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Ltc1 is an ER-localized sterol transporter
and a component of ER-mitochondria

and ER—vacuole contacts

Andrew Murley," Reta D. Sarsam,'* Alexandre Toulmay,?* Justin Yamada,' William A. Prinz,2 and Jodi Nunnari'

'Department of Molecular and Cellular Biology, University of California, Davis, Davis, CA 95616
“National Insfitute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, MD 20892

rganelle contact sites perform fundamental func-

tions in cells, including lipid and ion homeosta-

sis, membrane dynamics, and signaling. Using
a forward proteomics approach in yeast, we identified
new ER-mitochondria and ER-vacuole contacts specified
by an uncharacterized protein, YIr072w. YIr072w is a
conserved protein with GRAM and VASt domains that se-
lectively transports sterols and is thus termed Ltc1, for Lipid
transfer at contact site 1. Ltc1 localized to ER-mitochondria
and ER-vacuole contacts via the mitochondrial import
receptors Tom70/71 and the vacuolar protein Vac8,

Introduction

Organelle contact sites are critical for interorganellar lipid trans-
fer, ion homeostasis, and organelle membrane dynamics. In
yeast, a contact site is formed between the ER and mitochondria
by the ER—mitochondria encounter structure (ERMES), composed
of four subunits: outer membrane mitochondrial Mdm10 and
Mdm34, cytosolic Mdm12, and integral ER Mmm1 (Kornmann
et al., 2009; Stroud et al., 2011). Mdm34, Mdm12, and Mmm1
are members of the extended synaptotagmin domain family,
which bind lipids (Toulmay and Prinz, 2012; Schauder et al.,
2014), and consistently, ERMES has been implicated in lipid
exchange between the ER and mitochondria (Kornmann et al.,
2009). ERMES-marked ER-mitochondria contacts are also linked
to mitochondrial division and mitochondrial DNA (mtDNA)
segregation and mitophagy, suggesting they represent microdo-
mains that coordinate cellular functions (Murley et al., 2013;
Bockler and Westermann, 2014). Recently, additional mito-
chondrial contacts sites have been described whose functions
are related to ERMES, including V-CLAMP, a contact between
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respectively. At mitochondria, Ltc1 was required for cell
viability in the absence of Mdm34, a subunit of the ER-
mitochondria encounter structure. At vacuoles, Ltc1 was
required for sterol-enriched membrane domain formation
in response to stress. Increasing the proportion of Ltc1 at
vacuoles was sufficient to induce sterol-enriched vacuolar
domains without stress. Thus, our data support a model
in which Ltc1 is a sterol-dependent regulator of organelle
and cellular homeostasis via its dual localization to ER-
mitochondria and ER-vacuole contact sites.

mitochondria and vacuoles (Elbaz-Alon et al., 2014; Honscher
et al., 2014) and the ER protein complex EMC, proposed to
form an additional contact between ER and mitochondria
(Lahiri et al., 2014). In the case of V-CLAMP and ERMES,
these sites are coregulated. Thus, different contact sites between
organelles are coordinated, but how this regulation is achieved
remains unknown.

To understand the composition, mechanisms, functional
scope, and modes of communication of organelle contact sites,
we explored the environment of ERMES using proteomics and
identified a conserved uncharacterized ER protein, YIrO072w, as
an ERMES interactor, which belongs to a larger uncharacter-
ized protein family. Based on cytological and biochemical
analyses, we have renamed YIr072w Lipid transfer at contact
site 1 (Ltcl). Ltcl localizes to both ER—mitochondria and ER-
vacuole contact sites in partnership with the organelle-specific
components Tom70/71 and Vac8, respectively. Our data suggest
that Ltcl functions to transport and/or sense sterols at contact

©2015 Murley etal.  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 3.0 Unported license, as described at
http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Table 1. Affinity purification of the ERMES complex identifies an uncharacterized protein, YIr072w

Identified protein Average spectral counts Description CRAPome score
Mdm12 Mdm34 Mmm1
Mmm1 13 30 71 ERMES subunit 0.00
Mdm34 17 48 37 ERMES subunit 0.00
Geml 12 35 34 Miro GTPase 0.00
YIr072w 0 17.5 55 Uncharacterized 0.00
Mdm12 4 8 6 ERMES subunit 0.00
Msc7 0 9 8 ER protein 0.00
Tom71 0 7.5 3 Mitochondrial protein import receptor 0.00
Pbn1 0 0 8 Component of GPl-mannosyltransferase | 0.00
Pho84 0 1.5 4.5 Abundant inorganic phosphate transporter 0.00
Vicl 0 1 2 Vacuolar transporter complex 0.00
Spt10 2 5 1.5 Histone acetylase 0.06
Mdm10 8 26 20.5 ERMES subunit 0.12
Myo?2 0 3 1 Type V myosin; mitochondria/vacuole transport 0.18
Lsp1 0 2.5 0 Eisosome protein 0.18
Por1 6.5 22.5 17.5 Mitochondrial porin 0.35
Fks1 0 0.5 3 B-Glucan synthase component 0.41

Functional GFP fusions to the ERMES proteins Mdm12, Mdm34, and Mmm1 encoded at their endogenous chromosomal loci were purified from yeast cell lysates
with GFP antibodies. Purified proteins were identified by tandem mass spectrometry with a <1% decoy false discovery rate. As a control, mock purifications were
performed from an isogenic strain background that did not express GFP. The average total spectrum counts assigned to each protein from two IPs for Mdm12 and
Mmm1 and four IPs for Mdm34 are tabulated. We included in this table proteins that met the following criteria: (a) they were identified in duplicate sample experi-
ments for Mdm12/Mmm1 or 3/4 IPs for Mdm34, and (b) their average spectral counts were at least 10-fold higher than in mock purifications. Tabulated are proteins
that were identified in duplicate sample experiments and whose average spectral counts were at least 10-fold higher than in mock purifications. The “CRAPome” score
for identified proteins is listed at right and is a measure of how likely the identified protein is the result of a nonspecific interaction. This number is derived from the
Contaminant Repository for Affinity Purifications database, CRAPome, and is the proportion of mock purifications in which the protein is identified.

sites to facilitate separate organelle-specific functions and support
amodel in which the dual organelle localization of Ltc1 is a means
of coordinating the functions of mitochondria and vacuoles.

Results and discussion

To explore the composition of ER—mitochondria contacts,
we immunopurified GFP-tagged versions of ERMES subunits
Mmm1, Mdm12, and Mdm34 from dithiobis succinimidyl pro-
pionate (DSP) cross-linked yeast extracts to identify interacting
proteins by tandem mass spectrometry (IP-MS/MS). As shown
in Table 1, proteomic analysis of ERMES subunit purifications
identified multiple core ERMES complex components and the
ERMES auxiliary subunit Gem1, consistent with previous ob-
servations (Kornmann et al., 2011; Stroud et al., 2011). In addi-
tion, we identified an uncharacterized protein, Y1r072w. Deletion
of YLRO72W from cells did not cause significant growth defects
on media with fermentable (glucose) or nonfermentable (etha-
nol/glycerol) carbon sources (Fig. 1 A) nor defects in mitochon-
drial morphology (Fig. 1 B). However, deletion of YLRO72W
in combination with deletion of MDM34 caused a significant
synthetic growth defect as compared with deletion of MDM34
alone, indicating that YLR0O72W has both a physical and func-
tional relationship to ERMES (Fig. 1 C). We used this MDM34-
dependent phenotype to determine that a YLRO72W-yEGFP
fluorescent protein fusion allele integrated at its endogenous
locus was functional, as the growth of YLRO72W-yEGFP Amdm34
cells was similar to Amdm34 cells (Fig. 1 C).

YIr072w localized to punctate structures in cells, of
which 35-40% colocalized with ERMES foci, marked by
Mdm34-mCherry, suggesting that YIr072w foci localize to
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ER-mitochondria contact sites (Fig. 1, D and G). However,
Y1r072w foci formation was independent of ERMES, and we
also observed ERMES foci formation in the absence of YIr072w
(Fig. S1, A and B). We directly examined whether Y1rO072w
marks ER-mitochondria contact sites by examining the local-
ization of Y1rO72w in cells relative to ER and mitochondria,
using ER-targeted DsRed (DsRed-HDEL) and mitochondrial
matrix—targeted BFP (mtBFP), respectively. We observed that
a vast majority of YIr072w foci (80-90%) were present at
ER-mitochondria contact sites (Fig. 1, E [yellow arrowheads]
and G). However, we also observed YIr072w foci that were not
localized near mitochondria (Fig. 1 E, open arrowhead). The lo-
calization of a proportion of nonmitochondrial YIr072w foci to
the nuclear envelope prompted us to examine their localization
relative to nucleus—vacuole junctions (NVJs; Pan et al., 2000;
Roberts et al., 2003; Millen et al., 2008). Relative to the ER and
vacuoles, we observed that Y1lr072w localized to both NVIJs
(Fig. 1 F, open arrowheads; and Fig. S1 C, open arrowheads)
and other non-NVJ ER-vacuole contact sites (Fig. 1 F, closed
arrowheads; and Fig. S1 C, closed arrowheads). Quantification
of YIr072w localization at ER—mitochondria contacts and
ER-vacuole contacts yielded a proportion >100% (Fig. 1 G),
which is likely the result of error introduced by the resolu-
tion limitation of fluorescence microscopy. In total, our data
indicate that Y1r072w localizes to both ER—mitochondria and
ER-vacuole contacts.

Phylogenetic analysis and structure prediction programs
indicate that Y1rO72w contains two predicted lipid-binding
domains and is a member of a larger family with multiple
homologues present in nearly all eukaryotes (Fig. 2 A). Both
Phyre2 (Kelley and Sternberg, 2009) and iTasser (Yang et al.,
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C Amdm34 / MDM34 Amdm34 / MDM34

VLR072W/ Aylr072w  YLRO72W/ YLR072W-yEGFP

< <
A A

G Localization of Ltc1-yEGFP
ERMES w/ Ltc1 97% (106 foci, 32 cells)
Ltc1 w/ ERMES 36% (278 foci, 32 cells)
ER 100% (471 foci, 83 cells)
ER-mitochondria 91% (356 foci, 62 cells)
ER-vacuole 23% (115 foci, 19 cells)

YIr072w/Lic1 is localized to ER-mitochondria and ER-vacuole contact sites. (A) Deletion of YLIRO72W causes no significant growth defect on
fermentable or nonfermentable carbon sources. Cells were grown to mid-log phase and plated on synthetic complete media containing 2% dextrose (SD)
or 3% glycerol + 2% ethanol (SEG). (B) Deletion of YLROZ2W causes no significant change in mitochondrial morphology. Cells expressing mitochondria-

Figure 1.

targeted DsRed were grown to mid-log phase and imaged as described in “Fluorescence microscopy.” (C) Deletion of YLRO72W causes a synthetic sick/
lethal phenotype in Amdm34 cells. Expression of YIrO72w-yEGFP restores Amdm34 growth phenotype. Yeast diploids with the indicated genotypes were
sporulated, subjected to tetrad dissection, and the resulting spore colonies were genotyped based on segregation pattern of markers. Red circles indicate
inviable Amdm34 Aylr072w cells. Green circles indicate viable Amdm34 YLROZ72W-yEGFP cells. (D-F) YIrO72w localization was assessed in WT cells
using YIrO72w-yEGFP integrated at its endogenous locus relative to ERMES marked by Mdm34-mCherry (D), ER and mitochondria marked by DsRed-HDEL
and mitochondrialtargeted miBFP, respectively (E), and ER marked by DsRed-HDEL and vacuoles marked by Pho8-3XBFP (F). Cells were grown to mid-log
phase and imaged as described in “Fluorescence microscopy.” Yellow arrowheads in E mark ER-mitochondria contact sites, open white arrowheads in
E and F mark NVJs, and closed white arrowheads in F mark ER-vacuole contacts. (G) Quantification of Ltc1 foci localization from D-F. Dashed lines in
B and D demarcate cell boundaries. Dashed lines in E and F indicate enlarged regions shown as separate grayscale images to the right. Bars, 2 pm.

2015) reveal a conserved N- to C-terminal domain architecture
within the family: an unstructured N terminus, a GRAM domain
structurally similar to pleckstrin homology (PH) domains
(Begley et al., 2003), a previously unannotated StART-like
domain also called a VASt domain (Khafif et al., 2014); and a
C-terminal hydrophobic a helix. The VASt domain in this family
shares no sequence similarity to StART domains, but is predicted
to form a similar hydrophobic pocket that accommodates a lipid
molecule (Khafif et al., 2014). We also include vertebrate GramD2
and GramD3 proteins in this family as phylogenetic analyses in-
dicate they are derived from a common ancestor with GramD1a-c,
suggesting that they arose through VASt domain loss. Based
on these structural predictions and our observations, we rename
YLRO72W LTCI for Lipid Transfer at Contact site 1 and the other
members of the yeast family LTC2 (YFL0O42C), LTC3 (YHR0OS80C),
and LTC4 (YSP2/YDR326C). Although LTC] is paralogous to
LTC2, our physiological data suggest that it possesses nonredun-
dant functions (Fig. 1 and see Fig. 4).

To characterize Ltcl molecular features, we expressed
and purified the predicted soluble domain of Ltc1l (amino acids
1-590, 6xHis-Ltc1(ATM)) from Escherichia coli. Size exclu-
sion chromatography coupled with multiangle light scattering

indicated that recombinant Ltc1 is a monomer (73,690 = 0.283% D).
To test whether Ltc1 facilitates lipid transfer, we used an es-
tablished in vitro lipid transfer assay (Schulz et al., 2009),
in which dense sucrose-loaded donor liposomes containing one
of three different types of radiolabeled lipids, phospholipids,
triolein (a triglyceride), or cholesterol, were incubated with
lighter, unlabeled acceptor liposomes in the presence and ab-
sence of Ltc1(ATM) and subsequently separated by centrifuga-
tion (Fig. 2 B). Radioactive cholesterol, but not triolein or major
classes of phospholipids, was transferred to acceptor liposomes
in an Ltc1-dependent manner (Fig. 2 B), and transport efficiency
was dependent on Ltc1(ATM) concentration and time (Fig. 2,
C and D). Thus, Ltc1 selectively transports sterols between mem-
branes in vitro, suggesting that it functions as a sterol transfer
protein and/or sensor in vivo.

To examine the molecular basis for Ltc1’s dual localiza-
tion, we immunopurified Ltc1-yEGFP from DSP cross-linked
yeast whole cell lysates using anti-GFP antibodies. Consistent
with our cytological and proteomic data (Fig. 1 and Table 1), we
identified the ERMES subunit Mdm34 and the ERMES-associated
protein Gem1 (Table 2, wild type [WT]). Based on the number
of spectral counts, the most abundant proteins identified in Ltc1

Ltc1 is an ER-localized sterol transfer protein
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Figure 2. YIr072w/Lic1 is a member of a conserved A

protein family and catalyzes sterol fransport between  Budding yeast
membranes. (A) Lic1 family members in budding yeast
and humans, also identified by Khdfif et al. (2014).
Members were identified by BLAST searches with
the amino acid sequence of YIrO72w/Lic1. Proteins

Ltc1/YIr072w  ————i— 693 a.a.
Ltc2/Yfl0d2c — g SN §- 674 a.a.

with significant sequence similarity were queried for ~ Ltc3/Yhro80c == I — i 1345a.a.
shared predicted secondary structure and domains P ———
with Phyre2 and i-TASSER (Kelley and Sternberg, Histixap2 — fisas
2009; Yang et al., 2015). In yeast, the paralogues ~Humans
Lic1/Ltc2(YAl042¢) and Lic3(YhrO80c)/Ltc4(Ysp2) arose  GramD1a — —p——EES—E—— 724 a.a. B  GRAM
from a genome duplication event. (B-D) Ltc1 selectively
transports sterol between membranes (B; n = 4 for ~ GramD1b  ——E———EE—— 738aa. s VASt
cholesterol and n = 2 for triolein and phospholipids) - ——
in a concentration (C; n = 4)- and time (D; with protein Gramp1e exines, B hydrophobic helix
n = 3; control without protein n = 1)-dependent manner ~ GramD2 —B——-8 354aa. . .
and were performed as depicted in the schematic in B coiled-coil
B and as described in Materials and methods. Errors ~ ramb3 = B 432aa.
bars represent standard deviation.
B donor acceptor 30 1
liposomes ~~ 4 liposomes
25 1 " no protein
20 1 ®| tc1 25pmol

(9]

Percent [*H]-cholesterol
transferred
o
o

no protein

purifications were the paralogous mitochondrial preprotein
import receptors, Tom70/71 (Table 2, WT; Schlossmann et al.,
1996; Schmidt et al., 2010), also identified in the ERMES com-
plex subunits purifications (Table 1). Localization of a func-
tional Tom71-yEGFP fusion relative to Ltcl in cells revealed
that, in addition to a uniform labeling of the mitochondrial outer
membrane, Tom71 was present in focal structures that colocal-
ized with Ltcl (Fig. 3 A and Fig. S1 A). We tested whether
Tom70/71 is required for Ltc1’s localization to mitochondria. In
Atom70 Atom71 cells, Ltc1 was localized to foci, but in contrast
to WT cells, a vast majority of these were not localized to mito-
chondria (Fig. 3 B) and instead were at ER—vacuole contacts
(Fig. S1 C). Tom70/71 also functions redundantly to target the
F-box protein Mfbl to mitochondria (Kondo-Okamoto et al.,
2008). Although not detected in our Ltcl purifications, we
tested whether localization of Ltcl to mitochondria was Mfb1
dependent. In contrast to deletion of TOM70 and TOM71, dele-
tion of MFBI did not alter the localization pattern of Ltc1 rela-
tive to WT (Fig. S1 D). Thus, these data indicate a major and
perhaps direct role of Tom70/71 in the localization of Ltcl to
ER-mitochondria contact sites.
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Additional proteins were identified in Ltc1 purifications,
including the vacuolar protein Vac8, which based on total
spectral counts was the most abundant vacuolar protein pres-
ent (Table 2, WT). Vac8 has diverse functions in autophagy,
vacuolar transport, and in the formation of NVJs (Wang et al.,
1998; Veit et al., 2001; Subramanian et al., 2006; Tang et al.,
2006). Of note is that Tom70/71 and Vac8 have TPR repeats
and Armadillo repeats, respectively, which form protein—
protein interaction platforms (Wang et al., 1998; Wu and Sha,
2006; Grove et al., 2008; Li et al., 2009), suggesting that simi-
lar to Tom70/71 for mitochondria, Vac8 may function to lo-
calize Ltcl to vacuoles. Consistently, in Avac8 cells, Ltcl
localized to foci exclusively at ER-mitochondria contact sites
(Fig. 3 B and Fig. S1 E). Vac8 is required for the formation of
NVJs through a direct interaction with the outer nuclear enve-
lope protein Nvjl (Pan et al., 2000). Thus, we tested whether
the Ltc1 localization to ER—vacuole contacts was dependent
on NVIJ formation. We observed that Ltc1-yEGFP localiza-
tion was unaffected in Anvj/ cells (Fig. S1 E), indicating that
Ltcl-dependent ER—vacuolar contact is distinct from Nvjl-
dependent NVJ contact sites. In cells harboring deletions in



Table 2. YIr072w/Lic1 interacts with proteins on mitochondria and vacuoles

Identified protein Average spectral counts Description CRAPome score
wr Atom70 Atom71
YIr072w/ltc1 280.5 242.5 - 0.00
Tom71 53 0 Mitochondrial protein import receptor 0.00
Tom70 13 0 Mitochondrial protein import receptor 0.00
Vac8 11.5 22.5 Multifunctional vacuolar protein 0.00
Geml 10.5 0 Miro GTPase 0.00
Mdm34 6 0 ERMES subunit 0.00
Leu9 3 1 Leucine biosynthesis; mitochondrial 0.00
Npr1 2 7 Protein kinase; substrate of TORC1 0.00
Eri5 2 1 ER-localized J protein 0.00
Ybt1 1.5 4 Vacuole-localized ABC transporter 0.00
Mam33 0 12.5 Mitochondrial matrix acidic protein 0.00
Pdr10 0 55 ABC transporter 0.00
Ergé 6 7 Ergosterol biosynthesis 0.11
Kogl 1.5 5.5 Subunit of TORC1 0.11
Mnp1 0 7.5 Mitochondrial nucleoid protein 0.17
Vphl 4.5 14 Vacuolar ATPase subunit 0.22

YIr072w/1tc1-yEGFP was purified from yeast WT or Atom70 Atom7 1 cell lysates, and proteins were identified by tandem mass spectrometry with a <1% false discov-
ery rate. Control mock purifications were performed from isogenic strain backgrounds that did not express yEGFP. The average total spectral counts assigned to each
protein from two independent experiments are tabulated. Tabulated are proteins that were identified in duplicate sample experiments and whose average spectral
counts were at least 10-fold higher than in mock purifications. The “CRAPome” score for identified proteins is listed at right and was measured as in Table 1.

TOM70/71 and VACS, Ltcl foci were absent, and instead,
Ltcl was localized diffusely throughout the ER (Fig. 3 C),
consistent with Ltcl being an ER membrane-associated pro-
tein. In contrast, Ltcl formed foci localized to vacuoles in
Anvjl Atom70 Atom71 cells, similar to its localization in
Atom70 Atom71 cells (Fig. S1 F). Together our data indicate
that Tom70/71 and Vac8 are partners of Ltcl in the formation
of ER—mitochondria and ER—vacuolar contact sites/tethers,
respectively, and suggest that they may regulate the relative
distribution of Ltcl to these distinct organelle contacts.

To test whether the dual localization of Ltcl is a means
for organelle communication, we first asked whether Ltcl has
distinct functions at mitochondria and vacuoles. Consistent with
this, we found that deletion of TOM70 and TOM?71, but not
VACS, produced a synthetic lethal/sick phenotype in combina-
tion with deletion of MDM34 (Fig. 4 A). However, given that
Tom70 and Tom?71 function in mitochondrial protein import,
it is possible that the synthetic lethality/sickness observed in
Atom70 Atom71 Amdm34 cells is not a specific consequence of
defects in Ltc1 localization to mitochondria. Thus, we searched
for cis-regulators of Ltc1 localization to interrogate Ltc1 organ-
elle-specific functions.

Ltcl contains a GRAM domain that in other contexts
controls the cellular localization of proteins via protein and/
or phosphoinositide lipid interactions (Doerks et al., 2000;
Begley et al., 2003). We asked whether the GRAM domain
of Ltcl determines its localization to ER—mitochondria and/
or ER—vacuolar contacts. Ltc1(AGRAM) (deletion of amino
acids 145-360) localized exclusively to ER—vacuole contact
sites, a pattern similar to that observed in Atom70 Atom71
cells (Fig. 4 B). Thus, the GRAM domain is an essential de-
terminant of Ltc1’s localization to ER—mitochondria contacts,
although we do not presently understand the molecular basis

for GRAM-dependent Ltcl mitochondrial localization. Trans-
formed plasmids containing full-length Ltc1-yEGFP, but not
Ltc1(AGRAM)-yEGFP or an empty vector, rescued the syn-
thetic lethal/sick interaction phenotype of Altcl Amdm34 cells
(Fig. 4 C). Together, these observations indicate that Ltcl-
dependent functions at ER—mitochondria and ER—vacuole con-
tact sites are nonredundant and separable.

In response to glucose starvation, cycloheximide treat-
ment, or weak acid stress, the vacuole membrane rearranges
into ergosterol-enriched (marked by Ivyl) and ergosterol-
depleted (marked by Vphl) lipid domains (Toulmay and Prinz,
2013). Given that Ltc1 possesses sterol transport activity in vitro,
we examined whether it is required for ergosterol-dependent
vacuolar lipid domain formation in cells. Vacuolar domain for-
mation was severely defective in Altcl cells after glucose star-
vation and cycloheximide treatment, but was unaffected in
response to weak acid stress as compared with WT cells (Fig. 4 D).
These observations are consistent with the in vitro ergosterol
transport activity of Ltcl and suggest that Ltc1 functions at
ER-vacuole contacts in the stress-dependent reorganization of
vacuolar membranes. These results also support the idea that
different stresses mediate vacuolar domain formation through
different mechanisms (Toulmay and Prinz, 2013).

We asked whether the relative localization of Ltcl to ER—
mitochondria and ER—vacuole contacts alters organelle-specific
Ltcl functions. Specifically, we increased the proportion of
Ltcl localized to the ER-vacuole contact sites and examined
vacuolar domain formation in unstressed cells (Fig. 4, B and E;
and Fig. S2). We accomplished this by deleting TOM70 and
TOM71 or by replacing Ltcl with Ltc]1-AGRAM and assessed
vacuolar domain formation based on patterned Vphl localiza-
tion in cells after exponential growth for over a dozen genera-
tions in nutrient-replete media. Under these conditions, vacuolar

Ltc1 is an ER-localized sterol transfer protein « Murley et al.
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Figure 3. Localization of Ltcl to ER-mitochondria A
and ER-vacuole contact sites requires Tom70/71 and
Vac8, respectively. (A) Ltcl, marked by Licl-yEm-
Cherry, colocalizes with Tom7 1, marked by Tom71-
yEGFP, in foci on the mitochondrial outer membrane.
Cells expressing Lic1-yEmCherry and Tom71-yEGFP
were grown to mid-log phase and imaged as de-
scribed in “Fluorescence microscopy.” Dashed lines
and numbers denote enlarged regions shown as sepa-
rate grayscale images of each channel to the right
of the merged image. (B) Vac8 and Tom70/71 are
required for Ltc1 foci localization to vacuoles and
mitochondria, respectively. Cells of the indicated
genotypes expressing Lic1-yEGFP and miDsRed were
grown to mid-log phase and imaged as described B
in “Fluorescence microscopy.” Images represent a
maximum intensity z-projection. Dashed lines denote
enlarged regions shown below. (C) Ltc1 is an ER mem-
brane-associated protein. Atom70 Atom71 Avac8
cells expressing Ltc1-yEGFP were grown to mid-log
phase and treated with 1 pg/ml DAPI for 20 min to
label the nucleus, washed twice in SD media, and

Tom71-yEGFP
YIr072w/Ltc1-yEmCherry

1 2 3
YIr072w/
Ltc1-yEmCherry
! ! o

Atom70 Atom71
Avac8

WT Atom70 Atom71

Avac8

imaged as described in “Fluorescence microscopy.” YIr072w/ >
Extranuclear DAPI-stained structures are likely mtDNA. Ltc1-yEGFP — — —
N - ---
Percent of
foci at 91 7 100
Mitochondria (158 foci, 21 cells) (173 foci, 70 cells) (429 foci, 55 cells) N.A.
C DIC MERGE Ltc1-yEGFP DAPI

domains were readily observed in Arom70 Atom71 and Ltcl-
AGRAM Alrcl cells, but not in WT or Altcl Atom70 Atom71
cells (Fig. 4, B and E; and Fig. S2). These observations demon-
strate that Ltc1 functions specifically at the ER—vacuole contact
to control vacuole membrane domain formation and that shift-
ing the localization of Ltc1 to ER—vacuole contact sites is suffi-
cient to induce vacuolar membrane domain formation under
normal growing conditions. In addition, we observed that Ltc1-
AGRAM localization in Altc1 cells was restricted to ergosterol-
enriched domains (Fig. 4 B, open arrowheads; and Fig. S2). The
exclusive localization of Ltcl to ergosterol regions in the ab-
sence of its GRAM domain suggests that the VASt domain har-
bors the ergosterol binding/transport activity of Ltcl.

Our data show that ER membrane—associated Ltc1 is ca-
pable of transporting sterols and forming ER—mitochondria and
ER-vacuole membrane contacts by partnering with the organelle-
specific components Tom70/71 and Vac8. We envision that
at these organelle contacts, Ltcl acts as dynamic organizer of
local membrane lipid composition rather than, or in addition
to, mediating bulk sterol transfer in cells. Regulation of local
lipid composition by Ltcl may promote the formation of spe-
cialized domains, an extreme example of which is the stress-
induced microscale vacuolar domains in yeast. Ltc1-induced lipid

Atom70 Atom71 Avac8

domains could act cooperatively to regulate the localization of
proteins that, together with a selective lipid milieu, would act as
regulators of organelle biogenesis and signaling.

Although the physiological roles of vacuole membrane
domains is poorly understood (Toulmay and Prinz, 2013; Wang
et al., 2014), our proteomic data suggest that the Target-Of-
Rapamycin Complex 1 (TORCI) subunit Kogl as well as the
downstream TORCI1 target Nprl are in close proximity to Ltcl
at the vacuole (Table 2). Thus, one possible function of Ltc1-
dependent domain formation may be in TORCI regulation.
Consistent with this possibility, Gtr2, a Rag GTPase component
of the EGO (Exit from G,) complex, a conserved upstream reg-
ulator of TORC1 (Dubouloz et al., 2005; Bonfils et al., 2012), is
also localized with Ltcl and Ivyl, a protein with a putative
BAR-like domain, in the ergosterol-enriched vacuolar domain
(Toulmay and Prinz, 2013). Domain formation at the vacuole
may thus function similar to TORC2 regulation at the plasma
membrane, where the BAR domain activators SIm1/2 are dy-
namically partitioned between the eisosome and TORC2 mem-
brane domain compartments to regulate TORC2 activity in
response to stress (Olivera-Couto et al., 2011; Berchtold et al.,
2012; Niles et al., 2012). The exact molecular role of Vac8 in
Ltcl-mediated vacuolar domain formation as well as whether
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Figure 4. The distribution of Ltc1 to ER-mitochondria and ER-
vacuolar contacts regulates Lic1-dependent separable mitochondrial
and vacuolar functions. (A) The localization of Lic 1 to ER-mitochondria,
but not to ER-vacuole, contacts is essential in Amdm34 cells. Diploid
yeast heterozygous for the indicated deletions were sporulated and
analyzed by tetrad dissection as described in “Fluorescence micro-
scopy.” The green circle indicates viable Avac8 Amdm34 cells (the
colonies immediately above and below are Avac8 and WT, respec-
tively). Red circles indicate nonviable Afom70 Atom71 Amdm34
cells. (B) The Lic1 GRAM domain is required for the mitochondrial
localization of Ltc1. Cells expressing Lic1(AGRAM)-yEGFP, Vph-
yEmCherry (vacuoles), and miBFP (mitochondria) were grown to
mid-log phase and imaged as described in “Fluorescence micros-
copy.” Open arrowheads indicate the localization of Ltc1 to Vph1-

from
Amdm34 x Altc1 x pRS313-LTC1-yEGFP WT
(~2:2:2)
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Altc1 region shown as two-olor images fo the right of the merged, three-
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color image. (C) The mitochondrial localization of Ltc1 is essential
in Amdm34 mutants. Diploid yeast heterozygous for Amdm34 and
Alic1 and harboring a yeast centromeric plasmid pRS313 contain-
ing Ltc1-yEGFP or Lic1(AGRAM) were sporulated and analyzed by
tetrad dissection as described in “Fluorescence microscopy.” The
expected frequency of viable Amdm34 AltcT mutants for pRS313
plasmids containing a WT Ltc1 is 1/8 spore colonies. The observed
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Ltc1 affects and/or coordinates Vac8’s known functions in NVJ
formation, vacuolar motility, and autophagy (Wang et al., 1998;
Tang et al., 2006) remain to be determined.

Our data suggest Ltcl possesses a separate lipid-linked
function at mitochondria as the simultaneous loss of Ltcl and
ERMES functions produces a synthetic lethal/sick growth phe-
notype. Loss of ERMES subunits alters the levels of mitochon-
drial lipids relative to WT, including ergosterol (Tan et al.,
2013). Thus, we speculate that Ltc1 function at mitochondria,
similar to its function at vacuoles, is related to sterols. However,
although sterols are important for the maintenance of mitochon-
drial morphology in yeast, their exact functions remain poorly
described (Altmann and Westermann, 2005). In mammals,
however, the nonvesicular transport of sterols from ER to mito-
chondria has been specialized for cell type—specific steroid hor-
mone production. A mammalian homologue of Ltc1, GramD1b
(Fig. 2 A), is highly expressed in steroidogenic Leydig cells
(McDowell et al., 2012) and in the adrenal glands (Rosenbloom
et al., 2015), suggesting that it may function in this capacity.

Our observations raise the possibility that Ltcl via
Tom70/71 might play an important regulatory role in mitochon-
drial biogenesis specific to Tom70/71 clients, which are the
metabolite carrier proteins of the inner mitochondrial mem-
brane (Hines et al., 1990; Sollner et al., 1990; Steger et al.,
1990; Schlossmann et al., 1996). Cytosolic kinases, such as the

Altc1 Atom70 Atom71

frequency for WT Lic1 was 12/104 (~1/8), whereas the observed
frequency for Lic1(AGRAM) and an empty vector control were
1/108 and 2/92, respectively. (D) Lic1 is required for vacuole
membrane domain formation in response to cycloheximide and
glucose starvation. WT and Alic 1 cells expressing Vph1-yEGFP were
grown exponentially in synthetic complete media for at least 12 gen-
erations and then subjected fo the indicated treatments and imaged
as described in “Fluorescence microscopy.” Quantification repre-
sents friplicate biologically independent experiments. (E) Shifting the
proportional localization of Ltc1 to ER-vacuole contacts is sufficient
to induce vacuole membrane domain formation under normal grow-
ing conditions. WT, Atom70 Atom71, and Altc] Atom70 Atom7'1
cells were grown for at least 12 generations in nutrientreplete
media, and domain formation was assessed using Vph1-yEGFP as
described in “Fluorescence microscopy.” Quantification represents
triplicate biologically independent experiments. The arrowhead indi-
cates a vacuole with Vph1-GFP-labeled domains. Bars, 2 pm.

nutrient-sensing kinase PKA, regulate Tom70/71 through phos-
phorylation (Schmidt et al., 2011), which may be a means of
regulating Ltc1-Tom70/71 interactions in addition to regulat-
ing protein import. The exact function of Ltcl at mitochondria
and whether the canonical function of Tom70/71 in protein im-
port is integrated with Ltcl remain outstanding questions.
Although Ltcl functions at mitochondria and vacuoles are
separate, we show that increasing the proportion of Ltcl at ER—
vacuole contacts is sufficient to induce ergosterol-enriched vacu-
olar domains under normal growth conditions. Thus, we propose
that the dual localization of Ltcl to mitochondria and vacuolar
contacts serves as a unique mode of interorganellar communica-
tion. Although the physiological pathways that regulate the rela-
tive distribution of Ltc1 at these distinct contacts are not known,
it is likely that such coordination will be important for nutrient
sensing and signaling (Honscher et al., 2014) and cellular replica-
tive aging (Hughes and Gottschling, 2012), which both involve
extensive cross-talk between mitochondria and the vacuole.

Plasmid and strain construction

All Saccharomyces cerevisiae strains constructed in this study are based on
the W303 (ade2-1; leu2-3; his3-11, 15; trpl-1; uvra3-1; can1-100
[Rothstein, 1983]) genetic background and are listed in Table S1. Strains
were constructed by mating and/or by direct transformation using the lithium
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acetate method. Correct targeting of chromosomal integrations was con-
firmed by PCR. Fluorescent protein fusion alleles were derived from plas-
mids described in Sheff and Thorn (2004; yEGFP and mCherry) and
derivatives described in Lackner et al. (2013; yEmCherry).

To generate pRS313::LTC1-yEGFP, genomic DNA from the W303
LTC1-yEGFP yeast strain was used to amplify a PCR product containing
LTC1-yEGFP plus its native promoter (250 bp 5’ of start codon) and the en-
tire ADH1 terminator used in the yEGFP::HIS cassette, which was then
cloned into linearized pRS313 (Sikorski and Hieter, 1989) using a Gibson
isothermal assembly reagent (New England Biolabs, Inc.) according to the
manufacturer’s instructions. This was then used to generate pRS313::
LTC1(AGRAM)-yEGFP by isothermal assembly of PCR products that when
recombined would remove the nucleotides encoding amino acids 145-
360 of Ltc1. To generate éxHistagged Ltc1(ATM) for expression in E. coli,
the DNA encoding amino acids 1-590 of the protein was amplified from
yeast genomic DNA and cloned directionally into pET15b using 5'-Xhol/
3’-BamHl sites. pVT100U-miTagBFP was constructed by synthesizing yeast
codon-optimized TagBFP de novo and replacing GFP in pVT100U-mtGFP
(Westermann and Neupert, 2000) with 5'-Kpnl/3’-Xhol sites.

pYES-mitoTagBFP, which drives galactose-inducible expression of
mitoTagBFP from a GAL1 promoter (Murley et al., 2013); pYX142-mtDsRed,
a CEN/ARS plasmid driving mitochondrial matrix-targeted DsRed (mtDsRed)
expression from a TDI promoter (Westermann and Neupert, 2000); pKW 1803
(DsRed-HDEL), which expresses a fusion protein containing the Kar2 signal
sequence, DsRed, and an HDEL retention sequence (Madrid et al., 2006);
and pRS305 3xBFP-Pho8, an integrating plasmid driving expression of
3xBFP-Pho8 from a PGK1 promoter (Graef et al., 2013), are all previously
described in more defail.

Fluorescence microscopy

Cells were grown fo log phase (ODgoo ~0.6-1.0) at 30°C in the appropri-
ate synthetic medium to select for plasmids, concentrated by centrifugation,
deposited directly on a glass slide, and then sealed under a #1.5 coverslip
using nail polish. Cells in Fig. 1 E were grown in synthetic medium contain-
ing 2% galactose to drive expression of m{TagBFP from pYES-miTagBFP;
otherwise, cells were grown in synthetic medium with 2% glucose. Cells
were imaged at 25°C.

Cells in Fig. T (B and D-F), Fig. S1 (A and C), Fig. 3 A, and Fig. 4 E
were imaged on a DeltaVision Real-Time microscope (IX70 DeltaVision;
Olympus) using a 60x 1.40 NA objective lens (Olympus) and a 100-W
mercury lamp (Applied Precision). Light microscopy images were col-
lected using an integrated, cooled charge-coupled device (CCD)-based
camera (CoolSNAP HQ; Photometrics) equipped with an Interline Chip
(Sony). Datasets were processed using sofftWoRx's (Applied Precision) it-
erative, constrained three-dimensional deconvolution method to remove
outof-focus light.

Cells depicted or analyzed in Fig. 3 B, Fig. 4 B, Fig. S1 (B and D-F),
and Fig. S2 were imaged using the spinning disc module of a Marianas
SDC Real-Time 3D Confocal-TIRF microscope (Intelligent Imaging Innova-
tions, 3i) fit with a Yokogawa spinning disk head, a 63x 1.40 NA (Olympus;
Fig. S2) or 100x 1.46 NA objective (Olympus; Fig. 3 B, Fig. 4 B, Fig. S1
[B, D, and E], and Fig. S2), and EMCCD camera.

For stress treatments in Fig. 4 D, cells were grown for >12 genera-
tions to mid-log phase (to ensure no residual vacuole domains from cells in
the colony) in synthetic complete (SC) media containing dextrose as a car-
bon source (SD) and harvested by centrifugation. They were then resus-
pended in an equal volume of SD media containing 60 mM sodium
acetate, pH 5.2, 50 pg/ml cycloheximide, or SC media without glucose.
For glucose starvation, cells were washed three times with water before re-
suspending them in an equal volume of SC-glucose. All treatments lasted
3 h. Cells were imaged on the DeltaVision wide-ield deconvolution micro-
scope described above. Experiments were performed in independent bio-
logical replicates.

Images were manipulated in Photoshop (Adobe). In some images found
in this paper, linear adjustments were made to brightness and contrast.

Immunopurification and tandem mass spectrometry

Genes encoding ERMES subunits (MDM12, MDM34, and MMM1) were
tagged at their C terminus with GFP at their native chromosomal locus. GFP
fusion proteins were immunopurified from whole-cell lysates as previously
described (Lackner et al., 2013). Cells were grown overnight to log phase
(ODsoo = 1) in YPD medium (2% glucose, 2% peptone, and 1% yeast ex-
tract supplemented with adenine and tryptophan), harvested by centrifuga-
tion, washed once with distilled water, and resuspended 1:1 with IPLB buffer
(20 mM Hepes, pH 7.4, 150 mM potassium acetate, 2 mM magnesium
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acetate, 1 mM EGTA, and 0.6 M sorbitol) containing protease inhibitor
cocktail Set 1 (PIC; EMD Millipore). Cell suspensions were flash-frozen
dropwise in liquid nitrogen. Frozen cells were lysed in a freezer mill (Spex
6970 EFM) and using three lysing periods of 2 min at speed “7” with 2 min
of chilling between each. Lysates were stored at —80°C. Frozen cell ly-
sates were thawed in a room temperature water bath with additional PIC,
then clarified of unlysed cells and debris by centrifugation at 500 g for
5 min. Clarified lysates were treated with a reversible cross-linker DSP
(Thermo Fisher Scientific) at a concentration of 1 mM for 30 min at 4°C,
nutating at 50 rpm. The reaction was quenched by addition of Tris, pH 7.5,
to 100 mM and incubation on ice for 10 min. Membranes were solubilized
by addition of digitonin to a final concentration of 1% and nutating at
4°C at 50 rpm. Lysates were clarified by centrifugation at 12,000 g for
10 min at 4°C. Clarified lysates were incubated with 50 pl LMACs mono-
clonal mouse anti-GFP magnetic microbeads (Miltenyi Biotec) incubated at
4°C for 30 min. puMACS columns were equilibrated in IPLB + 1% digitonin +
1x PIC. Lysates and anti-GFP beads were flown over the column, and
bound beads were washed three times with 800 pl IPLB + 0.1% digitonin +
PIC and then twice more with 500 pl IPLB. On-bead digestion with trypsin
was achieved by applying 25 pl of elution buffer 1 (EB1; 2 M Urea, 50 mM
Tris-HCl, pH 7.5, 1 mM DTT, and 5 pg/ml Trypsin) to the column and incu-
bating for 30 min. Digested proteins were eluted by adding 2x 50 pl EB2
(2 M Urea, 50 mM Tris-HCI, pH 7.5, and 5 mM chloroacetamide). Eluted
proteins were incubated overnight at 25°C and then quenched by addition
of 1 pl trifluoroacetic acid (TFA). Purified proteins were identified by tan-
dem mass spectrometry in the University of California, Davis Proteomics
Core. Mock purifications from cells that did not express GFP were used as
a control for nonspecific interactions.

Ltc1-yEGFP was immunopurified using a modified protocol. Cells
were grown in YPD and harvested routinely by centrifugation as above.
Cells were then resuspended in a buffered solution (RIPA; 50 mM Tris-HClI,
pH 7.5, 150 mM NaCl, and 1 mM EDTA). Suspended cells were flash-
frozen dropwise in liquid nitrogen and lysed in a freezer mill. Clarified ly-
sates were then crosslinked with DSP and quenched as above. Lysates
were then solubilized by adding detergents to a final concentration of 1%
sodium deoxycholate, 1% NP-40, and 0.1% SDS. Lysates were clarified
and incubated with anti-GFP wWMACs beads as above. Bound anti-GFP
beads were washed three times with RIPA + 0.1% sodium deoxycholate,
0.1% NP-40, 0.01% SDS + PIC, and then twice more with RIPA (no deter-
gents or PIC). On-bead digest, protein elution, and MS/MS were per-
formed as above.

Protein purification

Hexahistidinetagged Ltc1 was purified from BL21 E. coli containing RIPL
plasmid (encoding nonabundant tRNAs) and pET15b::YLRO72W(aa1-
590). Cultures were grown to mid-log phase in LB media at 37°C and then
shifted to 18°C for overnight expression in 0.5 mM IPTG. Cells were har-
vested routinely by centrifugation, resuspended in a buffer (50 mM Hepes,
pH 8, 500 mM NaCl + 350 pg/ml PMSF) and lysed in a microfluidizer,
upon which Triton X-100 was added to 0.1%. Insoluble proteins and de-
bris were removed by centrifugation at 35,000 rpm in a Beckman 45Ti
rotor for 45 min. The soluble protein fraction was incubated with Ni-IDA
resin and washed twice with buffer (50 mM Hepes, pH 8, 500 mM NaCl,
5 mM imidazole, and 0.1% Mega-8 [Dojindo Molecular Technologies
Inc.]). Ni-IDA resin was loaded onto an FPLC column and proteins were
eluted with 250 mM imidazole. Peak fractions were pooled, concentrated,
and then run on a size-exclusion chromatography column (Superdex 200)
in a buffer (50 mM Hepes, pH 8, 500 mM NaCl, 0.1% Mega-8, and
0.01% BME), and peak fractions were pooled and concentrated to
~1 mg/ml protein.

Lipid fransfer assays

Liposomes were prepared as described previously (Schulz et al., 2009)
except that EDTA was omitted from the buffers. In brief, lipids dissolved
in chloroform were mixed and dried under nitrogen, rehydrated in a buf-
fer, subjected to five freeze-thaw cycles, and extruded through a 0.4-ym-
pore-size track-etched Nuclepore membrane (Whatman) using a mini
extruder (Avanti Polar Lipids, Inc.). The liposomes contained PC/PE /total
yeast lipids (80:10:10 mol%). Egg PC and Egg PE were purchased from
Avanti Polar Lipids, Inc., and total yeast lipids were obtained by extrac-
tion from WT cells in mid-logarithmic growth phase in synthetic complete
medium and total lipid phosphate was determined (Bartlett, 1959). Some
heavy (sucrosefilled) liposomes were made so that 1 ml liposomes con-
tained either 3 pCi [*H]cholesterol (61 pmol) or [*H]triolein (50 pmol;
American Radiolabeled Chemicals). To prepare heavy liposome with



radiolabeled phospholipids, total yeast lipids were obtained from a strain
grown for 4 h in a medium containing 5 pCi/ml [*H]palmitate (American
Radiolabeled Chemicals).

Lipid transfer assay contained 40 pl of 1 mM heavy liposomes, 40 pl
of 1 mM light liposomes, 10 pl of 1% Mega-8, and 10 pl protein. The reac-
tions were incubated at 30°C and stopped by transfer to an ice bath, and
10 pl of 1 mg/ml Proteinase K (Sigma-Aldrich) was added. After 30 min on
ice, the samples were centrifuged at 16,000 g for 10 min at 4°C, and the
radioactivity in 80 pl of the supernatant was defermined by scintillation
counting. The amount of radioactivity in the supernatant from a reaction pre-
pared without light liposomes and protein was subtracted from other reac-
tions to calculate the amount of radioactivity transferred to light liposomes.

Online supplemental material

Fig. S1 depicts results from experiments further characterizing the localiza-
tion of Ltc1 and the factors that determine it; for example, we show that Ltc1
localization to ER-mitochondria contact sites is ERMES independent and that
localization to ER-vacuole contact sites is independent of NVJs, formed by
Nvij1. Fig. S2 depicts a z-series through a yeast cell that is expressing Vph1-
mCherry and Ltc1(AGRAM)-yEGFP, showing their anticorrelated localization
pattern with respect to the vacuole. Table S1, included as a separate Excel
file, lists strains used in this study. Online supplemental material is available
at http://www.icb.org/cgi/content/full/jcb.201502033/DC1.
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