSs could also explain the lack of
effect on PE levels by Aist2 and Aosh6Aosh7 deletion. Further-
more, complementation of Aist2Apsdl cells with plasmid-borne WT
Ist2 restored PE to Apsdl levels, whereas mutant Ist2A732-747 did
not (Fig. 8 B). Thus, transport of PS by Ist2/0shé/7 at ER-PM
contacts was required to maintain cellular PE levels in the ab-
sence of Psdl.

Deletion of DPLI in Apsd2Apsdl cells results in lethality even
with Cho supplementation, as AdpllApsd2Apsdl cells no longer
have any residual PE and thus are obligate Etn auxotrophs (Fig. 8
C; Storey et al., 2001; Birner et al., 2001). We reasoned that
blocking PE synthesis through sphingolipid catabolism should
exacerbate the growth defect of Aist2Apsdl and Aosh6Aosh7Apsdl
cells because of their deficiency in PE synthesis. We created
AdpliAist2Apsdl and AdpliAosh6Aosh7Apsdl strains and found that
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these strains possessed a further growth defect compared
with Aist2Apsdl and Aosh6Aosh7Apsdl cells unless supple-
mented by either Etn or Cho (Fig. 8 D). As AdpliAist2Apsdl and
AdpliAosh6Aosh7Apsdl strains were not obligate Etn auxotrophs,
small amounts of PS must still be able to reach Psd2 for residual
PE synthesis, possibly via the secretory pathway. Additionally, we
blocked upstream sphingolipid metabolism in Aosh6Aosh7Apsdl
cells via treatment with myriocin, a serine palmitoyl transferase
inhibitor (Fig. 8 C). We found that Aosh6Aosh7Apsdl cells grown
without Etn or Cho were more sensitive to myriocin than WT cells
(Fig. 8 E). Taken together, these results support that PS trans-
ported by Osh6/7 from ER to PM at ER-PM contacts is upstream of
Psd2 in PE and PC production in aminophospholipid metabolism.

PS is delivered from the PM to Psd2 in the secretory pathway
by endocytosis

To determine how Osh6/7-mediated PS transport contributed to
PE synthesis by Psd2, we performed an unbiased genome-wide
genetic interaction screen to identify factors required for PE
synthesis by Psd2. We reasoned that this might also provide
further functional evidence indicating which processes and/or
subcellular compartments are required for Psd2 activity. We
performed a synthetic genetic array (SGA) experiment (Tong
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Figure 6. Tethering by Ist2 is necessary for its role in the Psd2 pathway. (A) Key Ist2 residues for truncation mutants, and the construct Snd3-GFP-
Ist2589-946_ Truncation before residue 490 removes most of the TMEM16 domain while leaving two transmembrane helices as an ER anchor. Residues 928-946
form a PM-binding amphipathic helix. (B) Yeast cells expressing genomically tagged Ist2 fusion proteins. Ist2-GFP and Ist2-A928-946-GFP are C-terminally
tagged; GFP-Ist2-A1-490 and GFP-Ist2-A1-927 are N-terminally tagged. (C) Serial dilutions of yeast grown on SC medium with 2% dextrose (Dex), with or
without Etn or Cho. (D) WT or Aist2Apsd1 cells expressing plasmid-borne Snd3-GFP-Ist258°-94¢, Medium was supplemented with Etn and Cho. (E) As in C. Scale

bars: 2 um.

and Boone, 2006) and obtained genetic interaction data for PSDI
with ~4,800 nonessential genes, in both the presence and ab-
sence of Etn. As PSD2 is essential in the absence of PSD], negative
genetic interactions with PSDI alleviated by Etn addition will
identify genes/pathways involved in PSD2 function. Our screen
identified 74 genes showing substantial negative genetic inter-
actions with PSDI (i.e., at least a twofold effect) that were rescued
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by Etn (Fig. S4). These genes were enriched in gene ontology
annotations associated with Golgi, endosomal, and vacuolar
transport; retrograde transport; and vesicle organization and/
or fusion (Fig. 9 A), thus supporting that Psd2 function is tied to
the secretory pathway, and consistent with previous reports
that it localizes to various compartments within the secretory
pathway (Trotter and Voelker, 1995; Gulshan et al., 2010).
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Figure 7. Osh6/7 and Ist2 have a specific role in the Psd2 pathway. Serial dilutions of yeast grown on SC medium with 2% dextrose (Dex) or 2% galactose
(Gal), with or without Etn or Cho, containing plasmids for overexpression of the indicated proteins under a GAL promoter. Gal-containing plates were incubated
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ER-PM tethers Scs2 (pSCS2) and Tcb3 (pTCB3) in Aosh6Aosh7Apsdl and Aist2Apsd1 deletion strains.

Examining the genetic interactions more closely, we found
enrichment for key complexes involved in Golgi trafficking,
including the conserved oligomeric Golgi complex involved in
Golgi vesicle tethering, the Golgi-associated retrograde protein
complex involved in promoting fusion of transport vesicles
with the TGN, various Golgi SNARESs, and Rab GTPases and Rab
effectors involved in determining Golgi structure (Fig. 9 B; Miller
and Ungar, 2012; Goud et al., 2018; Bonifacino and Hierro, 2011).
Also present were components/complexes involved in late en-
dosome/vacuole biogenesis, such as ESCRT-III, the ubiquitin
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hydrolase Doa4, the SNARE Vam?7, the Rab GTPase Vps21, and
the HOPS complex member Vps4l (Fig. 9 B; Balderhaar and
Ungermann, 2013; Henne et al., 2011; Ungermann and Wickner,
1998). We also noted identification of a key component of
the endocytic machinery, Rvsl67, a Bin, Amphiphysin,
RVS (BAR) domain-containing protein, which is required
for scission of endocytic vesicles (Goode et al., 2015). It is
likely that these components were required for localizing
Psd2 to the correct compartment, trafficking PS to the Psd2
compartment, and/or biogenesis of the compartment itself.
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Ist2 and Osh6/7 contribute to maintenance of PE levels in the absence of Psd1. (A) PE levels relative to the total of PS, P, PE, and PC levels.

Lipids were extracted from cells during log-phase growth and separated by TLC. Apsd2Apsd1 cells were grown in the presence of Cho. (B) As in A, but for cells
expressing WT or Osh6/7-binding mutants of Ist2. (C) Schematic depicting the contribution of sphingolipid catabolism to PE synthesis. Myriocin inhibits serine
palmitoyl transferase (SPT). P-Etn, phosphoethanolamine. (D) Serial dilutions of yeast grown on SC medium with 2% dextrose (Dex), with or without Etn or
Cho. (E) Growth curves of yeast strains grown in liquid SC medium with or without Etn or Cho, with indicated concentrations of myriocin delivered in 0.4%
DMSO. **** P < 0.0001; *** P < 0.001; **, P < 0.01. Data are mean + SEM, n = 3.

Nevertheless, they support that Psd2 functions in the secretory
pathway.

The genetic interaction between RVS167 and PSDI suggested
that actin-mediated endocytosis could be the mechanism for
delivery of PS from the PM to Psd2 in the secretory pathway. We
verified the genetic interaction by liquid growth assay and found
that the double mutant was indeed slow growing relative to
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either of the single mutants, and that this growth phenotype was
greater than predicted by the multiplicative model, indicating a
negative genetic interaction (Figs. 9 C and S5, A-E). Addition of
Etn partially rescued this interaction, and addition of Cho fully
rescued it (Fig. S5, A-E), supporting that the growth phenotype
is linked to reduced PE synthesis. Hence, we measured PE levels
in these strains. We found that the Arvsl67 mutant had PE levels

Journal of Cell Biology
https://doi.org/10.1083/jcb.201910161

12 of 19


https://doi.org/10.1083/jcb.201910161

« [
5.

A vacuolar transport
Golgi vesicle transport

Golgi apparatus

protein targeting to vacuole

CVT pathway

endosomal transport

vesicle organization

intra-Golgi vesicle-mediated transport
Golgi to vacuole transport

post-Golgi vesicle-mediated transport
serine/threonine protein kinase activity
endosome

vesicle fusion

retrograde transport, endosome to Golgi
SNARE complex

0 2 4 6 8 10 12 14 16 18
log (1/Q)

@ coc
@ cArpP

@ ESCRT-IIIMVE Formation

@ sNAREs

. Rab/Rab Regulator/Rab Effector
. UPR Sensor

@ AMPK/AMPK Effector

. PS Decarboxylase

. Chromatin/Transcription

PDX3 O Endocytosis

PDR17

(@)
w)

dekkk

Sk

o
(2]
1

044 o -
0.3 o
0.2 o
o

0.1 I'EfTI
0.0

NA A NaR S
AL L& &

L & © x7 N >
Vot o Ve S

O &
er b&“ W W W

Exponential Growth
Constant (h")
o
»
1

PE/(PS+PI+PE+PC)

o

o

)

o
N
!

o
o
!

Figure 9. PS is delivered to Psd2 at the Golgi/endosomes/vacuoles by endocytosis. (A) Enriched gene ontology term annotations for strong Apsd1-
negative genetic interactors rescued by Etn. q Values are false discovery rate-adjusted P values from hypergeometric tests. (B) Protein interactions among
gene sets with strong ApsdI-negative genetic interactors rescued by Etn. Edges indicate annotated protein interactions found by the GeneMANIA plugin for
Cytoscape. Circles indicate genes found in the SGA screen. Diamonds indicate additional genes not found in the SGA screen, but having protein-protein
interactions with screen hits and predicted to be functionally related. Diamond node sizes correspond to GeneMANIA scores. AMPK, AMP-activated protein
kinase; COG, conserved oligomeric Golgi; ESCRT, endosomal sorting complexes required for transport; GARP, Golgi-associated retrograde protein; MVB,
multivesicular body; UPR, unfolded protein response. (C) Base 2 exponential growth constants calculated from liquid cultures of yeast in SC medium without
Etn or Cho. (D) PE levels relative to the total of PS, PI, PE, and PC levels. Lipids were extracted from cells during log-phase growth and separated by TLC. ****,
P < 0.0001; *** P < 0.001; **, P < 0.01. Data are mean + SEM, n = 4.
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similar to WT and that the Arvsi67Apsdl double mutant had
significantly reduced PE relative to Apsdl cells, although de-
crease was small (Figs. 9 D and S5 G). The modest decrease in PE
was perhaps not unexpected given the modest decrease in
growth of the double mutant relative to Apsdl cells and was
likely due to inefficient disruption of endocytosis in the Arvsi67
mutant, since it showed no growth defect and had PE levels
similar to thaose of WT (Fig. 9, C and D). Therefore, we sought to
disrupt endocytosis further by addition of Latrunculin A (LatA),
an actin monomer-sequestering drug that inhibits endocytosis
(Ayscough et al., 1997). We found a concentration of LatA (1.5
uM) that substantially inhibited growth of the Arvsl67 mutant
(to the level of the Arvsi67Apsdl double mutant) without af-
fecting WT growth (Fig. S5 F). Importantly, this chemical
genetic interaction indicated we achieved specific disruption
of actin mediated-endocytosis rather than generally disrupt-
ing actin-mediated processes. Next, we measured PE levels
in these strains after LatA treatment. LatA did not reduce PE
levels in WT but significantly reduced PE in the Arvsl67 mutant
(Figs. 9 D and S5 G), supporting a role for endocytosis in PE
synthesis. LatA treatment of Arvsi67Apsdl cells caused a sub-
stantial reduction in PE levels compared with untreated cells
and reduced PE to nearly 50% of ApsdI cells treated with LatA,
indicating a substantial disruption when endocytosis was blocked.
Additionally, we tested another endocytosis mutant, Avrpl, which
encodes yeast verprolin, a homologue of Wiskott-Aldrich syn-
drome protein-interacting protein (Donnelly et al., 1993; Ramesh
et al., 1997), and causes defects in actin nucleation and endocy-
tosis (Donnelly et al., 1993; Munn et al., 1995; Naqvi et al., 1998;
Sun et al., 2006). We found that AvrplApsdI cells showed a slow
growth defect relative to Apsdl, indicative of a negative genetic
interaction, which was rescued by Etn and Cho (Fig. S5 H). The
AvrplApsdl phenotype was made substantially worse by addition
of LatA and was rescued by Etn (Fig. S5 I). Thus, together, these
data strongly supported a role for endocytosis in PE synthesis
by Psd2.

Discussion

We present a model where Osh6/7 bind directly to the linker of
Ist2 to localize at ER-PM contacts for the transport of PS from
the ER to the PM (Fig. 10), requiring tethering by Ist2. This is
important for maintaining aminophospholipid metabolism and
cell growth in the absence of the ER/mitochondria-localized
Psdl, without which PS from the PM must then be delivered to
Psd2 via endocytosis. In the absence of both Ist2/Osh6/0Osh7 and
Psdl, minimal levels of delivery of PS to Psd2 likely occurs via
the secretory pathway (Fairn et al., 2011), allowing residual
growth of Aist2Apsdl and Aosh6Aosh7Apsdl cells. Thus, PS trans-
ported by Ist2 and Osh6/7 is linked to cellular lipid metabolism
and does not represent a transport dead end, i.e., a terminal
location for PS transport. As the two PS decarboxylases reside
in separate compartments in the cell, such redundancy may
become necessary when the cell encounters specific environ-
mental challenges. Additionally, delivery of PS to the PM via
Oshé/7-mediated transport also likely represents a mechanism
to enrich PS in the PM before its consumption by either Psdl or
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Psd2. Indeed, loss of Osh6/7 results in reduced PS as a result of
increased consumption by Psdl (Maeda et al., 2013). The role
for Ist2 in recruiting Osh6/7 to ER-PM contacts for PS transport
has been corroborated by another group, who additionally showed
that this interaction indeed protects PS from consumption by Psd1
(D’Ambrosio et al., 2020).

While many tethers may contribute to the formation of ER-
PM contacts, our data support that Ist2 is functionally specialized
to transport PS from the ER to the PM. Functional specialization
may be a property of many ER-PM tethers, as tethers do not nec-
essarily overlap in localization at ER-PM contacts (Besprozvannaya
et al,, 2018), and many tethers are recruited in a dynamic and
regulatable fashion (Lees et al., 2017). Similarly, our findings indi-
cated that of the seven Osh homologues, only Osh6/7 functioned in
aminophospholipid metabolism despite the known localization of
Osh2/3 to ER-PM contacts (Schulz et al., 2009). Osh2/3, but not
Oshé/7, interact with the myosin Myo5 and Scs2 for targeted de-
livery of sterols to endocytic sites adjacent to ER-PM contacts
(Encinar Del Dedo et al., 2017), corroborating that Osh proteins are
functionally specialized at ER-PM contacts.

Our work establishes a novel physical interaction between
members of the TMEMI6 and ORP families. The 10 human
TMEM16 homologues share a core TMEMI16 domain of ~700
amino acids, with several of these homologues having additional
N- and C-terminal extensions and/or loops between trans-
membrane sequences (Milenkovic et al., 2010; Pelz et al., 2018).
It is possible these extensions contain binding sites for ORP
proteins, although such sites may be hard to detect by sequence
homology if they reside in disordered peptide sequences. The
PS-binding mammalian homologues of Osh6/7, ORP5 and ORPS,
which are anchored to the ER via transmembrane domains and
bind the PM through Pleckstrin-homology domains, would pre-
sumably not require a TMEMI6 binding partner to maintain lo-
calization to ER-PM contacts. However, the long splice variant
of ORPS8, ORPSL, localizes to general ER (Chung et al., 2015),
and both ORP5 and ORPS8 have a secondary localization at ER-
mitochondria contacts (Galmes et al., 2016). Thus, it is con-
ceivable that some ORP family members require targeting
by TMEMI6 proteins, especially considering several TMEM16
proteins are internally localized within the cell (Duran et al.,
2012), raising the possibility TMEM16 proteins may function
at various MCSs. Indeed, the cytosolic N-terminal region of
TMEMI6A has been found to bind phosphatidylinositol 4,5-
bisphosphate-containing liposomes and can functionally re-
place the C-terminal helix of Ist2 for PM binding (Fischer et al.,
2009), while TMEMI16H localizes to ER-PM contacts upon ER
Ca?* depletion to regulate STIM1-Orai function (Jha et al., 2019).
Whether TMEM16 proteins recruit ORP proteins may prove to
be a fertile area of discovery for novel physiological functions
that require coupling of these two protein families.

Materials and methods

Yeast strains, growth conditions, and manipulations

All yeast strains are derived from S288C. Deletion and GFP-
tagged strains were constructed in the BY4741 and BY4742
backgrounds using homologous recombination of PCR-generated
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Golgi/
endosomes/
vacuoles

Figure 10. Model for Ist2/0sh6/7 function in aminophospholipid metabolism. Binding of Osh6/7 to the unstructured linker of Ist2 recruits them to
ER-PM contacts, allowing PS transport from the ER to the PM, with downstream conversion to PE at the Golgi/endosomes/vacuoles after endocytosis; and
concurrent PI4P countertransport from the PM to the ER, where it is hydrolyzed to Pl by Sacl. Structures are illustrative only and are not drawn to scale, and a
nhTMEM16 dimer is used in place of Ist2 (Protein Data Bank: accession no. 4WIS).

linear fragments amplified from pKT128, pKT209, pKT127,
pRS415, pHVFICT, pUVF2CT, or p4339 (Sheff and Thorn,
2004; Tong and Boone, 2006; Chao et al., 2014), with suc-
cessful recombination assessed by colony PCR. Strains con-
taining multiple deletions were generated either by multiple
rounds of homologous recombination of PCR products or by
mating yeast strains and inducing sporulation to obtain tetrads
for dissection. All yeast strains were maintained on standard
yeast growth medium of either yeast extract/peptone/dextrose
(YPD) medium (Fisher BP1422, BP1420, and Bioshop GLU501) or
synthetic complete (SC) medium (BD 291920) with appropriate
amino acid dropouts and 2% dextrose. Yeast cultures were grown
at 30°C.

Plasmids and constructs

Coding sequences for plasmid construction were obtained by
PCR amplification of genomic DNA extracts from BY4741 yeast.
For MBP-tagged Oshé for bacterial expression, the coding se-
quence of Osh6 was inserted into pMAL-C2X (NEB) using BamHI
and HindIIl cut sites. Similarly, Ist2 amplified sequences
were inserted into pGEX-6P2 (GE) using BamHI and Xmal
cut sites.

The coding sequence of Ist2 along with its native promoter
and 3’ UTR sequences was cloned using the same sequences as in
the MoBY-ORF collection (Ho et al., 2009) and inserted into
pRS416 using Xmal and Eagl restriction enzymes to yield p416-
Ist2. To delete residues 732-747 in this construct, the sequence
corresponding to amino acid residues 681-877 was synthesized
(IDT), digested with Agel and AflIl, and inserted into similarly
digested p416-Ist2 to yield p416-Ist2A732-747.

To construct p416-Snd3-GFP-Ist2°89-94¢, the coding sequence
corresponding to Ist2 amino acid residues 589-946 was inserted
using Mfel and Sacl cut sites into p416-Snd3-GFP (also known as
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p416-Pho88-GFP), with expression driven by the constitutive
portion of the PHO5 promoter (Chao et al., 2014). To construct
p416-Ist2A732-747-GFP, p416-Snd3-GFP was digested with BamHI
and Agel and inserted with an Ist2A732-747 coding sequence
amplified off p416-Ist2A732-747 and digested with BamHI
and Xmal.

To construct p413-Osh6-DHFR[3], p413-Scs2ATM-DHFR[3]
containing the constitutive portion of the PHO5 promoter (Chao
et al., 2014) was digested with BamHI to remove the Scs2 se-
quence and inserted with the coding sequence of Oshé to yield
p413-Osh6-DHFR([3], containing an extra Xmal site. p413-Oshé-
DHFR(3] was digested with BamHI to remove the Oshé sequence
and inserted with full-length Ist2 and Ist2A732-747 sequences to
yield p413-Ist2-DHFR[3] and p413-Ist2A732-747-DHFR([3], re-
spectively. Additionally, p413-Osh6-DHFR[3] was digested with
Eagl and Xmal to obtain p413-Ist2-732-747-DHFR[3], p413-Ist2-
727-776-DHFR[3], and p413-Osh7-DHFR[3].

Galactose-driven overexpression plasmids were obtained from
the FLEX overexpression library (Hu et al., 2007) generously
provided by Megan Kofoed (Michael Smith Laboratories, Uni-
versity of British Columbia, Vancouver, Canada) from the lab-
oratory of Phil Hieter. All FLEX plasmids were sequenced to
confirm their identity. Oshé and Osh7 L69D mutants were
generated using the NEB Q5 Site-Directed Mutagenesis kit
(E0554), with primer pairs 5'-CAGGATCACCGATCCTACTTT
TATTTTAGAAAAAAAATC-3' and 5" GTCAAATCGCAGCCTGGT-
3’ for Oshé and 5'-TAGAATCACAGATCCGACATTTATTCTGG-3'
and 5" GATAAATCACAACCTGGC-3’ for Osh7.

Growth assays

Yeast was grown overnight in liquid in SC medium supple-
mented with 1 mM Cho (or 1 mM Etn in the case of Adpll deletion
mutants), diluted into fresh medium, and then grown until
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reaching logarithmic growth phase (ODgo0 0.2-0.5). Cells were
then centrifuged at 2,000 g for 1 min and washed three times
with water to remove residual Cho, before being transferred to
liquid or solid medium. For DHFR PCAs, cells were grown
without Cho supplementation and not washed before transfer.

For liquid growth assays, strains were normalized to the
same ODggo and diluted to an ODgg value of 0.005-0.010 in 96-
well plates in triplicate wells to a volume of 200 pl. Myriocin
(M1177; Sigma-Aldrich) was added at the concentrations indi-
cated in the text in 0.4% DMSO. Plates were then incubated at
30°C with orbital shaking at 600 rpm in a Biotek Instruments
Epoch 2 Microplate Spectrophotometer. Data were log, trans-
formed, and appropriate time points were fitted to a linear
equation, with exponential growth constants derived from the
slopes of the linear equation. Statistical analysis was performed
in GraphPad Prism 6, and significant differences between all
pairwise combinations of groups were detected using one-way
ANOVA with post hoc multiple comparisons correction using
Tukey’s method.

For spot assays on solid medium, cells were grown on SC agar
plates containing dextrose, except for overexpression experi-
ments where plates contained 2% galactose as indicated. Plas-
mids were maintained with appropriate dropouts. Some agar
batches were found to be of low purity (with noticeable discol-
oration) and could partially support growth of Apsd2Apsdl,
Aist2Apsdl, and Aosh6Aosh7Apsdl deletion mutants, likely indi-
cating residual Etn/Cho in the agar. Thus, all growth assays were
done using one agar batch (Laboratory Grade, AGR003, lot
8L9900; Bioshop). Agar can also be substituted with agarose.
Plates with dextrose were incubated for 2 d at 30°C, whereas
galactose plates were incubated for 3-5 d at 30°C. For DHFR
PCAs, cells were grown on SC medium supplemented with 200
pg/ml methotrexate delivered in 1% DMSO, with plates con-
taining the DMSO control incubated at 30°C for 2 d, whereas
plates containing methotrexate were incubated for 3-4 d at
30°C. LatA (10-2254; Focus Biomolecules) was supplemented to
1.5 or 3 pM and delivered in 0.5% DMSO, with plates incubated
for 3 d at 30°C. For both liquid growth assays and spot assays,
Etn and Cho were supplemented at 1 mM where indicated.

Measurement of steady-state PE Levels

40 ODggo units of log-phase cells grown in SC medium without
Etn or Cho were harvested by centrifugation at 3,000 g for
3 min. LatA treatment was performed for 24 h at 1.5 um in 0.5%
DMSO. Cell pellets were disrupted with glass beads (G8772), and
the bead supernatant was extracted twice with 800 pl water; the
extracts (1.6 ml total) were added directly to 36 ml of 2:1 meth-
anol:chloroform, to which 8 ml water was then added. The
mixture was vortexed, 12 ml of 0.9% NaCl solution was added,
and it was vortexed again and centrifuged at 1,000 g for 5 min to
achieve phase separation. The lower organic layer was withdrawn
and evaporated under nitrogen gas and redissolved in 100 pl of
chloroform. 30 pl of the lipid solution was then spotted onto silica
gel TLC plates (CA1.05554.0001; VWR), and the plates were de-
veloped with 75:25:4 chloroform:methanol:water (Knittelfelder
and Kohlwein, 2017). Spot identities were confirmed with lipid
standards and ninhydrin staining. Densitometry was performed
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with Image]J (National Institutes of Health). Statistical analysis was
performed in GraphPad Prism 6, and significant differences be-
tween all pairwise combinations of groups were detected using
one-way ANOVA with post hoc multiple comparisons correction
using Tukey’s method. Data distribution was assumed to be nor-
mal but was not formally tested.

Confocal microscopy

Log-phase live yeast cells were imaged on either an Olympus
FV1000 system equipped with differential interference contrast
imaging using a 60x Plan Apochromat objective (NA 1.35; oil).
Images were captured using Olympus Fluoview FV10-ASW
software and analyzed using the Fiji distribution (Schindelin
et al., 2012) of Image] software (Rueden et al., 2017). To quan-
tify nuclear-to-cortical ER localization ratios of Ist2-GFP, cells
were identified that contained clearly visible nuclei as marked
by the ER marker RFP-ER, a fusion protein of RFP with the
transmembrane helix of Scs2 (Loewen et al., 2007). Regions of
interest (ROIs) were then selected with the Selection Brush tool,
and the average fluorescence intensity of Ist2-GFP at the nuclear
ER and the cortical ER were divided to obtain the ratio. For
Osh6/7-GFP, ROIs were selected for pmaER using RFP-ER as a
marker, whereas cytosolic ROIs were picked from the interior of
the cell. For experiments without RFP-ER, ROIs at the cell pe-
riphery and the cytosol were selected using differential inter-
ference contrast/bright-field images as a guide. Ratios were
normalized to the mean of WT cells for each experiment. Sta-
tistical analysis was performed in GraphPad Prism 6, and sig-
nificant differences between all pairwise combinations of groups
were detected using one-way ANOVA with post hoc multiple
comparisons correction using Tukey’s method. For single com-
parisons, differences were detected by unpaired t tests. Data
distribution was assumed to be normal but was not formally
tested.

In vitro protein interaction assay of Ist2 peptides with Osh6
Escherichia coli harboring pMBP-Oshé were grown in 800-ml
cultures until log phase, and expression was induced with
0.5 mM IPTG (IPT0O0L; Bioshop) overnight at 18°C. Cells were
harvested, frozen at -80°C, and lysed by probe sonication in
lysis buffer (50 mM Tris HCl, pH 7.4, and 120 mM NaCl) con-
taining 1 mM 4-(2-aminoethyl)benzenesulfony! fluoride hydro-
chloride (AEB602; Bioshop) and 1 mM DTT. Lysates were cleared
by centrifugation at 15,000 g for 20 min, and the supernatant
was incubated with amylose resin (NEB). The resin was washed
with lysis buffer, and the bound proteins were eluted with lysis
buffer containing 20 mM maltose.

Similarly, GST-Ist2 peptide fusion proteins and GST were
grown to log phase in 100-ml cultures, and expression was in-
duced with 0.25 mM IPTG for 3 h. The cells were frozen at
-80°C, lysed by probe sonication in lysis buffer, bound to glu-
tathione Sepharose 4B resin (GE), and washed with binding
buffer (lysis buffer containing 0.1% Igepal CA630; 18896; Sigma-
Aldrich) before further analysis.

To assess protein interaction, 50 pl of bound GST-Ist2 peptide
fusion protein resin slurry was incubated with 50 pl of MBP-
Oshé in solution with 900 ul of binding buffer for 1 h at 4°C,
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washed three times with binding buffer, heated at 65°C for
10 min in Laemmli sample buffer, and subjected to analysis on
SDS-PAGE gels with Coomassie Blue staining. Stained gels were
imaged with a flatbed scanner.

SGA analysis

Creation of the genome-wide array of double mutants with Apsdl
deletion strain was undertaken as previously described (Tong
and Boone, 2006). Briefly, PSDI was knocked out in the SGA
query background Y7092 using a NatMX cassette amplified off
p4339. This Apsdl query strain was mated with an array of
nonessential deletion mutants containing kanMX markers, and
the diploids were selected and induced to undergo sporulation.
From spores, MATa cells were obtained, separately pinned onto
plates containing the drug G418 or both G418 and clonNAT, and
repinned onto drug-containing medium. Results were analyzed
using Balony software (Young and Loewen, 2013). Gene ontology
term enrichment and protein-protein interaction network
analysis were performed using the GeneMANIA webserver,
with gene ontology term enrichment presented as Benjamini-
Hochberg false discovery rate-adjusted P values (g values) from
hypergeometric tests (Warde-Farley et al., 2010; Zuberi et al.,
2013).

Protein alignments and disordered sequence prediction

Ist2 alignments with fungal homologues were generated from
the Fungal Orthogroups Repository (Wapinski et al., 2007).
Disordered protein sequence prediction was generated with
DISOPRED3 (Jones and Cozzetto, 2015).

Online supplemental material

Fig. S1 shows additional micrographs and other data supporting
the localization and interaction of Ist2/Osh6/Osh7 in Fig. 1. Fig.
S2 shows growth curves and all growth constants from Fig. 2.
Fig. S3 shows additional control growth assays supporting Fig. 3
and Fig. 4. Fig. S4 shows representative TLC plates from Fig. 8
and strong negative genetic interactors of PSDI that are rescued
by Etn addition (SGA screen). Fig. S5 shows supporting growth
curve analysis and additional control growth assays supporting
Fig. 9 and representative TLC plates. Table S1 and Table S2 list
the yeast strains and plasmids used in this study, respectively.
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Figure S1. Supporting data for Fig. 1. (A) Yeast expressing genomically tagged GFP constructs and a plasmid-borne ER marker consisting of RFP fused to the
C-terminal transmembrane helix of the ER protein Scs2 (RFP-ER). (B-D) Venus PCA with yeast expressing genomically integrated C-terminal protein fusions
with Venus fragments vF1 and vF2. (B) Additional micrographs of cells containing Ist2, Osh6, and Osh7 PCA pairs. (C) Ist2 deleted for its amphipathic PM-
binding helix still interacts with Osh6. (D) Ist2 missing most of its ER-to-PM linker no longer interacts with Osh6/7. (E) Alignment of the Ist2 linker region with
fungal homologues. Asterisk indicates the Saccharomyces cerevisiae Ist2 sequence. Residue numbering is according to S. cerevisiae Ist2. The top panel displays
the alignment of Ist2 with fungal homologue residues from residues 690 to 811. The bottom panel displays the alignment from residues 732-747. Fungal
species are from the phylum Ascomycota. Species with homologues highly conserved around residues 732-747 are from the family Saccharomycetaceae,
whereas less conserved homologues are from the families Saccharomycetaceae, Debaryomycetaceae, and Schizosaccharomycetaceae. (F) DISOPRED dis-
ordered protein sequence prediction. Red boxes indicate residues predicted to be in a disordered region. Residues 739-747 are not predicted to be disordered.
(G) WT or Aist2Apsd1 cells expressing plasmid-borne Ist2A732-747-GFP. Medium was supplemented with Etn (1 mM) and Cho (1 mM). BF, bright field. Scale
bars: 2 um.
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Figure S2. Supporting data for liquid growth assays in Fig. 3. (A) Growth curves of indicated yeast strains grown in liquid SC medium with or without Etn
or Cho supplementation. (B-D) Base 2 exponential growth constants calculated from growth curves in A. (E) Exponential growth constants from B normalized
to WT cells, with calculated multiplicative growth constant for Aist2Apsdl and Aist2Apsd2 cells. (F) As in A. (G-1) As in B-D. (J) As in E, but with calculated
multiplicative growth constant for Aosh6Aosh7Apsdl and Aosh6Aosh7Apsd2 cells.
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Figure S3. Supporting data for growth assays on solid medium in Figs. 3 and 4. (A) Serial dilutions of the indicated yeast strains grown on SC agar medium with or
without Etn or Cho supplementation. (B) As in A, but with cells expressing plasmid-borne Ist2 mutated for its binding site with Osh6/7. (C~E) Serial dilutions of yeast grown on SC
medium with 2% dextrose (Dex) or 2% galactose (Gal), with or without Etn or Cho supplementation, containing plasmids for overexpression of (pOSH7), Cho2 (pCHO2), Opi3 (pOPI3),
and Ist2 (pIST2) under a galactose-inducible GAL promoter. The GAL promoter is repressed on dextrose. Gal-containing plates were incubated for 4 d (C) or 5 d (D and E).
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Figure S4. Representative TLC plates and SGA screen results. (A and B) Representative TLC plates from Fig. 8, A and B, respectively. The positions of PE,
PC, and comigrating PS + Pl are indicated on the left of the plate. (C) Normalized growth ratios for genes with strong negative genetic interactions (cutoff < 0.5)
with Apsdl in the absence of Etn (-Etn) and corresponding growth ratios in the presence of Etn (+Etn; related to Fig. 9). A value of 1 indicates no genetic

interaction.
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Figure S5. Role for Endocytosis in PE synthesis. (A) Growth curves of indicated yeast strains grown in liquid SC medium with or without Etn or Cho
supplementation. (B-D) Base 2 exponential growth constants calculated from growth curves in A. (E) Exponential growth constants from B normalized to
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WT cells, with calculated multiplicative growth constant for Apsd1Arvs167 cells (expected). (F) Serial dilutions of the indicated yeast strains grown on SC agar
medium with or without 1.5 pM LatA. (G) Representative TLC plates for lipid analysis from Fig. 9. The positions of PE, PC, and comigrating PS + Pl are indicated
on the left of the plate. (H) Serial dilutions of the indicated yeast strains grown on SC agar medium with or without Etn or Cho supplementation. (1) Serial
dilutions of the indicated yeast strains grown on SC agar medium with or without Etn in the presence of 3 pM LatA.

Provided online are two tables. Tables S1 lists the yeast strains used in this study, respectively. Table S2 lists the plasmids used in
this study, respectively.
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