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An inducible ER-Golgi tether facilitates ceramide
transport to alleviate lipotoxicity

Li-Ka Liu, Vineet Choudhary, Alexandre Toulmay,* and William A. Prinz*

Laboratory of Cell and Molecular Biology, National Institute of Diabetes and Digestive and Kidney Diseases, National Insfitutes of Health, Bethesda, MD 20892

Ceramides are key intermediates in sphingolipid biosynthesis and potent signaling molecules. However, excess cera-
mide is toxic, causing growth arrest and apoptosis. In this study, we identify a novel mechanism by which cells prevent
the toxic accumulation of ceramides; they facilitate nonvesicular ceramide transfer from the endoplasmic reticulum (ER)
to the Golgi complex, where ceramides are converted to complex sphingolipids. We find that the yeast protein Nvj2p
promotes the nonvesicular transfer of ceramides from the ER to the Golgi complex. The protein is a tether that generates
close contacts between these compartments and may direcﬂy transport ceramide. Nvj2p normo”y resides at contacts
between the ER and other organelles, but during ER stress, it relocalizes to and increases ER-Golgi contacts. ER-Golgi
contacts fail to form during ER stress in cells lacking Nvj2p. Our findings demonstrate that cells regulate ER-Golgi con-
tacts in response to stress and reveal that nonvesicular ceramide transfer out of the ER prevents the bui|dup of toxic

amounts OF ceromides.

Introduction

Several critical lipid intermediates, such as DAG and ceramide,
can be toxic when they accumulate in cellular membranes.
This is not only because they affect membrane structure and
organization but also because they are potent signaling mole-
cules. Numerous studies have linked elevated ceramides with
cellular stress, cell cycle arrest, apoptosis, and insulin resis-
tance; ceramide accumulation is also associated some can-
cers and neurodegenerative diseases (Xie et al., 1998; Holland
et al., 2007; Pickersgill et al., 2007; Ledeen and Wu, 2008;
Bikman and Summers, 2011; Mullen and Obeid, 2012). Cer-
amide toxicity has also been demonstrated in Saccharomyces
cerevisiae and may cause an apoptosis-like cell death (Eisen-
berg and Biittner, 2014).

How cells monitor ceramide levels and prevent the ac-
cumulation of excess ceramide is only partially understood.
Ceramides are synthesized de novo in ER membranes by the
N-acylation of sphingoid long-chain bases (LCBs) with fatty
acids (Fig. 1 A; Merrill, 2002). They are also generated by
degradation of complex sphingolipids. Ceramide levels are
modulated by mechanisms in addition to regulating synthesis.
Most cells possess several ceramidases, which hydrolyze cera-
mides into LCBs and fatty acids (Ito et al., 2014). There is also
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growing evidence that cells convert excess ceramides into other
lipids to prevent the toxic accumulation of ceramides. For ex-
ample, a sphingomyelin synthase-related protein in the ER gen-
erates a sphingomyelin analogue from ceramide (Ternes et al.,
2009; Vacaru et al., 2009), and it has recently been found that
this enzyme is necessary to prevent the toxic accumulation of
ceramides and apoptosis (Tafesse et al., 2014). Another method
for removing excess ceramide has been identified in yeast. It has
recently been found that ceramides can be converted into acyl-
ceramides, which are probably not toxic (Voynova et al., 2012).

How ceramides traffic in cells is only incompletely under-
stood. After ceramides are synthesized in the ER, they are trans-
ferred to the Golgi complex, which is the location of the enzymes
that generate complex sphinogolipids from ceramide. Ceramide
transport from the ER to the Golgi complex occurs by both
vesicular and nonvesicular mechanisms. Ceramide transport
protein (CERT) facilitates nonvesicular ceramide transport in
mammalian cells; cells that lack this protein have a significantly
reduced rate of sphingomyelin formation (Hanada et al., 2003).

In S. cerevisiae, ceramides are also transported from the
ER to the Golgi complex by both vesicular and nonvesicular
pathways (Funato and Riezman, 2001). The nonvesicular path-
way seems to be relatively minor in this yeast because muta-
tions that block vesicular trafficking reduce ceramide transport
by ~80% (Funato and Riezman, 2001). S. cerevisiae lacks a
CERT homologue, and it is not known how nonvesicular trans-
port is facilitated. Once ceramides reach the medial-Golgi in
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Figure 1. Nvj2p facilitates nonvesicular ceramide transport. (A) Diagram of sphingolipid metabolism and ceramide transport in S. cerevisice. (B) Domains
and putative topology of Nvj2p. Numbers indicate amino acids. (C and E) Cell were labeled with [3H]serine for 1 h at 25°C and the relative IPC/C
determined. Mean = SD of three (C) or six (E) independent experiments. (D and F) Serial dilutions of strains grown on SC containing the indicated concen-
tration of AbA. (G) As in C, except that cells were grown for 20 min at 25°C in SC medium with 200 pg/ml cycloheximide, shifted to 37°C for 30 min,
and labeled with [*H]serine for 30 min at 37°C. (H and I) Lysates from the indicated strains were labeled with [3H]DHS for 2 h at 25°C, and the relative
amount of radiolabeled IPC formed was determined. Mean + SD of three independent experiments. (J) As in H, except that, where indicated, MBP or
MBP-NVj2ATM was added; number of picomole protein added given in parentheses. Mean + SD of six independent experiments. *, P < 0.05, t test. 3KS,
3-ketosphinganine; CoA, coenzyme A; MIPC, mannosyl-inositolphosphorylceramide; M(IP),C, mannosyl-diinositolphosphorylceramide; WT, wild-type.

yeast, the enzyme Aurlp can convert them to inositolphos-
phorylceramide (IPC), which can subsequently be further
glycosylated (Fig. 1 A).

Nonvesicular ceramide transport from the ER to the Golgi
complex likely occurs at regions of close contact between these
organelles, often called membrane contact sites (MCSs). At
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these sites, lipid transfer proteins like CERT would have only
a short distance to diffuse between membranes. CERT is prob-
ably enriched at contact sites, together with other lipid trans-
port proteins (Kumagai et al., 2007; Peretti et al., 2008). In
mammalian cells, close contacts between the ER and the Golgi
complex, particularly the trans-Golgi, have long been noted



(De Matteis and Rega, 2015). Less is known about ER-Golgi
contact in S. cerevisiae, though contacts between the ER and
cis-Golgi have been observed (Kurokawa et al., 2014). How
ER-Golgi contacts are established and regulated is not under-
stood. In mammals, oxysterol-binding protein can tether the ER
and Golgi complex (Mesmin et al., 2013), but it is not known
whether this protein works in conjunction with other tethers. No
ER-Golgi tethers have been identified in S. cerevisiae.

In this study, we demonstrate that Nvj2p tethers the ER
and medial-Golgi in S. cerevisiae and facilitates ceramide trans-
fer between these compartments. Nvj2p resides in the ER. It
has a single putative transmembrane (TM) domain and a large
cytoplasmic domain that contains a pleckstrin homology (PH)
domain and a synaptotagmin-like mitochondrial lipid-binding
protein (SMP) domain (Fig. 1 B; Toulmay and Prinz, 2012).
SMP domains bind lipids and have recently been found to
transfer lipids between membranes (Schauder et al., 2014;
AhYoung et al., 2015; Saheki et al., 2016; Yu et al., 2016).
We have previously shown that Nvj2p is enriched at a MCS
between the nucleus and vacuole, called the nucleus vacuolar
junction (NVJ). A tether composed of the ER-resident protein
Nvjlp and Vac8p on the vacuole membrane maintain this junc-
tion (Pan et al., 2000). In this study, we show that during ER
stress or when ceramide levels increase, Nvj2p moves from the
NVIJ and induces contacts between the ER and medial-Golgi.
In addition, we find that Nvj2p-dependent tethering facilitates
ceramide transport to the Golgi and prevents the toxic accumu-
lation of ceramides. This is a novel mechanism for preventing
toxic lipid accumulation.

Results

A screen for proteins that facilitate
ceramide transport from the ER to the
Golgi complex

We sought to identify proteins that facilitate nonvesicular cer-
amide transport from the ER to the Golgi complex in S. cere-
visiae because it lacks a CERT homologue. A previous study
found that a strain lacking three oxysterol-binding protein ho-
mologues (0sh234A) has a decreased rate of ceramide transport
from the ER to the Golgi complex and suggested that this is
because the strain has a defect in vesicular ceramide transport
(Fig. 1 A; Kajiwara et al., 2014). This strain consequently has
low levels of complex sphingolipids. It is also hypersensitive to
aureobasidin A (AbA), which inhibits Aurlp, the enzyme that
converts ceramides into the sphingolipid IPC (Fig. 1 A). AbA
kills cells because they accumulate toxic amounts of ceramides
and have reduced levels of sphingolipids (Cerantola et al.,
2009). We suspected that 0sh234A cells would become resistant
to AbA if a protein that facilitates nonvesicular ceramide trans-
port to the Golgi complex were overexpressed in these cells.
Therefore, to identify proteins that may mediate nonvesicular
ceramide transport, osh234A cells were transformed with a
high-copy genomic library, and we selected transformants that
grew on media with AbA. We identified ~70 plasmids that al-
lowed the osh234A mutant to grow on AbA-containing media
from ~8,000 transformants (Table S1). One of these plasmids
contained the gene NVJ2. Because the plasmid contained sev-
eral genes in addition to NVJ2, we confirmed that NVJ2 is the
complementing gene by generating a high-copy plasmid with
only NVJ2 and found that the plasmid confers AbA resistance

to osh234A cells (unpublished data). Nvj2p has three known
domains (Fig. 1 B), and we found that all three are required
for Nvj2p to confer resistance to AbA, although the protein
lacking the N-terminal TM domain was slightly functional
(Fig. S1 A). Interestingly, we found that expression of CERT
in osh234A cells did not confer resistance to AbA (unpublished
data), perhaps because CERT cannot bind yeast ceramides that
contain long acyl chains.

We suspected that Nvj2p might play a role in nonvesicular
ceramide transport for two reasons. First, it contains an SMP
domain, which is a lipid-binding domain that can transfer lip-
ids between membranes (Schauder et al., 2014; AhYoung et al.,
2015; Saheki et al., 2016; Yu et al., 2016). Second, a large-scale
study of protein—lipid interactions suggested that Nvj2p binds
ceramide (Gallego et al., 2010).

Nvj2p overexpression facilitates ER-to-
Golgi ceramide transport

To determine whether Nvj2p facilitates ceramide transport, we
used a well-established assay to measure ER-to-Golgi cera-
mide transport in cells (Funato and Riezman, 2001). This assay
makes use of the fact that ceramide synthesis occurs in the ER,
and the enzyme that converts ceramide to IPC (Aurlp) is in the
medial-Golgi complex (Dickson and Lester, 1999; Schneiter,
1999; Levine et al., 2000). When cells are incubated with [*H]
serine, they produce radiolabeled ceramide, and the conversion
of this ceramide to IPC indicates that the ceramide was trans-
ferred from the ER to the medial-Golgi (Fig. 1 A). After a 1-h
labeling with [*H]serine, the amount of ceramide transport is
proportional to the ratio of the radiolabeled IPC to ceramide
(Funato and Riezman, 2001; Kajiwara et al., 2014). To calculate
this ratio, lipids were separated by TLC (Fig. S1 B), and the
ratio was calculated using the ratio of IPC to ceramide (IPC/C);
this is the most abundant major complex sphingolipid detected
and also used in previous studies (Funato and Riezman, 2001;
Kajiwara et al., 2014).

We first confirmed that osh234A cells have a significant
reduction in ceramide transport. In this strain, the IPC/C is 35%
that of wild-type cells (Fig. 1 C), as previously reported (Kaji-
wara et al., 2014). When Nvj2p was overexpressed in osh234A
cells, IPC/C significantly increased to ~70% of wild-type. We
ruled out that this increase was caused by the mislocalization of
Aurl-mKate to the ER or increased expression of Aurlp (Fig.
S1, C and D). Thus, Nvj2p overexpression increases ER-to-
Golgi ceramide transport in osh234A cells.

Although Nvj2p overexpression increases ceramide
transfer, deletion of NVJ2 (nvj2A) in osh234A cells resulted
in a nonsignificant decrease in ceramide transport (Fig. 1 C).
Consistent with this result, we found that wild-type cells lack-
ing Nvj2p are not hypersensitive to AbA. However, ablation
of NVJ2 in osh234A renders cells more sensitive to AbA than
cells lacking only the Osh proteins (Fig. 1 D), suggesting that
elimination of Nvj2p may cause a slight reduction in ER-to-
Golgi ceramide transport.

We found that Nvj2p overexpression corrected the ER-
to-Golgi ceramide transport defect in a second strain. Cells
lacking Arvlp, which plays a role in glycosylphosphatidyli-
nositol anchor synthesis, have reduced vesicular transport of
ceramide from the ER to the Golgi complex (Kajiwara et al.,
2008). We confirmed this transport defect and found that Nvj2p
overexpression partially corrects it (Fig. 1 E). In addition, cells
lacking Arvlp are hypersensitive to AbA, like osh234A cells
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(Fig. 1 F). Overexpression of Nvj2p partially restores AbA re-
sistance to cells lacking Arv1p, consistent with a role for Nvj2p
in ceramide trafficking.

Because the role of Arvlp and the Osh proteins in ve-
sicular ceramide transport is not understood, we determined
whether Nvj2p overexpression was able to correct a ceramide
transport defect in cells with a well-characterized defect in ve-
sicular trafficking. Sec18p, the yeast homologue of N-ethylma-
leimide—sensitive factor, is required for ER-to-Golgi vesicular
trafficking. Cells with the conditional sec/8-1 allele have an al-
most complete block in ER-to-Golgi vesicular trafficking at el-
evated temperature (Graham and Emr, 1991). It has previously
been shown that although ER-to-Golgi vesicular trafficking
is blocked in these cells, ER-to-Golgi ceramide transport de-
creases to 20% that of wild-type cells but is not blocked (Funato
and Riezman, 2001; Fig. 1 G), indicating that there is nonvesic-
ular ceramide transport to the Golgi. Overexpression of Nvj2p
in secl8-1 cells partially restored ceramide transport, consis-
tent with the hypothesis that Nvj2p overexpression facilitates
nonvesicular ceramide transport. However, Nvj2p may not be
the only protein that promotes nonvesicular ceramide transport
because it still occurs in seci8-1 cells lacking Nvj2p (Fig. 1 G).
Collectively, these findings suggest that Nvj2p overexpression
facilitates ceramide transfer to the Golgi and probably specifi-
cally increases nonvesicular ceramide transport.

Nvj2p facilitates nonvesicular ceramide
transport in vitro

To more directly determine whether Nvj2p plays a role in non-
vesicular ceramide transport, we assessed the ability of Nvj2p
to facilitate ceramide transfer in vitro in conditions in which
there is no vesicular transport (Funato and Riezman, 2001). To
estimate ceramide transport in vitro, we measured the conver-
sion of radiolabeled ceramide (which is generated in the ER)
into IPC (which is synthesized in the medial-Golgi). Cell ly-
sates were incubated with the LCB [*H]dihydrosphingosine
(DHS), a precursor of ceramide (Fig. 1 A), and the amount of
IPC generated in 2 h was determined. We found that lysates
from cells overexpressing Nvj2p produced twice as much IPC
as wild-type lysates (Fig. 1 H), whereas lysates from cells lack-
ing Nvj2p produced 70% as much IPC as wild type (Fig. 1 I).
We ruled out that these differences were caused by differences
in the amount of ceramide produced by the lysates (Fig. S1
E). These findings suggest that Nvj2p facilitates nonvesic-
ular transport in vitro.

To confirm that the assay measures nonvesicular ceramide
transport, we determined the amount of IPC formation in ly-
sates from osh234A cells, which have been suggested to have
a defect in vesicular but not nonvesicular ceramide transport
(Kajiwara et al., 2014). When lysates from wild-type cells and
0sh234A cells were labeled with [*’H]DHS, we found no differ-
ence in the amount of IPC formed (Fig. S1 F). This finding con-
firmed that osh234A cells do not have a defect in nonvesicular
ceramide transport to the Golgi complex.

We next determined whether the soluble domain of Nvj2p
promotes ceramide transfer in vitro. A truncated version of
Nv;j2p lacking the N-terminal 105 aa of Nvj2p, which includes
the putative TM domain, was expressed as a maltose-binding
protein (MBP) fusion in yeast and purified. This protein,
MBP-NvVj2ATM, or MBP alone was added to lysates from
wild-type cells or cells lacking Nvj2p. MBP-Nvj2ATM in-
creased the amount of ceramide transport, and the increase was
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proportional to the amount of protein added (Fig. 1J). This find-
ing may explain why Nvj2ATM is slightly functional in cells
(Fig. S1 A). The protein may retain enough ability to facilitate
ceramide transport that it can partially function in cells when
overexpressed. Together, these results support arole for Nvj2p in
nonvesicular trafficking of ceramides from the ER to the Golgi.

The SMP domain of Nvj2p is required for
nonvesicular ceramide transport

The SMP domain of Nvj2p may directly bind and transport cer-
amide. To investigate whether lipid binding by the SMP domain
is necessary for ceramide transport, we generated mutations in
this domain that probably prevent lipid binding. We mutated
L340 and 1472 of Nvj2p, which correspond to residues in an-
other SMP domain that are predicted to interact with bound lip-
ids and are known to be required for lipid binding (Fig. 2 A;
Saheki et al., 2016; Yu et al., 2016). The mutant Nvj2p failed to
render osh234A cells resistant to AbA (Fig. 2 B). It also failed to
facilitate ceramide transport to the Golgi in cells (Fig. 2 C) and
did not mediate ceramide transport in vitro (Fig. 2 D). We con-
firmed that the mutant Nvj2p proteins are expressed at the same
level as wild-type protein (Fig. S2 A) and have the same local-
ization (not depicted). Together, these findings suggest that the
SMP domain of Nvj2p may bind lipids and are consistent with
the idea that Nvj2p directly transports ceramide or other lipids.

Nvj2p moves to ER-Golgi MCSs in
response to ER stress

How might Nvj2p facilitate ceramide transport to the Golgi
complex? We have previously shown that Nvj2-GFP localizes
primarily to the NVJ (Toulmay and Prinz, 2012). However, we
wondered whether Nvj2p might also be able to localize to ER—
Golgi contacts. We reasoned that if Nvj2p localizes to contacts
between the ER and medial-Golgi, where Aurlp resides, the
two proteins would colocalize when visualized by fluorescence
microscopy. To test this, we generated strains that express Nv;j2-
GFP and Aurl-mKate from their endogenous loci. In wild-type
cells, there was little overlap of the signals (Fig. 3 A), and co-
localization was observed in only a small percentage of cells
(Fig. 3 B). In cells overexpressing Nvj2-GFP, a larger frac-
tion of cells exhibited colocalization of Nvj2-GFP and Aurl-
mKate (Fig. 3, A and B).

Because endogenous Nvj2p is highly enriched on the
NVIJ, we wondered how Nvj2-GFP localization would change
in cells lacking the NVJ. In cells lacking Nvjlp (nvj/A), endog-
enously expressed Nvj2-GFP colocalizes with Aurl-mKate in
the majority of cells (Fig. 3, A and B). This finding suggests that
in cells lacking the NVJ, endogenously expressed Nvj2-GFP
becomes enriched at ER—Golgi contacts.

Interestingly, we found that Nvj2-GFP is less enriched
at the NVJ and more enriched at ER-Golgi contacts when ER
function is compromised. Treating cells with 10 mM DTT,
which disrupts protein folding in the ER and causes ER stress
(Rubio et al., 2011), caused Nvj2-GFP to become enriched at
ER-Golgi contacts (Fig. 3, A and B). We ruled out that DTT
treatment increased Nvj2p expression (Fig. S2 B). It is likely
that DTT treatment affects Nvj2p localization by causing NVJ
disassemble (Fig. S2 C), releasing Nvj2p from the NVJ. Nvj2-
GFP enrichment at ER-Golgi contacts was also caused by inhi-
bition of vesicular trafficking from the ER. When sec18-1 cells
were shifted to nonpermissive temperature for 1 h, most Nvj2-
GFP did not remain at the NVJ (Fig. 3 C). This finding also
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suggests that Nvj2-GFP does not traffic to the Golgi complex
but instead diffuses in the ER from the NVJ to ER-Golgi MCSs
because Sec18p is required for vesicular transport from the ER.

We suspected that the PH domain of Nvj2p might bind
the Golgi complex and help localize the protein to ER-Golgi
contacts. Indeed, we found that a truncated version of Nvj2p
containing only the TM and PH domains colocalizes with Aurl-
mKate (Fig. S2 D), suggesting that the PH domain interacts
with the Golgi. Interestingly, Nvj2p lacking only the PH do-
main did not remain at the NVJ but was all over the ER (Fig. S2
D), indicating that the PH domain is also necessary for Nvj2p
to bind the vacuole. We also investigated the ability of Nvj2p
to tether liposomes in vitro. To do this, we purified a version of
Nvj2p in which the N-terminal 40 residues of the protein, which
contain the TM domain, were replaced with MBP and a His
tag. The resulting protein, MBP-His,,-Nvj2, was bound to li-
posomes that included a nickel-containing lipid and were filled
with sucrose, allowing them to be pelleted at low speed. These
liposomes were mixed with a second set of liposomes that did
not contain sucrose and would not pellet at low speed unless
Nv;j2p tethered them to the sucrose-filled liposomes (Fig. S2
E). Using this assay, we found that Nvj2p can tether liposomes
and that tethering was improved when phosphatidylinositol
phosphates (PIPs) or phosphatidic acid (PA) were present in the
liposomes (Fig. 3 D). Thus, the cytoplasmic domain of Nvj2p
has affinity for charged liposomes, but there was little PIP spec-
ificity. These findings indicate that Nvj2p can directly tether
membranes. The PH domain of Nvj2p is required for Golgi
membrane binding but does not seem to have much specificity
for individual PIPs, consistent with an earlier study (Yu et al.,
2004). Thus, it remains unclear whether the PH domain allows
Nvj2p to bind Golgi membranes.

Collectively, these findings suggest that Nvj2-GFP resides
largely at the NVJ in unstressed cells, but when this fusion is
overexpressed or during ER stress, Nvj2-GFP diffuses in the ER
and becomes enriched at ER—Golgi contacts. The PH domain of
Nvj2p is required for it to bind the Golgi membrane.

Nvj2p increases ER-Golgi tethering

during ER stress

Because Nvj2p becomes enriched at ER-Golgi contacts during
ER stress, we wondered whether ER-Golgi contacts increase
during ER stress and, if so, whether Nvj2p is necessary for
this increase. We first used fluorescence microscopy to assess
contacts between the ER and medial-Golgi. We visualized cells
expressing the ER marker Sec61-GFP and the medial-Golgi
marker Aurl-mKate and quantitated how often Aurl-mKate
puncta colocalized with the ER (“on”), were next to the ER
(“associated”), or were not associated with the ER (“away”).
In unperturbed wild-type cells, most Aurl-mKate puncta were
away from the ER (Fig. 4, A and B). Treating cells with DTT
caused ~75% of Golgi vesicles containing Aurl-mKate to
colocalize with or be closely associated with the ER (Fig. 4,
A and B), suggesting that ER-Golgi contacts increase during
ER stress. Of the Golgi vesicles that associate with the ER
during stress, ~60% contact the cortical ER and the rest con-
tact perinuclear ER (Fig. S2 F). Remarkably, there was little
increase in ER-Golgi contact in nvj2A cells when they were
treated with DTT (Fig. 4 B). This finding suggests that most
of the increase in association of the ER and Golgi during ER
stress is Nvj2p dependent.

Consistent with Nvj2p driving ER-Golgi tethering, we
found that Nvj2p overexpression, which causes a fraction of
Nv;j2p to localize to ER—Golgi contacts (Fig. 3 A), resulted in
an increased association of the Aurl-mKate—containing Golgi
compartments with the ER (Fig. 4, C and D). Collectively, these
results suggest that Nvj2p induces contacts between the ER and
Golgi complex during ER stress.

We confirmed these results using EM. To identify Golgi
compartments containing Aurlp, we fused ascorbate peroxi-
dase (APEX2) (Martell et al., 2012; Lam et al., 2015) to the C
terminus of Aurl-GFP. We confirmed that the resulting protein,
Aurl-GFP-APEX2, remains in the Golgi using fluorescence
microscopy (unpublished data). APEX?2 produces a precipitate
that gives EM contrast after treatment with OsO, (Fig. S3 A),
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which allowed us to identify compartments containing Aurl-
GFP-APEX2 (i.e., the medial-Golgi). We confirmed that no
precipitate was visible in cells not express the fusion protein
(Fig. S3 B). In wild-type cells with Aurl-GFP-APEX?2, the ER
was rarely associated with the medial-Golgi and only ~15% of
medial-Golgi vesicles had ER within 20 nm of them (Fig. 5, A
and E). However, when cells were treated with DTT or when
Nvj2p was overexpressed there was a dramatic increase in ER
association with the medial-Golgi (Fig. 5, B, C, and E). No in-
crease in ER—Golgi contact was seen when nvj2A cells were
treated with DTT (Fig. 5, D and E), consistent the results from
fluorescence microscopy (Fig. 4) and with the hypothesis that
increased tethering during ER stress requires Nvj2p.

Because the treatment required to visualize APEX2 re-
duced image quality, we also visualized wild-type cells express-
ing Aurl-GFP without APEX2. In wild-type cells that were
not treated with DTT, the ER was not usually associated with
vesicles that were probably the Golgi (Fig. 5 F). The ER was
frequently associated with Golgi-like vesicles when wild-type
cells were treated with DTT (Fig. 5 G) but not when nvj2A cells
were treated with DTT (Fig. 5 H). Overexpression of Nvj2p in
wild-type cells increased ER association with vesicles that are
probably the medial-Golgi (Fig. 5 I and Fig. S3 C). Collectively,
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Figure 3. Nvj2-GFP and Aurl-mKate colo-
calize during ER stress. (A) Cells expressing
Nvj2-GFP from the chromosome or from a
plasmid (OE Nvj2-GFP) and endogenously
tagged Aurl-mKate were grown at 30°C
and visualized live. Where indicated, cells
were freated with 10 mM DTT for 4 h before
visualization. White arrows indicate areas of
Aur1-mKate and Nvj2-GFP colocalization. Yel-
low arrows indicate the NVJ. Bars, 5 pm. (B
and C) Percent of cells in which Nvj2-GFP and
Aurl-mKate colocalized. Mean + SD of three
independent experiments. n = 400 (B) or 200
(C) cells. (D) Tethering of liposomes by Nvj2p.
MBP-His,o-Nvi2p (100 pmol) was incubated
at 30°C with liposomes that do not contain
sucrose (light) and sucrosefilled liposomes
(heavy) that include 5% of a nickel-containing
lipid. The light liposomes included various
60 PIPs or other lipids. At 16,000 g, the heavy
liposomes pellet, but the light liposomes will
only pellet if they are tethered to the heavy li-
posomes. *, P < 0.05, t test. The amount of
these lipids in the liposomes was either 10
20- mol% [PC, PA, PI(3)P, and PI{4)P)] or 5 mol%
[PI(3,5)P, and PI(4,5)P,]. Mean = SD of three
independent experiments. DIC, differential
interference contrast; PI(3)P, phosphatidylinosi-
tol 3-phosphate; PI(4)P, phosphatidylinositol
4-phosphate; PI(3,5)P,, phosphatidylinositol
3,5-bisphosphate;  Pl(4,5)P,, phosphatidyli-
nositol 4,5-bisphosphate; WT, wild-type.
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our findings indicate that ER—Golgi contacts increase dramat-
ically after DTT treatment, which induces ER stress, and this
increase requires Nvj2p.

An artificial ER-Golgi tether can partially
substitute for Nvj2p
Because Nvj2p can tether the ER and medial-Golgi, we won-
dered whether increased tethering is sufficient to increase ce-
ramide transport from the ER to the Golgi. To test this, we
generated an artificial ER—Golgi tether and determined whether
it would increase ER-to-Golgi ceramide transport. We fused the
TM domain of the Golgi-resident protein Svp26p to GFP and the
tail-anchored TM domain from Ubc6p (Fig. 6 A). This region of
Ubc6p has been previously used in an ER—-mitochondria artifi-
cial tether (Kornmann et al., 2009). We named the Svp26-GFP-
Ubc6 tether EGT. EGT was largely in punctate structures that
colocalized with the cis-Golgi and medial-Golgi (Fig. S4 A).
EGT partially rescued the ceramide transport defect in
0sh234A cells; it rendered them more resistant to AbA (Fig. 6 B)
and increased conversion of ceramide to IPC (Fig. 6 C). EGT
did not alter the location of Aurl-mKate (Fig. S4 B). It also
did not increase ceramide transport in wild-type cells but did
partially restore ceramide transport in secl8-1 cells (Fig. 6 D),
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Figure 4. Nvj2p forms and increases ER-Golgi contacts during ER stress. (A) Cells expressing endogenously tagged Secé1-GFP (ER; green) and Aurl-
mKate (medial-Golgi; red) were grown in media with or without DTT for 4 h. White arrowheads indicate areas of Aurl-mKate and Sec61-GFP colocal-
ization. (B) Quantification of experiments in A. Aurl-mKate puncta were classified as “on” the ER (colocalize with ER), “associated” with (next to) the ER,
or “away” from the ER. Three independent experiments; n = 400 cells. (C) As in A, except that cells either did or did not overexpress (OE) Nvj2p. (D)
Quantification of experiment in C as in B. Three independent experiments; n = 350 cells. Bars, 5 pm. DIC, differential interference contrast; WT, wildype.

suggesting that it specifically enhances nonvesicular ceramide
transport to the Golgi complex. To more directly visualize this,
we used the in vitro ceramide transport assay to compare the
amount of ceramide transport in lysates from wild-type cells
with lysates from cells expressing EGT. There was about two-
fold more IPC formed in lysates from cells expressing EGT
(Fig. 6 E), consistent with the idea that EGT enhances nonve-
sicular ceramide transport. We ruled out that lysates from cells
expressing EGT produced a different amount of ceramide than
lysates made from cells not expressing EGT (Fig. S4 C). In-
terestingly, EGT was not able to restore ceramide transfer in
secl8-1 lacking cells Nvj2p (secl8-1 nvj2A) as well it could in
secl8-1 cells (Fig. 6 D). Thus, EGT may not be able to com-
pletely replace Nvj2p. This may be because Nvj2p directly
facilitates ceramide transport in addition to functioning as a
tether. This finding also indicates that proteins in addition to
Nvj2p facilitate nonvesicular ceramide transport, consistent
with the result in Fig. 1 1. Collectively, these findings support
the conclusion that Nvj2p can promote nonvesicular ceramide
transport from the ER to the Golgi complex by tethering them
and suggest that Nvj2p may also directly transport ceramide.

Only ER-Golgi
motes ceramide transport to the Golgi complex.
Our findings suggest that Nvj2p facilitates ER-Golgi tethering
and nonvesicular ceramide transfer from the ER to the Golgi
complex. We determined whether Nvj2p must be localized to
ER-Golgi contacts to promote ceramide transport to the Golgi
complex or whether Nvj2p at the NVJ indirectly promotes cer-
amide transfer. We first determined whether the NVJ is neces-
sary for overexpressed Nvj2p to complement the AbA sensitivity
of osh234A cells. We found that Nvj2p complements 0sh234A
cells that also lack Nvjlp (and hence the NVJ), suggesting that
Nvj2p localization to the NVJ is not necessary for it to facilitate
ceramide transport to the Golgi (Fig. 7 A).

contact-localized Nvj2p pro-

We next asked whether Nvj2p facilitates ceramide trans-
port to the Golgi complex when it restricted to the perinuclear
ER (including the NVJ) and cannot reach portions of the ER that
form ER-Golgi junctions. It has previously been found that the
N-terminal portion of Nvjlp (aa 1-120) resides only in the outer
nuclear membrane and not the remainder of the ER (Kvam and
Goldfarb, 2006). We replaced the TM domain of Nvj2p with
the N-terminal 120 residues of Nvjl (Nvj1(1-120)-Nvj2ATM;
Fig. 7 B). We found that Nvj1(1-120)-Nvj2ATM was only in
the perinuclear ER but not cortical ER (Fig. 7 C), even during
ER stress (Fig. S5 A), and was not able to complement the AbA
sensitivity of osh234A cells (Fig. 7 D). These results suggest
that when Nvj2p is not at ER-Golgi contacts, it cannot facili-
tate ceramide transport to the Golgi complex. To rule out that
Nvj1(1-120)-Nvj2ATM failed to complement osh234A cells
because the TM portion of Nvj2p has a function in addition to
anchoring the protein in the ER, we replaced the TM domain
of Nvj2p with Sec63p, an ER-resident protein that has its C
terminus in the cytoplasm. The resulting fusion protein, Sec63-
NVj2ATM, localized to the ER and was enriched at puncta
that are ER-Golgi junctions (Fig. 7 E, left panels). It was able
to complement osh234A nvjlA cells (Fig. 7 E, right panels).
We also found that Sec63-Nvj2ATM, but not Nvjl(1-120)-
NVj2ATM, restored ceramide transport in osh234A cells
(Fig. 7 F). Collectively, these results suggest that Nvj2p must be
enriched at ER-Golgi contacts to facilitate ceramide transport
from the ER to the Golgi complex.

Nvj2p prevents the toxic accumulation

of ceramides

We speculated that Nvj2p increases ER-Golgi tethering during
ER stress to promote ceramide transfer out of the ER and pre-
vent the toxic accumulation of ceramide. To test this, we inves-
tigated whether Nvj2p allows cells to tolerate elevated ceramide
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Figure 5. Using EM to show that Nvj2p forms and increases ER-Golgi contacts during ER stress. (A-D) EM of indicated strains expressing the medial-Golgi
maker Aur1-GFP-APEX2, which forms a black precipitate. Where indicated, cells were grown with 10 mM DTT for 4 h before visualization. Boxed regions
shown in higher magnification in insets. Green arrowheads show contact between ER and medial-Golgi compartment. Two examples (I and Il) are shown
in C. (E) Quantification of experiments in A-D. Percent of APEX2-positive vesicles (i.e., medial-Golgi) within ~20 nm of the ER. n = 40 cells per strain and
condition. (F-I) EM of chemically fixed cells. Boxed regions shown in higher magnification in insets. Trace of cortical ER (cER) in Fa is shown in Fb in yellow.
Green arrowheads show contact between the ER and Golgi-like vesicles. CW, cell wall; g, Golgi-like; G, medial-Golgi; LD, lipid droplet; N, nucleus; OE,

overexpressed; PM, plasma membrane; V, vacuole; WT, wild-type.

synthesis and prevents ceramide accumulation. It has been
found that overexpression of the ceramide synthase Laglp in-
creases ceramide levels and decreases growth rate (Kim et al.,
2010). We introduced into wild-type cells a plasmid expressing
Laglp under the galactose-inducible GALI promoter. When
the cells were transferred to a galactose-containing medium,
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their growth rate significantly decreased, and ceramide lev-
els increased (Fig. 8, A and B). These defects were partially
corrected by Nvj2p overexpression (Fig. 8, A and B). We con-
firmed that all of the strains tested grew at similar rates in a
medium with glucose, in which the GALI promoter is not active
(Fig. S5 B). These findings indicate that Nvj2p overexpression
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reduces ceramide levels and prevents cells from accumulating
toxic amounts of ceramide, probably by facilitating ceramide
transfer out of the ER.

To confirm that Nvj2p overexpression reduces cera-
mide levels, we used another strain that overproduces cer-
amide. Ormlp and Orm2p are conserved regulators of the
rate-limiting step in ceramide biosynthesis, the formation of
3-ketosphinganine by serine palmitoyltransferase (Breslow et
al., 2010; Han et al., 2010; Fig. 1 A). Cells lacking Orm1p and
Orm2p (ormlA orm2A) have increased levels of LCBs and ce-
ramides, which cause constitutive ER stress, impair vesicular
transport, and slow growth (Breslow et al., 2010; Han et al.,
2010; Shimobayashi et al., 2013). We investigated whether
overexpression of Nvj2p corrected these defects and lack of
Nvj2p exacerbated them.

We first confirmed that the ER stress and other defects in
ormlA orm2A cells are primarily caused by the accumulation
of toxic levels of ceramide. Cells lacking Ormlp and Orm2p
are hypersensitive to tunicamycin (Fig. S5 C), an inhibitor of
N-linked glycosylation (Hjelmgqvist et al., 2002; Han et al.,
2010) that induces ER stress. This hypersensitivity can be par-
tially reversed by deletion of LAG! or LACI, genes that encode
the two ceramide synthases in yeast (Fig. 1 A). It has previously
been shown that cells lacking either of these synthases have re-
duced levels of ceramides (Schorling et al., 2001; Rego et al.,
2012; Martinez-Montafiés and Schneiter, 2016). In contrast,
cells lacking Orm1p, Orm2p, and Lcb4p, which phosphorylates
sphingosine and other LCBs, remain hypersensitive to tunica-
mycin (Fig. S5 C). Collectively, these findings suggest that the
hypersensitivity of ormI1A orm2A cells to tunicamycin is caused
by the accumulation of ceramide in these cells.

We found that overexpression of Nvj2p in ormIA orm2A
cells rendered them resistant to tunicamycin (Fig. 8 C), indi-
cating that Nvj2p overexpression reduces ER stress in ormlA
orm2A cells. To verify this, we used a reporter of ER stress, UP-
RE-lacZ, in which LacZ expression is controlled by the unfolded
protein response promoter element (UPRE). We confirmed that
treating cells with DTT induces ER stress (Fig. 8 D). In cells

Figure 6. An artificial ER-Golgi tether facil-
itates ceramide transfer. (A) Domains of EGT.
The tether consists of the TM domain from
the Golgi protein Svp26p fused to GFP and
a portion of Ubcép that posttranslationally
inserts into the ER membrane. (B) Serial di-
lutions of strains on a plate containing AbA.
(C) Cells were labeled with [*H]serine as in
207 Fig. 1 C. Mean = SD of three independent
experiments. (D) Cells were labeled with [3H]
serine as in Fig. 1 G. Mean = SD of five in-
dependent experiments. (E) Cell lysates were
labeled with [*H]DHS as in Fig. 1 H. Mean =
SD of three independent experiments. *, P <
0.05, ttest. WT, wild-type.
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lacking Orm1p and Orm2p, ER stress is constitutive without
DTT treatment and is further induced by DTT (Fig. 8 D; Han
et al., 2010; Liu et al., 2012). Remarkably, overexpression of
Nvj2p or Ormlp in ormlA orm2A cells reduces ER stress in
these cells to levels that are similar to wild-type cells (Fig. 8 D).
We found that Nvj2p reduces ER stress in ormlIA orm2A cells
because it decreases ceramide amounts to levels similar to those
of wild-type cells (Fig. 8 E). The overexpression of Nvj2p, but
not Ormlp, increased the IPC produced in 1 h (Fig. 8 F), as
would be expected if Nvj2p increases the amount of ceramide
transferred to the Golgi complex where the ceramide is con-
verted to IPC. Consistent with a role for Nvj2p in ER-to-Golgi
ceramide transfer, we found Nvj2-GFP is enriched at ER-Golgi
contacts in ormIA orm2A cells (Fig. 8 G). To rule out the pos-
sibility that Nvj2p negatively regulates serine palmitoyltrans-
ferase, as the Orm proteins do, we measured levels of DHS in
ormlA orm2A cells overexpressing Nvj2p. No significant dif-
ference of DHS levels was found in orm1A orm2A cells whether
or not they overexpressed Nvj2p (Fig. S5 D), suggesting that
Nvj2p is not a negative regulator of serine palmitoyltransferase.

Although overexpression of Nvj2p in ormIA orm2A cells
reduces ER stress, elimination of Nvj2p increases ER stress;
cells lacking Orm1p, Orm2p, and Nvj2p (ormlA orm2A nvj2A)
are more sensitive to tunicamycin than ormlA orm2A cells
(Fig. 8 H). This increased sensitivity is probably because ormiA
orm2A nvj2A cells accumulate significantly more ceramide
during ER stress than ormIA orm2A cells (Fig. 8 I).

To obtain further evidence that Nvj2p overexpression
protects cells from toxic ceramide accumulation during
stress, we determined whether Nvj2p could protect cells
in growth conditions that cause them to accumulate toxic
amounts of ceramide. It has been suggested that yeast un-
dergo an apoptosis-like programmed cell death in response
to treatment with acetic acid, which leads to the accumu-
lation of high levels of ceramide (Rego et al., 2012). This
study showed that cells lacking Laglp, one of the two ce-
ramide synthases in yeast (Fig. 1 A), have lower levels of
ceramide than wild-type cells and are better able to survive
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Figure 7.  Nvj2p promotes ceramide transport to the
Golgi at ER-Golgi contacts. (A and D) Serial dilutions
of strains grown with or without AbA. (B) Domains
of Nvj2p and Nvj1{1-120)-Nvj2ATM. Numbers indi-
cate amino acids. (C) Cell expressing Nvj1(1-120)-
Nvj2ATM-GFP (green) and histone H2B-mCherry (red).
(E) Diagram of Sec63-Nvj2ATM chimera protein; num-
bers indicate amino acids (fop panel). Cells expressing
Sec63-Nvj2ATM-GFP (green) and Aurl-mKate (red;
left panel). Serial dilutions of strains grown with or
without AbA (right panel). (F) Cells were labeled with
[3H]serine as in Fig. 1 C. Mean = SD of three inde-
pendent experiments. Bars, 5 pm. *, P < 0.05,  fest.
DIC, differential interference contrast; WT, wild-type.
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from treatment with acetic acid. We confirmed that cells
lacking Laglp are better able to survive acetic acid treat-
ment than wild types (Fig. 8 J). Interestingly, overexpres-
sion of Nvj2p also protects wild-type cells from acetic acid
exposure (Fig. 8 J), consistent with the model that Nvj2p
overexpression helps cell survive from the toxic accumu-
lation of ceramides. Cells lacking Laglp and overexpress-
ing Nvj2p were the most resistant to acetic acid treatment
(Fig. 8 J). Collectively, our findings indicate that Nvj2p
can prevent ceramide accumulation and alleviate cera-
mide toxicity caused by ER stress or other conditions that
increase ceramide levels.
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Two pathways prevent ceramide toxicity
during stress

It has previously been found that ceramide can be converted to
acylceramides (Voynova et al., 2012), which may be a method
for preventing the accumulation of excess ceramide. Lrolp and
Dgalp, acyltransferases that primarily produce triacylglycerol,
generate acylceramides. If one of the major functions of Nvj2p
is to prevent ceramide accumulation during stress, we specu-
lated that cells lacking Nvj2p, Lrolp, and Dgalp (dgalA lrol A
nvj2A) might have very high levels of ceramide during ER
stress. Consistent with this, we found that dgalA lrol A nvj2A
cells have about eightfold more ceramide then wild-type cells
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when they are treated with DTT. The roles of Nvj2p and acylce-
ramide production by Dgalp and Lrolp in preventing ceramide
accumulation during stress seem to be redundant because cells
lacking only Nvj2p do not have elevated ceramide (Fig. 8 1),
and a strain lacking Dgalp and Lrolp had only about twofold
higher ceramide levels than wild-type cells (Fig. 8 K; Voynova
et al., 2012). We found that dgalA lrol A nvj2A cells are hyper-
sensitive to tunicamycin (Fig. 8 L), suggesting that the elevated
ceramide in this strain during ER stress is toxic. These find-
ings suggest that yeast has two pathways that normally prevent
the toxic accumulation of ceramides during ER stress. Inter-
estingly, cells lacking Lrolp, Dgalp, and Nvj2p grow poorly
even in the absence of ER stress (Fig. 8 M), suggesting that
these proteins may also prevent the accumulation of DAG or
other toxic lipid intermediates in unstressed cells. It may be that
Nvj2p can transport DAG (or other lipids).

Nvj2p homologues are functional in yeast
Nvj2p has homologues in higher eukaryotes. To determine
whether they might have functions similar to Nvj2p, we ex-
pressed those from Arabidopsis thaliana (AT1G73200) and
humans (HT008, also known as TEX?2) in yeast. AT1G73200
functioned as well as Nvj2p in osh234A cells, whereas HT008
was partially functional (Fig. 9 A). AT1G73200 was also able
to facilitate ceramide transport in yeast (Fig. 9 B). We used a
second genetic method to assess whether Nvj2p homologues
can functionally replace Nvj2p. Cells lacking Nvj2p are re-
sistant to fenpropimorph (Toulmay and Prinz, 2012), which
inhibits sterol biosynthesis. We found that both AT1G73200
and HTOOS restored fenpropimorph sensitivity to cells lacking
Nv;j2p, though HT008 was only partially functional (Fig. 9 C).
These findings suggest that Nvj2p and its homologues in higher
eukaryotes may have similar roles in ceramide transport and
contact site formation. The difference in the ability of HT008
and AT1G73200 to replace Nvj2p in yeast may reflect that fact
that yeast ceramides and other sphingolipids are more similar
to those of plants than those of mammals (Megyeri et al., 2016;
Michaelson et al., 2016).

Discussion

In this study, we show that contacts between the ER and medi-
al-Golgi complex increase dramatically during ER stress and
when ceramide levels increase. Formation of these contacts
requires Nvj2p, which localizes to contact sites and probably
directly tethers the ER and Golgi membranes, though it may
work in concert with other proteins. Increased contact be-
tween the ER and medial-Golgi facilitates ceramide transfer
from the ER, where ceramides are synthesized, to the Golgi,
where Aurlp converts ceramides into IPC. This conversion
probably drives ceramide transport from the ER to the Golgi.
We found that Nvj2-dependent ceramide transport to the medi-
al-Golgi decreases ceramide levels, which helps prevent cera-
mide intoxication. Thus, cells use nonvesicular lipid transport at
MCSs to prevent the accumulation of a toxic lipid intermediate
(Fig. 10 A). It seems likely that this method is used to prevent
the toxic accumulation of lipids in addition to ceramide. An-
other important function of Nvj2p-faciliated ceramide transport
during ER stress may be to allow cells to continue producing
sphingolipids when vesicular trafficking is compromised.
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Figure 9.  Nvj2p homologues in higher eukaryotes partially functional in
yeast. (A) Serial dilutions of cultures 0sh2344 with the indicated plasmids
were spotted on plates containing 0.02 pg/ml AbA. (B) Cells were labeled
with [®H]serine as in Fig. 1 C. Mean = SD of five independent experiments.
(C) Serial dilutions of cultures of the indicated strains on plates with or with-
out 2.5 pM fenpropimorph. *, P < 0.05, ttest. WT, wild-type.

Role of Nvj2p in alleviating lipotoxicity

Our findings suggest Nvj2p plays a relatively minor role in fa-
cilitating ER to Golgi ceramide transport during normal growth
conditions. We found that cells lacking Nvj2p have only an
~30% reduction in nonvesicular ceramide transport (Fig. 1 1),
indicating that Nvj2p is not required for this transport. How-
ever, our findings reveal that Nvj2p plays an important role
in facilitating lipid exchange between the ER and the Golgi
complex during ER stress, when Nvj2p dramatically increases
tethering between these organelles. During ER stress, vesicular
trafficking may substantially slow or stop, whereas ceramide
production continues, which would results in the toxic accumu-
lation of ceramide in the ER if there were not pathways that re-
move excess ceramide. Some of this ceramide may be degraded
by the ceramidases Ydc1p and Ypclp (Mao et al., 2000a,b). Our
findings suggest that yeast has two other mechanisms for re-
moving the excess ceramide: converting it to acylceramide and
transferring it to the Golgi complex where it is converted to IPC
(Fig. 10 B). These two pathways seem to be redundant because
cells lacking only Nvj2p or only the proteins that produce acyl-
ceramides (Lrolp and Dgalp) only slightly higher ceramide
levels than wild-type cells when treated with DTT to induce
ER stress (Fig. 8, I and K). However, cells lacking both path-
ways have a dramatic ceramide increase during ER stress and
grow poorly even in the absence of ER stress, suggesting both
pathways prevent the toxic buildup of ceramide (Fig. 8, K-M).
Ceramides probably also build to toxic levels in cells lacking
Nvj2p that constitutively overproduce ceramides (e.g., ormlIA
orm2A njv2A; Fig. 8, H and I). Thus, Nvj2p-depenent ceramide
transport from the ER to the Golgi complex plays a role in pre-
venting the toxic accumulation during ER stress. It seems likely
that ER-Golgi tethering by Nvj2p during ER stress also facili-
tates the exchange of other lipids between these organelles.
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Figure 10. Models of Nvj2p-dependent ER-medial Golgi tethering during
stress and pathways of ceramide removal from the ER. (A) In the absence
of ER stress, Nvj2p is largely at the NVJ and plays a minor role in non-
vesicular ceramide transport to the Golgi complex (left panel). During ER
stress or ceramide overproduction, Nvj2p relocalizes to and increases
ER-medial Golgi contacts, facilitating ceramide exit from the ER. (B) Path-
ways of ceramide removal from the ER in yeast: vesicular transport (1),
Nvj2-dependent nonvesicular transport (2), conversion into acyl-ceramide
(3), and perhaps degradation (4). During ER stress, when vesicular traffick-
ing is compromised, Nvj2-dependent ceramide removal from the ER and
ceramide acylation play redundant roles in preventing toxic amounts of
ceramide from accumulating in the ER. FA, fatty acid.

How does Nvj2p facilitate ceramide
transport?

The SMP domain of Nvj2p, which we show is essential for
function (Fig. 2 and Fig. S1 A), may bind and transfer cer-
amides. It has recently been found that the SMP domains
of extended synaptotagmins (E-Syts), proteins that reside
at contacts between the ER and plasma membrane, transfer
glycerolipids between membranes (Saheki et al., 2016; Yu et
al., 2016). The SMP domains in the E-Syts can bind a variety
of lipids, and the same might be true of the SMP in Nvj2p.

We have obtained indirect evidence that the SMP domain in
Nvj2p binds lipids. Mutations were generated in the SMP do-
main of Nvj2p that are similar to mutations in the SMP do-
main of E-Sytl that block lipid binding. The mutant Nvj2p
fails to transport lipids both in vitro and in cell (Fig. 2, C and
D), suggesting that Nvj2p may directly transport ceramide.
However, even if Nvj2p directly transports ceramide, other
proteins do as well because nonvesicular ceramide transport
still occurs in cells lacking Nvj2p. It is also possible that the
primary role of Nvj2p in facilitating ceramide transfer to the
medial-Golgi is to serve as a tether; we found that the ability
of Nvj2p to facilitate ceramide transport to the Golgi is par-
tially complemented by the artificial ER-Golgi tether EGT.
Thus, Nvj2p could primarily serve as a tether and ceramide
transport could be mediated by several proteins. Something
similar may occur in mammalian cells because it has been
suggested that several lipid transport proteins work together
at ER-Golgi MCSs, and some of these proteins may func-
tion as primarily tethers (Peretti et al., 2008; Mesmin et al.,
2013; Goto et al., 2016).

Regulation of contact formation by Nvj2p
Understanding how the localization of Nvj2p is regulated is an
interesting question for the future. It will be important to under-
standing how the cytoplasmic domain of Nvj2p can target the
protein to both the NVJ and ER-Golgi contacts (and perhaps
other MSCs as well). Our results suggest that the PH domain of
Nv;j2p is required for the protein to bind Golgi membranes but
what lipids and/or proteins are bound is not yet known. The sig-
nal that causes Nvj2p to relocalize from the NVJ is not known
but may be NVIJ disassembly, which we find occurs during ER
stress (Fig. S2 C). Interestingly, Nvj2p relocation from the NVJ
to ER-Golgi contacts during ER stress does not require the ki-
nase Irelp, the master regulator of the cellular response to ER
stress (unpublished data). Cells may have undiscovered mech-
anisms for sensing and preventing the accumulation of toxic
lipids during ER stress.

Regulation of ER-Golgi contact site formation may be
significantly different in mammalian cells and in yeast because
contacts seem to be constantly present in mammalian cells but
only found in yeast cells during stress conditions. One of the
only known ER-Golgi tehers in mammalian cells, oxyster-
ol-binding protein, may be constantly at these junctions but
becomes enriched there when a lipid it binds accumulates in
the Golgi membrane (Mesmin et al., 2013). In contrast, Nvj2p
seems to somehow cause de novo tethering during ER stress or
when ceramide accumulate in the ER.

Mammalian homologues of Nvj2p

We have previously shown that the human homologue of
Nvj2p (HT008) localizes to the NVJ when expressed in yeast
(Toulmay and Prinz, 2012), and in this study, we demon-
strate that HTOOS can partially genetically compensate for
the loss of Nvj2p. These findings suggest that HT008, like
Nvj2p, may regulate MCS formation during ER stress and
may play a role in preventing lipotoxicity. It will be particu-
larly interesting to determine whether HTO08 works in con-
cert with CERT to mediate nonvesicular ceramide trafficking
in normal growth conditions and during stress. Understand-
ing how cells modulate lipid exchange at MCSs to regulate
lipid metabolism and prevent lipotoxicity is an important
challenge for the future.
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Materials and methods

Strains, plasmids, and growth media

The plasmids and strains used are listed in Tables S2 and S3. Media
used were YPD (1% yeast extract, 2% peptone, and 2% glucose) and
synthetic complete (SC) media (2% glucose, 0.67% yeast nitrogen base
without amino acids, and amino acid dropout mix). Strains were con-
structed using standard methods.

Yeast growth plating assay

Strains were grown at 30°C to mid-logarithmic growth phase in SC
medium. The cells were collected, and 1.5 ODy, of each culture was
spotted in four 10-fold dilutions on SC plates with the indicated com-
pounds and incubated at 30°C for 3 d.

In vivo labeling to measure conversion of ceramide to IPC

To measure the conversion of ceramide to IPC, cells were labeled with
[*H]serine (American Radiolabeled Chemicals, Inc.) as previously
described (Kajiwara et al., 2008, 2014) with the following modifica-
tions. In brief, 20 uCi [*H]serine was added to 10 ODg, of cultures in
mid-logarithmic growth phase in SC without serine at 25°C, and the
cells were grown for 1 h. For experiments with strains containing the
temperature-sensitive sec/8-1 allele, cells were initially grown at 25°C,
200 pg/ml cycloheximide was added to the medium, the cells were
grown for 20 more minutes at 25°C, the culture was shifted to 37°C
for 30 min, and then labeled for 30 min with 20 pCi [*H]serine (Funato
and Riezman, 2001). After labeling, growth was stopped by addition
of 10 mM NaF and 10 mM NaNj and placing cultures on ice for 20
min. The cells were washed with water, and lipids were extracted and
subjected to mild alkaline hydrolysis to deacylate glycophospholipids
as described (Kajiwara et al., 2008, 2014). Lipids were dried under
nitrogen and separated on silica TLC plates (EMD Millipore) using the
chloroform/methanol/4.2 N ammonium hydroxide (9:7:2). TLC plates
were scanned on a RITA* Thin Layer Analyzer (Raytest) to quantify
radiolabeled lipids and determine the ratio of IPC to ceramide.

Measurement of ceramide and IPC levels

Ceramide levels were measured as described (Puoti et al., 1991). In
brief, 10 ODg, of cells in mid-logarithmic growth phase in SC were
labeled with 5 pCi [*H]palmitic acid (American Radiolabeled Chem-
icals, Inc.) for 4 h. After labeling, the cells were harvested, and lipids
were extracted and subjected to mild-alkaline hydrolysis as described
(Kajiwara et al., 2008, 2014). The lipids were applied to silica TLC
plates and resolved with chloroform/methanol/2 M ammonium hydrox-
ide (40:10:1). The TLC plates were scanned (see In vivo labeling to
measure conversion of ceramide to IPC), and the amount of ceramide
detected was normalized to the total amount of radiolabeled lipid in
each sample. To determine IPC production, cells were labeled with
[*H]serine for 1 h and processed as described in the previous sec-
tion. It should be noted that with this labeling condition, very little
mannosyl-inositolphosphorylceramide or mannosyl-diinositolphos-
phorylceramide was formed.

In vitro labeling of lysates with [SHIDHS

Labeling of cell lysates with [*H]DHS (from T. Futerman, Weizmann
Institute of Sciences, Rehovot, Israel) was performed as previously
described (Funato and Riezman, 2001) with the following modifica-
tions. Cell from cultures in mid-logarithmic growth phase in SC me-
dium were harvested, and ~100 OD600 of cells was resuspended in
15 ml of 100 mM Tris-HCl, pH 9.4, and incubated at 30°C for 10 min.
The cells were washed and resuspended in 7.5 ml of 0.2x YPD, 0.6 M
sorbitol, 10 mM KPi, pH 7.5, with 2.25 mg zymolyase 20T (AMS
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BIO). After incubation for 20 min at 30°C, the cells were washed and
resuspended in ice-cold lysis buffer (0.2 M sorbitol, 50 mM KOAc,
20 mM Hepes, pH 6.8, and 2 mM EDTA and protease inhibitors). The
resulting spheroplasts were lysed with a dounce homogenizer using a
tight pestle. Debris and unlysed cells were removed by centrifugation at
500 g for 10 min at 4°C. The labeling reactions contained 100-200 pg
lysate, ATP-regenerating system (1 mM ATP, 40 mM phosphocreatine,
0.2 mg/ml creatine phosphokinase, 20 mM MgCl,, 20 mM Tris-HCl,
pH 7.2, and 1 mM B-ME), 30 uM [*H]DHS (0.5 pCi), 50 uM hex-
acosanoyl Coenzyme A (C26:0; Avanti Polar Lipids, Inc.), and 20 uM
BSA in lysis buffer in a total volume of 100 ul. When MBP fusions
or MBP were added to the reactions, the buffer also contained 0.1%
Mega-8. After incubation a 25°C for 2 h, the reactions were stopped
with 600 pl chloroform/methanol (1:1). The organic phase was col-
lected and reextracted with 400 pl chloroform/methanol/H,O (20:20:6).
Lipids were dried under nitrogen, applied to silica TLC plates, and re-
solved using chloroform/methanol/4.2 N ammonium hydroxide (9:7:2)
to quantitate IPC or solvent system chloroform/methanol/2 M ammo-
nium hydroxide (40:10:1) to quantitate ceramide.

Fluorescence microscopy

Cells in mid-logarithmic growth phase SC were visualized live the
growth medium using a BX61 microscope (Olympus) with an UPlan
Apo 1006/1.35 NA lens, a camera (Retiga EX; QImaging), and IVision
software (version 4.0.5; BioVision Technologies). To induce ER stress
before visualization, 10 mM DTT was added to the medium, and the
cells were grown for 4 h.

EM

Sample preparation for EM was done as described previously (Choud-
hary et al., 2015). Cells were grown to mid-logarithmic growth phase
at 30°C, samples were treated with and without 10 mM DTT and incu-
bated for additional 4 h at 30°C with shaking. Cells corresponding to
10 ODy, were harvested at 2000 rpm for 5 min. The cell pellet was re-
suspended in 2.5 ml fixative media (2.5% glutaraldehyde [Electron Mi-
croscopy Sciences], 1.25% PFA, and 40 mM potassium phosphate, pH
7.0) for 20 min at RT. Cells were harvested and again resuspended in
2.5 ml fresh fixative media and incubated on ice for 1 h. Cells were cen-
trifuged and washed twice with 0.9% NaCl and once with water. Cells
were resuspended with 2% solution of KMnO, for 5 min at RT, cen-
trifuged, and again incubated with fresh solution of 2% KMnO, for 45
min at RT for en bloc staining. The cells were dehydrated using graded
series of ethanol, embedded using Spurr’s resin (Electron Microscopy
Sciences), and polymerized at 60°C for 2 to 3 d. Ultrathin sections
(70 nm) were produced using a diamond knife (Diatome AG) on an
ultra-microtome (Ultracut UCT; Leica Biosystems), collected on 200
mesh formvar-coated copper grids (Electron Microscopy Sciences),
poststained with uranyl acetate and lead citrate, air dried, and visual-
ized with a transmission EM (Tecnai T12; Thermo Fisher Scientific)
operating at 120 kV. Pictures were recorded on a below-mounted 2k x
2k CCD camera (Gatan, Inc.). Brightness and contrast were adjusted to
the entire images using Photoshop (version CC 2014; Adobe Systems).

Imaging of cells expressing Aur1-GFP-APEX2

The gene encoding APEX2 (Martell et al., 2012; Lam et al., 2015) was
cloned into a plasmid expressing Aurl-GFP-APEX2 under the AUR/
promoter. Strains containing this plasmid were grown to mid-logarith-
mic growth phase at 30°C in a SC medium. Where indicated, 10 mM
DTT was added to the medium, and cultures were grown for 4 h at
30°C with shaking. Cells corresponding to 10 ODy,, were harvested
and overlaid with fixative (2.5% glutaraldehyde, 1.25% PFA, and 0.1 M
sodium cacodylate buffer, pH 7.4; Electron Microscopy Sciences) for



30 min at RT to generate EM contrast and subsequently resuspended
in fresh fixative and incubated on ice for 30 min. The method to vi-
sualize APEX2 was adapted as described previously (Martell et al.,
2012; Ariotti et al., 2015; Lam et al., 2015). Cells were washed three
times in 0.1 M sodium cacodylate buffer to remove glutaraldehyde.
A DAB solution was made by dissolving tablets (Sigma-Aldrich) into
sodium cacodylate buffer (0.1 M, pH 7.4) so that the final concentration
of DAB was 1 mg/ml. The solution was filtered using a 0.2-um filter
(EMD Millipore) to remove insoluble precipitate. The tube in which
DAB solution was prepared was wrapped with aluminum foil. Cells
were overlaid with 2 ml DAB solution and incubated in the dark for
10 min at RT, harvested, resuspended into fresh DAB solution con-
taining 10 mM H,O, (Sigma-Aldrich), and reincubated in the dark
for another 30 min at RT to produce the insoluble reaction product.
Cells were rinsed three times with 0.1 M sodium cacodylate buffer,
pH 7.4, and postfixed with 1% OsO, (Electron Microscopy Sciences)
in 0.1 M sodium cacodylate buffer, pH 7.4, for 30 min at RT. Subse-
quently, cells were washed three times with 0.1 M sodium cacodylate
buffer, pH 7.4, and two times with distilled H,O. Cells were dehydrated
using a graded series of ethanol, embedded using resin (EMBed 812;
Electron Microscopy Sciences), and polymerized as described in the
previous section. Ultrathin sections (50-60 nm) were produced using
an ultra-microtome (Ultracut UCT; Leica Biosystems) and visualized
without poststaining with a transmission EM (Tecnai T12; Thermo
Fisher Scientific) operating at 120 kV.

Unfolding protein response assay

Cells were transformed with pMCZ-Y, a plasmid expressing the lacZ
gene under the KAR2 promoter. To induce an unfolding protein re-
sponse, 8 mM DTT was added to cultures of growing cells for 1 h. The
[-galactosidase activity of the cultures assay was determined as de-
scribed (Pagani et al., 2000).

Cell death assays

The assay was performed as described (Rego et al., 2012). In brief,
strains were grown at 30°C in to logarithmic growth phase (ODg, =
0.5-0.6) in an SC medium containing 2% galactose instead of glucose.
The cells were washed and resuspended in the same medium contain-
ing 180 mM acetic acid (Sigma-Aldrich). Cultures were grown at 30°C,
and cell viability was assessed at the indicate times by plating on YPD.

Purification of MBP fusions

The genes encoding MBP or MBP fusions were cloned into p416-
GALIl (Mumberg et al., 1994) and expressed in yeast. About 16,000
ODy, of cells in 100 ml lysis buffer (500 mM NaCl, 20 mM Tris, pH
7.4,1 mM EDTA, 1 mM DTT, and protease inhibitors) were lysed with
a high-pressure cell disruptor (Constant Systems Limited). The lysate
was cleared by centrifugation at 10,000 g for 10 min 4°C, filtered, and
passed through a column containing amylose (New England Biolabs,
Inc.). The column was washed with 500 mM NaCl, 20 mM Tris, pH
74, 1 mM EDTA, 1 mM DTT, and 0.1% Mega-8 and eluted with
10 mM maltose, 500 mM NaCl, 20 mM Tris, pH 7.4, | mM EDTA,
1 mM DTT, and 0.1% Mega-8.

Preparation of liposomes

Lipids from stock solutions were mixed and dried under N, overnight.
The lipids were resuspended at 1 mM in either light liposome buffer
(20 mM Hepes, pH 7.4, and 100 mM NaCl) or heavy liposome buffer
(20 mM Hepes, pH 7.4, and 180 mM sucrose) and vortexed every 15
min for at least 1 h at RT. They then underwent eight cycles of freeze/
thaw and were extruded through 0.4-um pore-size membranes at least
16 times. The heavy liposomes were washed with light liposome buffer

and resuspended with light liposome buffer. The light liposomes were
cleared by centrifugation at 16,000 g for 10 min at 4°C.

Tethering assay

Liposomes were prepared with lipids from Avanti Polar Lipids, Inc.: egg
phosphatidylcholine (PC), 18:0-18:1 phosphatidylethanolamine (PE),
brain phosphatidylserine (PS), liver PI, egg PA, and 1,2-dioleoyl-sn-
glycero-3-[(N-(5-amino- 1-carboxypentyl)iminodiacetic acid)succinyl]
(DGS-NTA[Ni] [nickel salt]). Heavy liposomes contained PC/PE/
DGS-NTA(Ni) (75:20:5). Light liposomes contained PC/PI/PE/PS
(45:20:20:10) and 5 mol% of PA, phosphatidylinositol 3-phosphate, PC,
or phosphatidylinositol 4-phosphate or 2.5 mol% of either phosphati-
dylinositol 3,5-bisphosphate or phosphatidylinositol 4,5-bisphosphate
and 2.5 mol% PC. The light liposomes also contained a trace amount
of [*H]triolein (American Radiolabeled Chemicals, Inc.). Each tethering
assay had 45 pl light liposomes, 45 ul heavy liposomes or light liposome
buffer, 10 ul (100 pmol) protein or buffer, and 10 pl of 1% Mega-8. The
samples were incubated at 30°C for 1 h, placed on ice, and centrifuged
at 16,000 g for 10 min at 4°C. The supernatant (80 ul) was counted using
a scintillation counter. The percentage of light liposomes pelleted was
calculated from the percentage of remaining in the supernatant.

Online supplemental material

Fig. S1 contains additional data related to Fig. 1 showing that all three do-
mains of Nvj2p are required for it to confer resistance to AbA in osh234A
cells, the localization of Aurlp does not change in cells overexpressing
Nvj2p, the expression of Aurlp does not change in cells overexpressing
Nvj2p, and control for experiments in Fig. 1, H-J. Fig. S2 contains addi-
tional data related to Figs. 2, 3, and 4 showing that the Nvj2-GFP mutants
were expressed at levels similar to Nvj2-GFP, the expression of Nvj2p does
not change when cells are treated with DTT, the localization of Nvj1-GFP
or GFP-Osh1 during ER stress, the PH domain of Nvj2p is necessary to
target Nvj2p to Golgi membranes, and a scheme of the tethering assay
shown in Fig. 3 D. Fig. S3 contains additional data related to Fig. 5 show-
ing that DAB staining does not produce contrast in cells that do not express
APEX2, Nvj2p overexpression increases contact between the ER, and ves-
icles that are likely medial-Golgi. Fig. S4 contains additional data related
to Fig. 6 showing that EGT colocalizes with cis- and medial-Golgi, Aurl-
mKate localization is not altered by EGT expression, and lysates from cell
either with or without EGT produce similar amounts of ceramide. Fig. S5
contains additional data related to Figs. 7 and 8 showing that the localiza-
tion of NvjI(1-120)-Nvj2ATM-GFP does not change in cells treated with
DTT, that cells that overproduce ceramide are hypersensitive to tunicamy-
cin, and Nvj2p is probably not a negative regulator of serine palmitoyl-
transferase. Table S1 lists the plasmids obtained from a high-copy library
that allow 0sh234A cells to grow in the presence of AbA. Tables S2 and S3
list the plasmids and strains used in this study.
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