Lipid trafficking by yeast Snx4 family SNX-BAR

proteins promotes autophagy and vacuole
membrane fusion

Mengxiao Ma?, Santosh Kumar?, Latha Purushothaman®, Markus Babst¢, Christian Ungermann®,

Richard J. Chi¢*, and Christopher G. Burd>*

2Department of Cell Biology, Yale School of Medicine, New Haven, CT 06520; ®Department of Biology/Chemistry,

ARTICLE

University of Osnabrlick, 49076 Osnabriick, Germany; “Department of Biology, University of Utah, Salt Lake City, UT

84112, dDepar‘cment of Biological Sciences, University of North Carolina at Charlotte, Charlotte, NC 28223

ABSTRACT Cargo-selective and nonselective autophagy pathways employ a common core
autophagy machinery that directs biogenesis of an autophagosome that eventually fuses with
the lysosome to mediate turnover of macromolecules. In yeast (Saccharomyces cerevisiae)
cells, several selective autophagy pathways fail in cells lacking the dimeric Snx4/Atg24 and
Atg20/Snx42 sorting nexins containing a BAR domain (SNX-BARs), which function as coat
proteins of endosome-derived retrograde transport carriers. It is unclear whether endosomal
sorting by Snx4 proteins contributes to autophagy. Cells lacking Snx4 display a deficiency in
starvation induced, nonselective autophagy that is severely exacerbated by ablation of mito-
chondrial phosphatidylethanolamine synthesis. Under these conditions, phosphatidylserine
accumulates in the membranes of the endosome and vacuole, autophagy intermediates
accumulate within the cytoplasm, and homotypic vacuole fusion is impaired. The Snx4-Atg20
dimer displays preference for binding and remodeling of phosphatidylserine-containing
membrane in vitro, suggesting that Snx4-Atg20-coated carriers export phosphatidylserine-
rich membrane from the endosome. Autophagy and vacuole fusion are restored by increasing
phosphatidylethanolamine biosynthesis via alternative pathways, indicating that retrograde
sorting by the Snx4 family sorting nexins maintains glycerophospholipid homeostasis re-

Monitoring Editor
Tamotsu Yoshimori
Osaka University

Received: Dec 21, 2017
Revised: May 30, 2018
Accepted: Jun 22, 2018

quired for autophagy and fusion competence of the vacuole membrane.

INTRODUCTION

Cellular health and homeostasis requires autophagic processes that
break down macromolecules to provide nutrients, defend the cell
against pathogens, and promote clearing of toxic cellular debris
(Levine and Kroemer, 2008; Kaur and Debnath, 2015; Farré and
Subramani, 2016). In starvation-induced autophagy, cytoplasmic
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constituents are nonselectively captured and delivered to the lyso-
some-like vacuole where they are degraded to provide nutrients for
the cell that promote survival. The autophagy machinery is also uti-
lized by the cell during nutrient-replete conditions to specifically
degrade certain organelles, protein aggregates, and other constitu-
ents in a process termed “selective” autophagy. In addition to the
core autophagy machinery, selective autophagy also requires addi-
tional selectivity factors, which are specific to different autophagy
cargos (Farré and Subramani, 2016).

In budding yeast (Saccharomyces cerevisiae) more than 30 au-
tophagy-related proteins have been identified and the core steps of
the autophagy pathway have been established. Initiation of autoph-
agy occurs at the preautophagosomal structure (PAS), followed by
expansion and sealing of the phagophore membrane, and finally
fusion of the autophagosome with the lysosome (Lynch-Day and
Klionsky, 2010). These key steps and the autophagy-related proteins
that mediate and regulate them are evolutionarily conserved and
shared across all autophagy pathways, including starvation-induced
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bulk autophagy and cargo-selective autophagy pathways (Kaur and
Debnath, 2015).

Two related yeast proteins, Snx4/Atg24 and Atg20/Snx42, have
been shown to play crucial roles in several selective autophagy
pathways, including the cytoplasm-to-vacuole targeting (CVT) path-
way, pexophagy, mitophagy, and starvation-induced selective au-
tophagy of fatty acid synthase and of the proteasome (Nice et al.,
2002; Kanki et al., 2009; Okamoto et al., 2009; Shpilka et al., 2015;
Nemec et al., 2017). Interestingly, Atg20 has been shown to interact
with Atg11, a scaffold protein required for the CVT pathway and for
selective autophagy of organelles, including mitochondria, peroxi-
somes, nuclear envelope, and endoplasmic reticulum (Yorimitsu and
Klionsky, 2005; Farré and Subramani, 2016). Snx4 and Atg20 are
peripheral membrane proteins that dimerize via their Bin-Amphi-
physin-Rvs (BAR) domains to form a composite membrane binding
surface (van Weering et al., 2012; Ma et al., 2017; Popelka et al.,
2017). A third Snx4-related protein, Snx41, also dimerizes with Snx4,
but it has not been implicated in autophagy, although it is required
for proper trafficking of Atg27, a fungal integral membrane protein
of unknown function that promotes general and selective autoph-
agy in yeast (Yen et al., 2007; Bean et al., 2017; Ma et al., 2017). All
three Snx4-related proteins also possess a phosphatidylinositol
3-phosphate-binding PHOX homology (PX) domain that is required
for organelle targeting in vivo (Nice et al., 2002; Ma et al., 2017).
Snx4-Atg20 localizes to the endosome and the PAS (Nice et al.,
2002; Reggiori and Klionsky, 2013; Ma et al., 2017) and has been
shown to associate with the autophagy-initiation complex via bind-
ing to Atg17 (Ito et al., 2001; Nice et al., 2002; Vollert and Uetz,
2004), suggesting that they play roles in early events in autophago-
some biogenesis. Interestingly, however, Atg17 is not required for
the CVT pathway (Nice et al., 2002) but rather acts as a scaffold
protein for initiation of general autophagy (Kabeya et al., 2005;
Suzuki et al., 2007), raising the possibility that Snx4-Atg20 may have
further uncharacterized roles in bulk autophagy that are distinct
from its role(s) in selective autophagy.

The best characterized functions of Snx4-Atg20 are as sorting fac-
tors that mediate export of particular integral membrane proteins
and lipids from the endosome and vacuole via retrograde trafficking
pathways (Hettema et al., 2003; Bean et al., 2017; Ma et al., 2017,
Suzuki and Emr, 2018). One Snx4-Atg20 pathway cargo is Snc1, a v-
SNARE that is trafficked from the endosome to the Golgi, but Snc1
has no known role in autophagy. Accordingly, it has been proposed
that Snx4's role in autophagy is to mediate trafficking of the integral
membrane protein Atg? from the endosome to the Golgi, from
where it is packaged into a vesicle that may associate with the PAS
(Mari et al., 2010; Ohashi and Munro, 2010; Yamamoto et al., 2012).
However, a role for Snx4-Atg20 in retrograde trafficking of Atg? is
revealed only when the retromer pathway is eliminated (Shirahama-
Noda et al., 2013), indicating that this cannot fully account for the
roles of Snx4-Atg20 in autophagy. Thus, the role(s) of the Snx4-Atg20
complex in autophagy, and whether or how sorting at the endosome
by Snx4-Atg20 contributes to autophagy, are unknown.

In this study, we establish that snx4A cells have a previously un-
appreciated deficiency in starvation-induced bulk autophagy that is
greatly exacerbated by reducing phosphatidylethanolamine (PE)
within the cell. Under these conditions, autophagy intermediates
accumulate within the cytoplasm as a result of deficient autophago-
some maturation and fusion with the vacuole. In addition, phospha-
tidylserine accumulates on organelles of the endovacuolar system,
and both deficiencies are mitigated by increasing phosphatidyletha-
nolamine synthesis via alternative PE biosynthetic pathways. These
results bring to light the role of the Snx4 family of sorting nexins in
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controlling local pools of glycerophospholipids needed to maintain
fusion competence of endovacuolar organelles.

RESULTS AND DISCUSSION
Snx4-Atg20 contributes to nonselective autophagy
Previously, it was shown that vacuole-mediated processing of Ape1,
a cargo of the CVT selective autophagy pathway, but not a marker of
bulk autophagy (Pho8A&0), is ablated in snx4A or atg20A cells,
prompting the conclusion that Snx4-Atg20 functions solely in the
CVT pathway (Nice et al., 2002). In the course of our analysis of
autophagy in snx4A cells, we observed using a green fluorescent pro-
tein (GFP)-Atg8 processing assay (Klionsky et al., 2016) that proteo-
lytic processing of GFP-Atg8 in the vacuole of snx4A cells is reduced
by ~30% compared with wild-type cells, 4 h after inducing autophagy
by addition of rapamycin to the culture medium (Figure 1, A and B),
a result that is corroborated by a recent study (Popelka et al., 2017).
The results indicate that Snx4 plays a role in the starvation-induced
autophagy pathway that was not previously appreciated.

Autophagy has a specific requirement for phosphatidylethanol-
amine (PE), which is reversibly and covalently conjugated to Atg8,
a protein required for multiple aspects of autophagy (Ichimura
et al., 2000; Reggiori and Klionsky, 2013). Systematic genetic stud-
ies of autophagy reported genetic interactions between snx4A or
atg20A deletion alleles with deletion alleles of ATG8 (atg8A)
(Kramer et al., 2017) and phosphatidylserine decarboxylase 1
(psd1A), a mitochondrial enzyme that produces most of the PE in
cells grown in standard complete growth medium (Hoppins et al.,
2011). We therefore considered the possibility that Snx4-Atg20
may influence the biogenesis and/or trafficking of Atg8. Immuno-
blotting for Atg8 in wild-type and snx4A cell lysates shows no dif-
ference in the proportions or amounts of precursor or lipidated
Atg8 in snx4A cells (Figure 1, C and D), indicating that PE for Atg8
lipidation is not limited by loss of Snx4-Atg20. Because PE is an
abundant lipid (~15% of total lipid of a yeast cell) that is broadly
distributed throughout the cell (Zinser et al., 1991; Ejsing et al.,
2009), a role for Snx4-Atg20 trafficking of PE to sustain autophagy
may be masked by trafficking via other pathways. We therefore as-
sayed GFP-Atg8 processing in snx4A cells with reduced amounts of
PE. Cells grown in standard complete medium produce nearly all
PE by decarboxylation of phosphatidylserine by two enzymes, Psd1
and Psd2, which localize to the inner membrane of the mitochon-
drion and to Golgi/endosome organelles, respectively (Schuiki
et al., 2010). Accordingly, we examined GFP-Atg8 processing in
double mutant cells, where snx4A was combined with psdTA or
psd2A mutations (Figure 1A). In cells with a single deletion of PSD1,
PSD2, or SNX4, there is a modest (~15-30%) reduction of GFP-
Atg8 processing induced by rapamycin; in snx4Apsd1A and
snx4Apsd2A double mutant cells, additive decreases in rapamycin-
induced processing of GFP-Atg8 are observed (Figure 1, A and B).
However, there is a striking accumulation of full-length GFP-Atg8
fusion protein in snx4Apsd1A, but not snx4Apsd2A, cells (Figure 1,
A and B). Immunoblotting of endogenous Atg8 in lysates of wild-
type and snx4Apsd1A cells confirmed that lipidation of endoge-
nous (i.e., untagged) Atg8 is unaffected by loss of SNX4 and PSD1,
and in fact, there is an increase in the amount of lipidated Atg8 in
snx4ApsdTA cells (Figure 1, C and D). We conclude that Snx4-
Atg20, Psd1, and Psd2 make distinct contributions to autophagy
and that their functions do not converge on Atg8 lipidation. Rather,
it appears that a step of the autophagy pathway lying downstream
of Atg8 lipidation is deficient in snx4ApsdTA cells.

Examination of GFP-Atg8 in snx4ApsdTA cells by fluorescence
microscopy reveals a possible basis for Atg8-PE accumulation; there

Lipid trafficking by SNX-BAR proteins | 2191



A WT psd1A  snx4ApsdiA

pPSa2A

SNX4APSA2A (Figure 2). Many of the larger compartments

Rap. - + - + - + = 4+ =

+ - +

appear to fully enclose a lumen (Figure 2,

GFP-AtgS-| -

GFP- —

inset) while others we cannot discriminate.
The accumulation of unprocessed GFP-
Atg8 in snx4Apsd1A cells is not affected by
addition of rapamycin to the culture me-
dium (Figures 1 and 2), consistent with a role

p— for SNX4 and PSD1 in starvation-induced

autophagy.
The results indicate Snx4 is required to

PGK1-

prevent accumulation of autophagy inter-
mediates in the cytoplasm of psdTA cells.
Snx4 forms functionally distinct dimers

Proportion
Released GFP
o
D

©
N
1

*k
*x *k
ok
Thk

0.0 -

with Atg20 and Snx41 (Nice et al., 2002; Ma
etal.,, 2017; Popelka et al., 2017), so we ex-
amined GFP-Atg8 in psd1A cells also de-
leted for ATG20, SNX41, or both genes
(Figure 3). Surprisingly, GFP-Atg8 appears
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FIGURE 1: snx4Apsd1A cells display a synthetic autophagy defect. (A) Representative
immunoblot analysis of GFP-Atg8 processing in cells incubated with rapamycin (RAP) for 4 h to
induce autophagy. Anti-GFP was used to detect GFP-Atg8 and the released GFP proteolytic
fragment. Note the large increase in the proportion of full-length GFP-Atg8 to free GFP in
snx4Apsd1A cells. Loading control is anti-PGK immunoblot. (B) Quantitation of GFP-Atg8
processing. “Proportion released GFP” is measured as the ratio of free GFP/(free GFP +
GFP-Atg8 signal within the same lane). The results from three experiments were averaged and
standard error of the mean indicated. The proportion of processed GFP-Atg8 is reduced in
snx4Apsd1A cells compared with wild-type or to single mutations. **p < 0.01; ***p < 0.001.

(C) Immunoblot analysis of native Atg8. The positions of nonlipidated (Atg8) and lipidated Atg8
(Atg8-PE) are indicated. (D) Quantification of three independent experiments with standard
error of the mean is shown in the graph. Anti-PGK immunoblot was used to normalize loads.

***p < 0.001.

is a sevenfold increase in the number of GFP-Atg8 decorated com-
partments, presumably autophagy intermediates, in the cytoplasm
of snx4Apsd1A cells, compared with wild-type cells. The GFP-Atg8
decorated compartments vary in size and shape, from that of a dif-
fraction limited spot to compartments of up to 0.5 pm in diameter
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Perturbed aminophospholipid
distribution in snx4Apsd1A cells results
in autophagosome accumulation

The results reveal an unexpected link be-
tween phospholipid metabolism, autoph-
agy, and interorganelle trafficking mediated
by Snx4 family proteins. Loss of PSD1 results
in an ~50% decrease in the amount of PE,
and an ~20% increase in the amount of PS, in
the cell (Trotter et al., 1993; Birner et al.,
2001; Gulshan et al., 2010). In light of the
accumulation of autophagy intermediates
and fragmented vacuoles in snx44psd1A
cells, we speculate that changes in the lipid
composition of the vacuole membrane and/
or the autophagosome outer membrane
reduces the fusion competence of these
membranes, resulting in either deficient
sealing of the autophagosome membrane
and/or fusion of the autophagosome with
the vacuole. To examine the distribution of
lipids affected by deletion of PSD71 and
SNX4, we first examined the intracellular
distribution of PS, the substrate of phospha-
tidylserine decarboxylase, using the GFP-tagged C2 domain of lac-
tadherin (GFP-LactC2), which specifically recognizes PS (Yeung et al.,
2008; Leventis and Grinstein, 2010). Whereas GFP-LactC2 is largely
restricted to the cytoplasmic leaflet of the plasma membrane in wild-
type (Yeung et al., 2008; Fairn et al., 2011a) and snx4A cells, internal

psdiA
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FIGURE 2: snx4Apsd1A cells accumulate autophagosomes
independent of autophagy induction. Maximum projection
micrographs showing cells expressing GFP-Atg8 after (4 h) induction
of autophagy with rapamycin (+RAP) are shown. The inset of
snx4Apsd1A cells show a medial Z slice to visualize the lumen of
autophagosomes. The sale bar indicates 5 pm.

cytoplasmic organelles are decorated by GFP-LactC2 in psd1A and
snx4Apsd1A cells (Figure 4). Colabeling with GFP-LactC2 and FM4-
64, a lipophilic dye that accumulates on the vacuole membrane (Vida
and Emr, 1995), reveals that GFP-LactC2 decorates the vacuole
membrane, as well as other organelle membranes in these cells
(Figure 4A). This is particularly interesting because the presence of an
electrostatic gradient along the membranes of the endocytic path-
way, with the plasma membrane being the most electrostatic, is a
fundamental feature of all cells and the maintenance of this gradient
plays a crucial role in promoting proper protein targeting (Bigay and
Antonny, 2012; Platre et al., 2018). To quantify changes in GFP-
LactC2 distribution, we calculated the mean proportion of GFP-
LactC2 fluorescence within the interior volume of the cell (i.e., ex-
cluding the cell cortex) versus the total GFP-LactC2 fluorescence
(Figure 4B). We did not observe GFP-LactC2 to colocalize with cyto-
plasmic GFP-Atg8 or GFP-Apel puncta in snx4ApsdTA cells, sug-
gesting that PS does not accumulate on membrane of the PAS or
autophagosomes (not shown). In wild-type and snx4A cells, ~15% of
GFP-LactC2 localizes to internal organelles, and in psd1A cells this is
increased to 38 + 8% (Figure 4B). These data suggest that loss of
PSD1 results in an increase of PS in the membranes of organelles of
the endomembrane system, including the vacuole. Importantly, the
intracellular pool of PS is further increased (to ~50%) in snx4Apsd1A
cells, revealing a contribution of Snx4 family proteins in restricting
the accumulation of PS on internal organelles, possibly via a role in
recycling of plasma membrane.

Snx4-Atg20 binds preferentially to PS-containing membrane
We speculate that retrograde trafficking of PS-enriched carriers
coated with Snx4 family proteins supports plasma membrane re-
striction of PS by promoting export of PS from the endosome via a
plasma membrane recycling pathway. To test whether Snx4 proteins
have lipid binding specificity, we examined the binding of Snx4-
Atg20 and other SNX-BAR proteins to liposomes containing
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FIGURE 3: Autophagosome accumulation defect is specific to

the Snx4 family SNX-BAR proteins. Maximum projection

micrographs showing wild-type, snx4Apsd1A, snx41Apsd1A,
atg20Apsd1A, atg20Asnx41Apsd1A, and vps5Apsd1A cells expressing
GFP-Atg8 grown in standard growth medium. The sale bar indicates
S pm.

different amounts of PS (Figure 5A). Purified SNX-BAR dimers, Snx4-
Atg20, Vps5-Vps17, and Mvp1-Mvpl were presented with
liposomes containing 0, 10, 20, or 30 mol percent PS. Liposomes
were recovered by centrifugation and the bound and unbound frac-
tions of SNX-BARs were determined. This analysis shows that the
amount of Snx4-Atg20 bound to the liposomes tracks in direct pro-
portion to PS content, but this is not the case for the Vps5-Vps17
retromer SNX-BAR, or for Mvp1, a homodimeric SNX-BAR that func-
tions on the retromer pathway (Figure 5B). The other abundant an-
ionic lipid on the yeast endosome is phosphatidylinositol (Pl) (van
Meer et al., 2008). Accordingly, we also tested binding of Snx4-
Atg20 to liposomes containing 0 or 30 mol percent Pl and observed
no difference in the amount of Snx4-Atg20 bound (Figure 5C).
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Interestingly, a recent study of plant endo-
membranes demonstrated that an electro-
static gradient maintained in part by PS is
important for targeting of proteins to organ-
elles of the endovacuolar system (Platre
et al., 2018).
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Increased PE synthesis restores
clearance of autophagy intermediates
in snx4Apsd1A cells

The data indicate that PS is more widely dis-
tributed within the endovacuolar system in
snx4Apsd1A cells compared with wild-type
cells, and this is correlated with fragmented
vacuoles and accumulated cytoplasmic au-
tophagy intermediates. Comparisons of dif-
ferential interference contrast and GFP-Atg8
fluorescence micrographs of snx4Apsd1A
cells suggests that, in addition to an accu-
mulation of GFP-Atg8-decorated autoph-
agy intermediates (Figure 2), organelles that
are not decorated by GFP-Atg8 are also im-
pacted (Figure 6). Staining of snx4Apsd1A
cells with 7-aminochloromethylcoumarin
(CMAC), a dye that accumulates in the
acidic lumen of the vacuole, revealed that
these cells possess numerous (>2) small vac-
uoles or vacuoles that do not stain well with
CMAC in contrast to wild-type cells, which
typically possess one to two uniformly
stained vacuoles per cell (Figure 6). Numer-
ous small vacuoles accumulate in cells when
the vacuole fusion machinery is disabled,
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Snx4 contributes to phosphatidylserine distribution within the endovacuolar system.
(A) Micrographs (medial Z slice) of wild-type and mutant cells expressing the phosphatidylserine
sensor, GFP-LactC2, are shown. Vacuoles are labeled with FM4-64. The sale bar indicates 5 pm.
(B) Quantitation of GFP-LactC2 distribution. The proportion of GFP-LactC2 within the cell vs.
at the cell cortex were measured. Each point is a single cell and the mean and SD are indicated.
(C) Quantitation of RFP-LactC2 distribution in psd1A and snx4Apsd1A cells with or without
overexpression of PSD2. Same analysis was conducted as in B. *p < 0.0001. Standard deviations

are indicated in B and C.

Similar experiments using liposomes with varying amounts of PE
showed no effect on Snx4-Atg20 binding (not shown). Therefore, we
conclude that PS is the preferred lipid for Snx4-Atg20 binding.
Many SNX-BAR proteins have the ability to topologically re-
model membrane into coated tubules resembling endosome-de-
rived transport carriers. To test Snx4-Atg20 for this activity, and to
determine whether PS content of the membrane influences remod-
eling activity, we examined the various Snx4-Atg20 liposome prepa-
rations by negative stain electron microscopy (Figure 5D). We ob-
served membrane tubules in Snx4-Atg20 samples incubated with
liposome preparations containing 30 mol percent PS but not with
liposomes that lack PS. The tubular structures that formed were uni-
form in diameter, which we measured to be 25.2 £ 2.1 nm, further
demonstrating that this is a property of the Snx4-Atg20 complex
that is dependent on the presence of PS in the membrane (Figure
5E). Thus, our observations suggest that Snx4-Atg20 preferentially
coats and exports PS-enriched membrane from the endosome.
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SNx4A

SO petence of the vacuole membrane is defi-

cient in snx4Apsd1A cells (Figure 6D).
Genetic studies of Neo1, an aminophos-
pholipid flippase that maintains lipid bilayer
asymmetry of membranes of organelles of
the endovacuolar system, show that the
vacuoles in mutant neol-2 cells, like the
vacuoles in snx4Apsd1A cells, are frag-
mented (Wu et al., 2016). For neo1-2 cells,
the vacuole fusion defect can be rescued by
metabolically forcing cells to produce more
PE (Wu et al., 2016). Thus, perturbations to aminophospholipid traf-
ficking and trans-bilayer distribution have a profound consequence
on pathways that rely on vacuole fusion. Given the similar vacuole
morphologies of snx4Apsd1A and neol-2 cells, we cultured
snx4Apsd1A cells in medium supplemented with ethanolamine (50
mM) to drive PE synthesis via the Kennedy salvage pathway and as-
sayed accumulation of GFP-Atg8 decorated compartments. In
snx4Apsd1A cells cultured overnight in this medium, the appear-
ance of GFP-Atg8 is indistinguishable from that of wild-type cells
(one to two puncta per cell), and vacuole morphology is rescued
(Figure 6, A, C, and D). However, the block in GFP-Ape1 processing
in snx4Apsd1A cells is not rescued by ethanolamine supplementa-
tion, indicating that this does not bypass the requirement for Snx4-
Atg20 in the CVT pathway (Figure 6E). A time-course experiment
showed that the reduction in the number of GFP-Atg8 decorated
organelles decreased gradually after ethanolamine addition and
was complete after 4 h (Figure 7B). Importantly, ethanolamine
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The position of mass standards (kDa) are indicated. (B) Quantification of Snx4-Atg20 binding to liposomes. Fraction of
bound protein is calculated as a fraction of SNX-BAR proteins in the pellet fraction (P) over the sum of pellet and
supernatant (S) fraction and is averaged over at least three independent experiments. *p < 0.05; ***p < 0.001.

(C) Quantification of Snx4-Atg20 binding to liposomes containing 0% or 30% PI. Fraction of bound protein is calculated
as a fraction of SNX-BAR proteins in the pellet fraction (P) over the sum of pellet and supernatant (S) fraction and is
averaged over at least three independent experiments. The difference is not statistically significant. (D) A gallery of
micrographs of negative stained liposomes with (30%) or without PS (0%) incubated with (4 pM) or without (0 pM)
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supplementation also rescued vacuole fragmentation in snx4Apsd1A
cells (Figure 6, A and D), indicating that increased PE promotes
fusion competence of the vacuole membrane. In addition to etha-
nolamine supplementation, overexpression of PSD2, encoding a
cytoplasmic PS decarboxylase, also rescues the accumulation of
GFP-Atg8 decorated organelles and vacuole fragmentation in
snx4Apsd1A cells (Figure 6, B-D), just as it rescues the vacuole mor-
phology of neo1-2 cells (Wu et al., 2016). Rescue is due to conver-
sion of PS to PE in the cytoplasmic leaflet of internal organelles, as
overexpression of PSD2 reduces the proportion of red fluorescent
protein (RFP)-LactC2 on these organelles (Figure 4C). This is consis-
tent with the finding that Psd2 activity modulates the amounts of PS
and PE in the vacuole membrane (Gulshan et al., 2010).

SNARE-dependent fusion is required for clearance of
autophagy intermediates from the cytoplasm

Our findings suggest that the balance of PE and PS in the vacuole
membrane is critical to sustain homotypic vacuole-vacuole fusion
and autophagosome biogenesis and/or fusion with the vacuole.
When assayed by in vitro reconstitution, membrane fusion catalyzed
by the yeast vacuolar SNAREs requires that the membranes contain
physiological levels of neutral, small headgroup lipids, such as PE
(Zick et al., 2014). With this in mind, the results suggest that changes
in the lipid composition of the vacuole membrane resulting from
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loss of SNX4 and PSD1 results in a deficit of PE that decreases fusion
competence of the vacuole, resulting in the accumulation of au-
tophagy intermediates in the cytoplasm and fragmented vacuoles.
Fusion of a mature autophagosome with the vacuole membrane
requires the Rab-regulated tethering complex and SNARE proteins
that mediates homotypic vacuole fusion (Darsow et al., 1997;
Hyttinen et al., 2013). To directly assay for a requirement for vacuolar
fusion in clearance of autophagy intermediates in snx4Apsd1A cells,
we deleted VAM3, encoding a SNARE fusion protein that is required
for fusion of autophagosomes with the vacuole (Darsow et al., 1997),
in the snx4Apsd1A background (snx4ApsdTAvam3A) and then
monitored the number of GFP-Atg8 decorated compartments over
time after addition of ethanolamine (Figure 7). In these cells, the
number of GFP-Atg8 decorated organelles remained constant for
the duration of the experiment, indicating that SNARE-mediated
fusion with the vacuole is required for their clearance.

Lipid trafficking by Snx4 proteins promotes autophagy

Previously, Snx4-Atg20 was reported to be strictly required for sev-
eral selective autophagy pathways (CVT pathway, mitophagy,
pexophagy) but not for starvation-induced nonselective autophagy
(Nice et al., 2002; Kanki et al., 2009; Okamoto et al., 2009; Shpilka
et al., 2015). Contrary to these prior reports, and in agreement with
Popelka et al. (2017), we find that Snx4-Atg20 does in fact play a
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snx4Apsd1A cells are deficient in PE trafficking to the
autophagosome resulting in the loss of fusion to the vacuole.
(A) Maximum projection micrographs showing snx4Apsd1A cells
expressing GFP-Atg8 grown in standard synthetic medium or medium
supplemented with 50 mM ethanolamine. Vacuoles were visualized
using CMAC. The sale bar indicates 5 pm. (B) Maximum projection
micrographs showing snx4Apsd1A cells expressing GFP-Atg8 and
overexpressing PSD2 (2u-PSD2) are shown. The sale bar indicates
5 pm. (C) The number of Atg8 puncta per cell was quantified in
wild-type and mutant cells in the absence and presence of 50 mM
ethanolamine (ETA), or overexpression of PSD2. Each point is a single
cell and the mean and SD are indicated. (D) The number of vacuoles
per cell was quantified in wild-type and snx4Apsd1A cells in the
absence of 50 mM ETA or 2u-PSD2 and snx4Apsd1A cells either
grown in 50 mM ETA or expressing 2u-PSD2. The cells were binned
into three categories, one or two CMAC-stained vacuoles (a single
vacuole may contain multiple lobes that are clearly connected), more
than two CMAC-stained vacuoles, or “ambiguous,” which are cells
that do not stain well with CMAC, and presented as percentages of
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role in starvation-induced nonselective autophagy, albeit a nones-
sential role. At present, it is unclear whether Snx4-Atg20 fulfills
the same function(s) in selective and nonselective autophagy
because deletion of SNX4 or ATG20 completely blocks the CVT
selective autophagy pathway but has only a modest effect on non-
selective autophagy. Snx4-Atg20 has been shown to associate with
proteins of the core autophagy initiation complex, leading to the
suggestion that it plays a role in autophagy initiation and/or phago-
phore expansion (Nice et al., 2002; Yorimitsu and Klionsky, 2005;
Popelka et al., 2017).

In this study, we discovered that Snx4-Atg20 promotes nonselec-
tive autophagy indirectly through its role in exporting lipids from the
endosome and/or vacuole via retrograde trafficking, which main-
tains the fusion competence of the vacuole membrane. A role for
lysosome and autophagosome membrane lipid composition in
maintaining fusion competence was previously suggested by in
vitro studies of autophagosome and lysosome fusion (Koga et al.,
2010). In this study, the authors demonstrated that in cellular frac-
tions enriched in autophagosome and lysosome, reduced levels of
cholesterol in autophagosome and lysosome membranes resulted
in reduced fusion (Koga et al., 2010), corroborating that lipid com-
position of organelle membranes must be tightly regulated to main-
tain fusion competence. Our study extends these observations
regarding the roles of lipids in promoting fusion of the autophago-
some with the vacuole/lysosome in yeast cells.

Increased PE synthesis has been previously noted to suppress de-
ficiencies in vacuolar processing of autophagy cargo resulting from
mutations in genes encoding multivesicular body (MVB) pathway
components, a phenomenon that was proposed to be due to an
increase in the amount of lipidated Atg8 (Nebauer et al., 2007). Con-
sidered in light of the data presented herein, we suggest that defi-
ciencies in the endosome maturation pathway (e.g., loss of recycling,
MVB vesicle formation) impact the fusion competence of the vacuole
membrane through changes in its lipid composition. This is apparent
in the accumulation of fragmented vacuoles in snx4Apsd1A cells, in-
dicating defects in homotypic vacuole fusion. Furthermore, this vacu-
ole phenotype can be rescued by increasing PE production through
either ethanolamine hydrochloride (ETA) supplementation, which
drives PE synthesis via the Kennedy pathway, or overexpression of
PSD2. However, while overexpression of PSD2 decreases PS levels
(Figure 4C), ETA supplementation has been demonstrated to slightly
increase PS levels in the cells deleted for PSD1 (Storey et al., 2001),
suggesting that it is the balance of PE/PS on organelle membranes,
rather than absolute amounts, that is important in maintaining mem-
brane fusion competence. A second, related defect that we have also
characterized as also a result of lipid imbalance is the accumulation of
GFP-Atg8 decorated autophagy intermediates in the cytosol of
snx4Apsd1A cells. The accumulated compartments vary in size and
shape, some appearing to enclose a lumen, suggesting that au-
tophagosome-vacuole fusion is defective in snx4Apsd1A cells. The
accumulation of these GFP-Atg8 organelles are also rescued by

the total number of cells quantified. (E) Representative immunoblot
analysis of GFP-Ape1 processing in cells grown to log phase in
standard or 50 mM ETA-supplemented medium in wild-type or
indicated mutant cells. Anti-GFP was used to detect full length
GFP-Ape1 and free GFP proteolytic fragment. Note the reduction in
GFP-Ape1 processing in snx4A and atg20A cells compared with
wild-type cells, which is still maintained when cells are grown in ETA.
The atg19A mutant lacks the Ape1 sorting receptor and serves as a
control.
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Vam3-dependent vacuole fusion is a requirement of ETA mediated autophagy rescue
in snx4Apsd1A cells. (A) Maximum projection micrographs of WT and vam3A cells expressing
GFP-Atg8 before and after addition of ethanolamine (50 mM) are shown. The scale bars indicate
5 pm. (B) Maximum projection micrographs of snx4Apsd1A and snx4Apsd1Avam3A cells
expressing GFP-Atg8 treated similarly are shown. (C) The number of GFP-Atg8 puncta per cell
was quantified at the indicated time points after ETA addition in each of the four strains. A
minimum of 19 cells were analyzed in each condition and plotted as individual dots as indicated

and the mean and SD are indicated.

increasing PE synthesis via either ETA supplementation or PSD2 over-
expression. Because homotypic vacuole fusion defects in snx4Apsd 1A
cells are also rescued on a timescale similar to clearance of GFP-
Atg8-decorated compartments (Figure 6), autophagosome-vacuole
fusion is likely deficient in snx4Apsd1A cells. However, the variability
in size and shape of the accumulated GFP-Atg8 compartments also
suggest defective autophagosome biogenesis, which may reflect de-
ficient phagophore expansion and/or sealing of the autophagosome.
Therefore, the clearance of these autophagy intermediates indicates
that a PE/PS balance maintained by Psd1 and Snx4-mediated interor-
ganelle trafficking is also required for promoting fusion competence
of the autophagosome membrane, required for autophagosome
growth and closure. The results suggest that Snx4-Atg20 mediated
export of PS from the endosome ensures that PS does not accumu-
late in the membranes of organelles of the endolysosomal/vacuolar
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system required to sustain fusion of the au-
tophagosome with the vacuole and for
homotypic vacuole fusion (Figure 8). Our re-
sults also highlight the importance of main-
taining an electrostatic PS gradient along
the endomembrane system, which has been
previously demonstrated for endomem-
brane systems of mammalian and plant
cells (Fairn et al., 2011a,b; Platre et al.,
2018). When this gradient is disrupted in
snx4Apsd1A cells, severe and pleiotropic de-
fects in cell physiology homeostasis emerge,
ranging from defects in autophagy to de-
fects in vacuole dynamics. Furthermore, we
demonstrate that the presence of the an-
ionic gradient, contributed in large part by
PS, is maintained by both retrograde traffick-
ing pathways that remove PS from late en-
docytic membranes and by enzymes, such
as Psd2, that contribute locally to metabolism
of PS on endomembranes. Together, these
findings highlight a lipid-based perspective
on SNX-BAR function, which has typically
been considered a protein-centric view of
sorting nexin function.

MATERIALS AND METHODS

Yeast strains and culture conditions
Yeast strains were constructed in BY4742
(MATohis3-1, leu2-0, met15-0, and ura3-0)
by homologous recombination of gene-
targeted, PCR-generated DNAs using the
method of Longtine et al. (1998). Mutant
strains were either derived from the EUROS-
CARF KANMX deletion collection (Open
Biosystems/Thermo  Scientific, Waltham,
MA) or produced by replacement of the
complete reading frame with the HIS3MX6
or URA3 cassette. Gene deletions were con-
firmed by PCR amplification of the deleted
locus. Cells were grown in standard syn-
thetic complete medium lacking nutrients
required to maintain selection for auxotro-
phic markers and/or plasmids (Sherman
et al., 1979), unless indicated otherwise. To
induce nonselective autophagy, cells were
grown to early log phase, concentrated, and
resuspended in standard synthetic complete medium containing
0.2 pg/ml rapamycin (R-5000; LC laboratories) for 2-4 h at 30°C. For
experiments rescuing autophagosomes-vacuole fusion defects, cells
were grown overnight to mid-log phase in synthetic complete me-
dium or in synthetic medium containing 50 mM ETA (Sigma-Aldrich;
E6133). For time-course experiments, mid-log phase cells grown in
synthetic medium were directly added ETA to a final concentration of
50 mM and then imaged using 60-min time intervals.

Light microscopy and image analysis

Yeast cells from cultures grown to ODggp = 0.5 were mounted in
growth medium, and three-dimensional image stacks were collected
at 0.3-pym z increments on a DeltaVision workstation (Applied Preci-
sion) based on an inverted microscope (IX-70; Olympus) using a 100
x 1.4NA oil immersion lens. Images were captured at 24°C with a
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FIGURE 8: Retrograde trafficking by Snx4 family proteins maintains lipid homeostasis of the
vacuole membrane. The endosomal maturation pathway and autophagosome-vacuole fusion
are depicted. The relative abundances and topology of PS and PE in organelle membranes are

depicted. (A) We propose that during endosome maturation, the ratio of PE to PS on the
membrane increases as a result of Snx4-mediated export of membrane enriched in PS

(compared with retromer) and the activity of Psd2, which converts PS to PE on the endosome
(Gulshan et al., 2010). This results in a PE/PS ratio on the vacuole membrane that is permissive
for SNARE-mediated fusion of autophagosomes (AV) with the vacuole. Also depicted are the

Snx4 family- and retromer-dependent retrograde pathways that originate from a common

endosome (Ma et al., 2017). (B) In snx4Apsd1A cells, the amount of PE in the cell is substantially
(~60%) reduced (Trotter et al., 1993) and PS is not adequately removed from the endosomal
system, resulting in a decreased PE/PS ratio on the vacuole membrane. This manifests as a
decrease in fusion competence of the vacuole, resulting in impaired fusion of autophagosomes
with the vacuole and also homotypic vacuole fusion. Furthermore, it is likely that the membranes
that supply biogenesis of autophagosomes also have a fusion-deficient ratio of PE/PS, resulting

in an accumulation of autophagy intermediates.

front illuminated scientific complementary metal-oxide-semicon-
ductor, 2560 x 2160 pixels camera and deconvolved using the itera-
tive-constrained algorithm and the measured point spread function.
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To visualize vacuole morphology, yeast cells
were labeled with CMAC (Life Technologies)
at a concentration of 100 uM for 30 min in
synthetic medium at room temperature. To
visualize the vacuole membrane, FM4-64 (32
nM) was added to cell cultures for 20 min at
30°C. Cells were then washed, resuspended
in fresh medium, and then incubated for
60 min to allow FM4-64 to accumulate in the
vacuole membrane (adapted from Vida and
Emr, 1995). Image analysis and preparation
was done using Softworx 6.1 (Applied Preci-
sion Instruments) and ImageJ v1.50d (Ras-
band). To quantify GFP-LactC2 fluorescence
signal, two to three 0.3-pm medial Z planes
from the approximate center of a cell were
used to calculate the integrated density of
the selected region of the cell subtracted by
the corrected background of the same re-
gion. Analysis was performed with ImageJ
v1.50d (Rasband).

Atg8 processing and immunoblotting
For quantitative Western blot analysis of
GFP-Atg8 or GFP-Apel processing, cells
were grown under standard vegetative (or
supplemented with 50 mM ETA) or autoph-
agy inducing conditions to ODggg = 0.5, as
described above. Typically, 3.0 x 107 cells
were harvested by centrifugation and lysed
by glass bead agitation in SDS-PAGE sample
buffer. Polyacrylamide (10%) gels were
loaded with 0.5 x 107 cell equivalents and
transferred onto standard 0.45-pym nitrocel-
lulose. Anti-GFP primary mouse monoclonal
antibody (1814460; Roche) was diluted
1:2500, and Santa Cruz (sc-2055) goat anti-
mouse HRP-conjugated antibody was used
at 1:5000. Anti-Pgk1 at 1:5000 (Life Technol-
ogies) was used as loading controls. For
native Atg8 Western blots, 13.5% polyacryl-
amide gels containing 6 M urea were
prepared as indicated (Nakatogawa and
Ohsumi, 2012) and loaded with 1.5 x 107 cell
equivalents. Anti-Atg8 primary rabbit anti-
body was generously provided by Claudine
Kraft (University of Freiburg) and used at
1:1000, and goat anti-rabbit HRP-conjugated
antibody was used at 1:5000. All enhanced
chemiluminescence (ECL) blots were devel-
opment on a Chemidoc-XRS+ (Bio-Rad), and
band intensities were quantified using Quan-
tity One 1D analysis software (Bio-Rad).

Plasmids

Centromeric  GFP-Atg8 and GFP-Apef
(Shintani et al., 2002) plasmids were used
in processing assays. Centromeric plasmids
encoding GFP-LactC2 and RFP-LactC2 are

described in Yeung et al. (2008).
A pRS426-based high copy PSD2 expression vector was made
by homologous recombination of PCR-amplified wild-type genomic
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PSD2 locus with the following primers: CCCCCCCTCGAGGTC-
GACGGTATCGATAAGCTTGATATCGTAGCTGCTCCATTTGT-
GCTC and GCTCCACCGCGGTGGCGGCCGCTCTAGAACTAGTG
GATCCGGGAGAGGGAATTAGATCAAC.

SNX-BAR dimers purification and liposome binding/
tubulation assay
Snx4-Atg20 and Snx4-Snx41 complexes were purified from yeast
TVY614 strain background. Endogenous promoters of Snx4 and
Atg20 or Snx4 and Snx41 were replaced with galactose-inducible
promoters using the method described in Longtine et al. (1998).
Tandem affinity purification tag was fused to the C-terminus of Atg20
or Snx41 using the method described in Puig et al. (2001). Protein
expression was induced using galactose, where 50-ml precultures
were grown overnight in yeast peptone (YP) medium containing 2%
raffinose and 0.1% glucose, 1-I cultures were inoculated the next
morning and grown in YP medium containing 2% raffinose and 0.1%
glucose, and then 2% galactose was added after 4-5 h of growth.
Snx4-Atg20 and Snx4-Snx41 complexes were immunopurified using
IgG Sepharose (GE Healthcare) in 50 mM Tris, pH 7.4, buffer contain-
ing 300 mM NaCl, 2 mM MgCl,, 1 mM dithiothreitol, and cOmplete
Protease Inhibitor Cocktail (Roche). The complexes were cleaved
using His-tagged recombinant tobacco etch virus (TEV) protease
overnight at 4°C. The His-TEV was removed using Ni-NTA agarose.
Vps5-Vps17 complex was purified using the same strategy.

Mvp1 was purified using His-Mvp1 construct from Escherichia
coli BL21 cells as previously described (Chi et al., 2014).

Purified protein concentration was quantified by BCA

assay (Pierce)

Liposome binding/tubulation assays were carried out as previously
described (Chi et al., 2014). Briefly, liposomes (2.5 mM lipid) (0%,
10%, 20%, or 30% PS; 1% PtdIns(3)P; 20% ergosterol; PC) were
incubated with 4 pM Snx4-Atg20, Vps5-Vps17, or Mvp1-Mvp1 het-
erodimer for 30 min at 30°C and sedimented at 100,000 x g for 20
min. Pellet (P) and supernatant (S) fractions were loaded onto 10%
polyacrylamide gels and visualized using Coomassie Brilliant Blue
stain. To test Snx4-Atg20 binding to Pl containing liposomes, lipo-
some compositions were 0% or 30% soy Pl; 1% PtdIns(3)P; 10%
ergosterol; PC. Band intensities were quantified using Quantity
One 1D analysis software (Bio-Rad) and proportion of SNX-BAR
proteins in pellet fraction was quantified. Two-way analysis of
variance was used to determine statistical significance (GraphPad
Prism 7.01). Samples for EM analysis were spotted onto a carbon-
coated copper mesh grid. Liposomes were negative stained by 1%
uranylacetate and analyzed on a FEI Tecnai F20 transmission
electron microscope (200 kV). Tubules were quantified in ImageJ
analysis software as an average of three measurements across the
tubule width.
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