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Turnover of the 26S proteasome by autophagy is an evolution-
arily conserved process that governs cellular proteolytic capac-
ity and eliminates inactive particles. In most organisms, protea-
somes are located in both the nucleus and cytoplasm. However,
the specific autophagy routes for nuclear and cytoplasmic pro-
teasomes are unclear. Here, we investigate the spatial control of
autophagic proteasome turnover in budding yeast (Saccharomy-
ces cerevisiae). We found that nitrogen starvation—induced pro-
teasome autophagy is independent of known nucleophagy path-
ways but is compromised when nuclear protein export is
blocked. Furthermore, via pharmacological tethering of protea-
somes to chromatin or the plasma membrane, we provide evi-
dence that nuclear proteasomes at least partially disassemble
before autophagic turnover, whereas cytoplasmic proteasomes
remain largely intact. A targeted screen of autophagy genes identi-
fied a requirement for the conserved sorting nexin Snx4 in the
autophagic turnover of proteasomes and several other large multi-
subunit complexes. We demonstrate that Snx4 cooperates with
sorting nexins Snx41 and Snx42 to mediate proteasome turnover
and is required for the formation of cytoplasmic proteasome
puncta that accumulate when autophagosome formation is
blocked. Together, our results support distinct mechanistic paths
in the turnover of nuclear versus cytoplasmic proteasomes and
point to a critical role for Snx4 in cytoplasmic agglomeration of
proteasomes en route to autophagic destruction.

In eukaryotes, two main pathways exist for the regulated
destruction of proteins: macroautophagy (hereafter autophagy)
and the ubiquitin—proteasome system (UPS)? (1). The UPS
catalyzes the ubiquitin-dependent degradation of protein sub-

This work was supported by start-up funds from the Florida State University
College of Medicine and National Institutes of Health Grant
1TRO1GM118600 from NIGMS (to R.J.T., Jr.). The content is solely the
responsibility of the authors and does not necessarily represent the official
views of the National Institutes of Health. The authors declare that they
have no conflicts of interest with the contents of this article. The content is
solely the responsibility of the authors and does not necessarily represent
the official views of the National Institutes of Health.

This article contains supplemental Tables 1 and 2.

" Both authors contributed equally to this work.

2To whom correspondence should be addressed: 1115 W. Call St., Tallahas-
see, FL 32306. Tel.: 850-645-1482; E-mail: robert.tomko@med.fsu.edu.

3 The abbreviations used are: UPS, ubiquitin—proteasome system; BAR, Bin/
amphiphysin/Rvs; CP, core particle; CVT, cytoplasm-to-vacuole targeting;
FAS, fatty-acid synthase; PAS, phagophore assembly site; PI3P, phosphati-
dylinositol 3-phosphate; PM, plasma membrane; PMN, piecemeal
autophagy of the nucleus; PX, phox homology; RP, regulatory particle;
ANOVA, analysis of variance; suc, succinyl; AMC, amido-4-methylcoumarin;
ER, endoplasmic reticulum.

21466 J. Biol. Chem. (2017) 292(52) 2146621480

strates by the proteasome, a highly conserved 2.5-MDa multi-
subunit ATP-dependent protease complex (2, 3). The protea-
some consists of a barrel-shaped proteolytic core particle (CP)
that houses the peptidase active sites in its interior. The CP can
be capped on one or both ends by the 19S regulatory particle
(RP). The RP can be further divided into lid and base subcom-
plexes. The lid contains an enzymatic activity that removes the
polyubiquitin targeting signal from the substrate. The base con-
tains a ring of AAA™ family ATPases that use mechanical force
derived from ATP to unfold the substrate and translocate it into
the interior of the CP for destruction.

In contrast to the UPS, autophagy comprises the engulfment
of cellular contents in a double-membraned vesicle called an
autophagosome for delivery to and destruction in the lysosome
(vacuole in yeasts) (4). In the canonical non-selective form of
autophagy, a portion of the cytoplasm is delivered in bulk to the
vacuole for destruction. This process is directed by the covalent
attachment of the small ubiquitin-like protein, Atg8, onto
growing autophagosomal membranes to promote membrane
expansion and subsequent engulfment of cellular components.
Fusion of the autophagosome with the vacuolar membrane
delivers the contents into the vacuolar lumen, where the con-
tents are destroyed by various hydrolases. Whereas the UPS can
recycle only proteins, autophagy can recycle proteins, lipids,
and nucleic acids (5, 6). Furthermore, because substrates are
typically encapsulated en masse in the cytosol, autophagy is
better suited than the UPS for the destruction of exceptionally
large or complicated cargoes, such as organelles (7), pathogenic
organisms (8), or multisubunit complexes (9-11).

In addition to the canonical non-selective (bulk) autophagy,
individual cargoes can be earmarked for turnover by autophagy
in a process termed selective autophagy. Selective autophagy
has recently emerged as a critical homeostatic paradigm and is
deregulated in numerous human diseases (12). In selective
autophagy, a particular cargo is typically recruited to the assem-
bling autophagosomal membrane, called the phagophore
assembly site (PAS), via a cargo-selective autophagy receptor.
This receptor binds both the substrate and Atg8-coated PAS
membrane to promote cargo engulfment (13).

The selective autophagic turnover of the proteasome has
recently been demonstrated in mammals (14), plants (15), and
in the budding yeast Saccharomyces cerevisiae (16, 17) and
occurs in response to nitrogen starvation or treatment of cells
with proteasome inhibitors. This conserved pathway serves to
control both the abundance and the quality of proteasomes to
preserve organismal health. In response to the proteasome
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inhibitor MG132, proteasomes undergo ubiquitination-depen-
dent delivery to the autophagosome by the autophagy receptor
Cueb5. The selective recognition of proteasomes for autophagy
in response to nitrogen starvation is thus far poorly understood
but appears to involve distinct paths for the RP and CP subcom-
plexes, based in part on differential requirements for the ubiq-
uitin protease Ubp3 for delivery of RP and CP subunits to the
vacuole (17).

For both proteasome inhibitor-triggered and nitrogen
starvation—induced proteasome autophagy, formation of cyto-
plasmic puncta that are apparently distinct from the PAS
precedes delivery to the vacuole. In response to the chemical
proteasome inhibitor MG132, proteasomes destined for
autophagic turnover colocalize with markers of insoluble pro-
tein deposits (16), whereas in nitrogen-starved cells unable to
form the PAS due to deletion of ATG17, proteasomes form
cytoplasmic puncta of unknown origin or composition (17).
Together, these observations suggest that proteasomes may be
concentrated or encapsulated prior to their delivery to the PAS,
but the mechanism(s) and mediator(s) of this cytoplasmic
agglomeration are unknown.

One potential barrier to the recruitment of proteasomes to
the PAS is that a substantial proportion of proteasomes is
located in the nucleus in yeasts (18, 19) and in many mamma-
lian cells (20 —22), whereas encapsulation of cargo by the grow-
ing autophagosome occurs solely in the cytosol. Very little is
known about autophagy of nuclear components. In mammals,
autophagy of the nuclear lamina has been reported (23). In bud-
ding yeast, a pathway called piecemeal autophagy of the nucleus
(PMN) has been shown to dispose of nuclear components via
direct engulfment of nuclear blebs by the vacuole. This process
requires the formation of nucleus—vacuole junctions via Nvjl
(24) and Lamé6 (and potentially its homolog Lam5) (25). More
recently, selective autophagy of nuclear components was
shown to be mediated by the receptor Atg39 (26). This Atg39-
dependent nucleophagy appears to be distinct from PMN. The
mechanism by which nuclear proteasomes may be turned over
by autophagy, as well as the relative contributions of these
known forms of nucleophagy, remains unclear.

The proteasome, the core autophagy machinery, and
autophagic proteasome turnover are each highly conserved
from yeasts to humans. Budding yeast therefore serves as an
excellent model both for probing the pathway(s) and mediators
of proteasome autophagy, as well as for unveiling conserved
mechanistic underpinnings of selective autophagy. In this
study, we utilize this highly tractable model eukaryote to inves-
tigate how proteasomes are sourced and packaged for destruc-
tion in the vacuole via selective autophagy. Our data support a
model of distinct mechanistic paths for nuclear versus cytoplas-
mic proteasomes, in which nuclear proteasomes are disassem-
bled in the nucleus prior to autophagy. Furthermore, our data
suggest that proteasomes transiently accumulate in cytoplas-
mic puncta in a manner dependent on the conserved sorting
nexins Snx4/41/42 before Atg8-dependent delivery to the vac-
uole for destruction. Finally, we show that Snx4 dependence for
autophagy is shared with at least two other soluble multisub-
unit complexes. In summary, our study clarifies selective

SASBMB

Proteasome autophagy requires Snx4

autophagy of proteasomes and unveils a requirement for sort-
ing nexins in autophagy of diverse multisubunit complexes.

Results

Proteasome autophagy requires nuclear export and is
independent of known forms of nuclear autophagy

To determine whether known forms of nucleophagy mediate
the destruction of proteasomes, we first created a yeast strain
expressing green fluorescent protein (GFP)-tagged a4 core par-
ticle subunit (Fig. 14), encoded by the PRE6 gene, from its chro-
mosomal locus. In yeast, delivery of GFP-fused proteins to the
vacuole via autophagy releases a 27-kDa GFP fragment that is
resistant to proteolysis and can be readily detected via GEFP
immunoblotting (27). The a4-GFP protein was found in fully
assembled CP and in CP capped with regulatory particles
(RP,CP and RP,CP), as gauged by in-gel GFP fluorescence
imaging of proteasomes in whole-cell extracts via native PAGE
(Fig. 1B). These proteasomes were proteolytically active, as
inferred from the cleavage of the well-characterized fluoro-
genic peptidase substrate suc-LLVY-AMC (Fig. 1B). This
a4-GFP protein fusion was efficiently delivered to the vacuole
upon nitrogen starvation as gauged by accumulation of a GEP
fragment on immunoblots, and this process was compromised
in cells lacking the core autophagy gene ATGS8 or the main
vacuolar protease PEP4 (detailed below in Figs. 3, 4, and 6),
confirming the GFP fragment results from autophagy. We next
introduced the chromosomal PRE6-GFEP allele into a panel of
yeast strains lacking genes known to be required for PMN
(NVJ1, LAMS, and LAM6) or Atg39-dependent nucleophagy
(24 -26). To our surprise, none of the tested strains were appre-
ciably compromised for a4-GFP autophagy (Fig. 1C), indicat-
ing that proteasomes were turned over independent of PMN or
Atg39-dependent nucleophagy.

The nuclear pore complex mediates the bulk of nucleocyto-
plasmic traffic, and most proteins are exported from the
nucleus via the exportin Crm1. To test a role for nuclear export
in proteasome autophagy, we exploited a well-characterized
temperature-sensitive CRM1 allele, xpol-1, that is near-com-
pletely defective for Crm1-dependent nuclear export at 37 °C
(28). Because the core autophagy machinery is located in the
cytosol (4), we anticipated that blockade of nuclear export
would not globally impair autophagy over our experimental
time course. To test this, we monitored nitrogen starvation—
induced cleavage of GFP-Atg8, a widely accepted marker of
autophagic flux (27), at the permissive (25 °C) or non-permis-
sive (37 °C) temperature. Although blockade of nuclear export
was maintained for at least 12 h (Fig. 1D), no appreciable differ-
ence in GFP accumulation from GFP-Atg8 was observed, even
after prolonged incubation of xpol-1 cells at the non-permis-
sive temperature (Fig. 1E). Thus, as anticipated, the cytosolic
autophagy machinery remained intact upon disruption of
nuclear export, at least over our experimental time course.

We next tested the effect of blocking nuclear export on
autophagic turnover of GFP-tagged proteasome subunits. As
we did for o4, we generated strains expressing GFP-tagged
alleles of the lid subunit Rpn5 and the base subunit Rpn2 from
their chromosomal loci as reporters for these subcomplexes
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Figure 1. Proteasome autophagy is independent of known nucleophagy genes and is impaired by blockade of nuclear export. A, proteasome subunit-
GFP fusion autophagy reporters used in Fig. 1. Rpn5 and Rpn11 are subunits of the lid subcomplex, Rpn2 of the base subcomplex, and a4 of the core particle
subcomplex. B, whole-cell extracts of the indicated strains expressing proteasome subunits as GFP fusions from their chromosomal loci were prepared under
non-denaturing conditions and separated by non-denaturing PAGE before in-gel imaging of GFP fluorescence (left), peptidase activity (middle), or immuno-
blotting with antibodies against the core particle (right). Uncapped CP displays comparatively weak peptidase activity because of restricted access of the
substrate to the peptidase sites in the absence of the RP. C, indicated strains were subjected to nitrogen starvation for the indicated times, followed by
immunoblotting of cell extracts with anti-GFP antibodies. D, cells containing the xpo1-1 nuclear export mutation and expressing a nucleocytoplasmic shuttling
reporter, NLS-NES-GFP (where NLS is nuclear localization signal, and NES is nuclear export signal), were incubated in log phase at 25 °C before shifting to 37 °C
for 15 min or 12 h as shown. E-H, cells harboring the xpo1-1 conditional nuclear export mutant allele and expressing GFP-Atg8 (E), a4-GFP (F), Rpn2-GFP (G), or
Rpn5-GFP (H) were grown at permissive temperature in rich media and then transferred to SD-N medium. After 3 h, the cells were either shifted to 37 °C (black
circles) or left at 25 °C before harvest at the indicated times forimmunoblotting of cell extracts with antibodies against GFP. The percentage of GFP fragment

is shown as % cleaved = S.D. (n = 3).

(Fig. 1A). As for the a4-GFP fusion, both Rpn5-GFP and Rpn2-
GFP were near-fully incorporated into proteolytically active
26S proteasomes (RP,CP and RP;CP) based on in-gel GFP fluo-
rescence imaging of proteasomes in whole-cell extracts sepa-
rated by non-denaturing PAGE and peptidase assay (Fig. 1B).
We then introduced these three alleles individually into the
xpol-1 mutant background. At the permissive temperature, we
observed a time-dependent increase in free GFP cleaved from
a4-GFP (Fig. 1F) in wpol-1 cells upon nitrogen starvation. In
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contrast, GFP accumulation was significantly attenuated at the
non-permissive temperature, although some small amount of
GFP accumulated in these cells. This GFP signal may be derived
from proteasomes that were already cytoplasmic at the time of
the temperature shift, as nuclear export blockade remained
largely intact over our time course (Fig. 1D). We observed sim-
ilar results when a subunit of the base (Rpn2-GFP, Fig. 1G) or
lid (Rpn5-GFP, Fig. 1H) was tested. Rpn11 has previously been
reported to interact physically with Crml (29). However,
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despite extensive efforts, we were unable to copurify protea-
some subunits of the lid, base, or CP with Crm1 (data not
shown). Although we cannot exclude the possibility that inter-
action with Crm1 was too transient or labile to detect under our
experimental conditions, we suggest that failed autophagy of
proteasome subunits in the xpol-1 mutant may potentially
reflect the failed export of some other essential factor(s) rather
than of proteasome subunits themselves. Regardless, because
bulk autophagy was not impaired by blockade of nuclear export
(Fig. 1E), and because autophagy of proteasomes was compro-
mised (Fig. 1, F-H), we conclude that Crm1-dependent nuclear
export of an as-yet unknown factor(s) is required for efficient
autophagy of proteasomes.

Subcellular tethering of proteasomal subcomplexes provides
evidence for disassembly in the nucleus prior to autophagy

We next sought to ask whether nuclear proteasomes exit the
nucleus intact or whether they instead can be disassembled
prior to nuclear egress. Conflicting reports exist on whether
proteasomes disassemble prior to autophagy (16, 17). Both of
these studies investigated the proteasome assembly state in
whole-cell extracts that presumably contained mixtures of
nuclear and cytoplasmic proteasomes, confounding analysis of
a particular subcellular proteasome population. To circumvent
this limitation, we utilized the anchor-away approach (30) to
enrich or deplete proteasomes from the nucleus. The anchor-
away approach affords control over the subcellular localization
of a protein of interest by inducibly tethering it to an “anchor”
protein that is invariantly located either in the cytoplasm or the
nucleus.

We reasoned that if proteasomes must exit the nucleus
intact, then trapping one subcomplex of the proteasome, such
as the lid, in the nucleus would prevent autophagy of base or CP
subunits. Alternatively, if the base and/or CP is able to dissoci-
ate from the lid prior to nuclear egress, then such trapping
would have no effect (Fig. 2A4). We utilized two anchors as fol-
lows: the histone Htb2, which localizes exclusively to the
nucleus as part of chromatin; and the plasma membrane pro-
tein Pmal, which localizes specifically to the plasma mem-
brane. Importantly, we confirmed that Htb2 is not turned over
by autophagy in response to nitrogen starvation (Fig. 2B), and
others have demonstrated the same for Pmal (31).

We introduced chromosomal alleles encoding a4-GFP or
Rpn2-GFP into cells expressing lid subunit Rpn11 as a fusion to
mCherry and the rapamycin-binding FRB domain (Rpnll-
FRB-mCherry). The mCherry tag allowed for visual confirma-
tion of rapamycin-dependent subcellular tethering. These
strains also expressed either a nuclear (Htb2-FKBP12) or
plasma membrane (PM) (Pmal-2xFKBP12) anchor protein
fusion (Fig. 24). In this way, addition of rapamycin tethers
Rpnl1l-FRB-mCherry either to chromatin or to the cytosolic
face of the PM. Although rapamycin can induce autophagy via
inhibition of Torl in WT cells, the rapamycin-insensitive
TORI-1 mutation in the anchor-away cells rendered them
insensitive to rapamycin-induced autophagy (Fig. 2C), and thus
rapamycin treatment did not interfere with our approach.

As expected, addition of DMSO alone or addition of rapa-
mycin to cells lacking an anchor protein had no effect on the

SASBMB

Proteasome autophagy requires Snx4

localization of Rpn11-FRB-mCherry or a4-GFP (Fig. 2D, com-
pare panels i-vi). Rapamycin addition to the nuclear anchor
strain enriched Rpnll-FRB-mCherry and a4-GFP in the
nucleus (Fig. 2D, panels vii—xii), whereas rapamycin addition to
the PM anchor strain depleted these proteins from the nucleus
(Fig. 2D, panels xiii—xviii). This relocalization occurred rapidly
and was maintained for at least 24 h in nitrogen-starved cells
(Fig. 2D). Thus, our anchor system effectively relocalized pro-
teasomes to or from the nucleus under nitrogen starvation con-
ditions. Furthermore, the relocalization of much of the a4-GFP
signal along with Rpn11-FRB-mCherry upon rapamycin treat-
ment indicates that the majority of proteasomes are fully
assembled in vivo, consistent with previous reports (32).

We then pretreated cells harboring the nuclear or PM an-
chor with rapamycin to induce tethering and then induced
autophagy via nitrogen starvation. We then monitored the
release of GFP fragment from a4-GFP or Rpn2-GFP as a mea-
sure of delivery to the vacuole. Importantly, no compromise of
o4-GFP (Fig. 2E, left panel) or Rpn2-GFP (Fig. 2F, left panel)
cleavage was observed upon tethering of Rpn11 to the chroma-
tin, even though Rpnll was nearly completely nucleus-based
on mCherry fluorescence (Fig. 2D, panels vii—xii). This strongly
suggests that in nuclear proteasomes targeted for autophagy,
the CP and the base can dissociate from the lid prior to nuclear
egress. In contrast, tethering of Rpn11 to the plasma membrane
compromised autophagy of both a4 (Fig. 2E, right panel) and
Rpn2 (Fig. 2F, right panel). This result further confirms that
rapamycin-induced tethering was effective under our experi-
mental conditions and strengthens our conclusion that protea-
somes can be disassembled prior to nuclear export for autophagy.
Importantly, our finding that autophagy of proteasome subunits
Rpn2 and a4 was compromised when Rpn11 was tethered to the
cell periphery suggests that disassembly precedes destruction for
nuclear but not cytoplasmic proteasomes.

Targeted genetic screen identifies a requirement for the
conserved sorting nexin Snx4 in proteasome autophagy

Because known forms of nucleophagy were dispensable for
a4-GFP autophagy, we next performed a targeted screen to
identify the full complement of ATG gene products required for
turnover of proteasomes upon nitrogen starvation. We picked
each of the known ATG gene knock-out strains from the yeast
knock-out library (33) to create a targeted autophagy system
knock-out library. We then introduced the chromosomal
PRE6-GFEP allele into this library via standard yeast genetic
array methodology (34), allowing us to search for strains that
failed to accrue the diagnostic GFP cleavage fragment from
a4-GFP upon nitrogen starvation. As anticipated, deletion of
ATG genes encoding the core autophagy machinery (ATGI-
10, ATGI12-16, and ATGI18) or ATG genes that are specifically
required for nitrogen starvation—induced autophagy (ATG17,
ATG29, and ATG31) completely abolished cleavage of a4-GFP
(Fig. 3). In contrast, a4-GFP autophagy was retained in nearly
all strains harboring deletions of other ATG genes, with the sole
exception being deletion of ATG24 (standard name and here-
after SNX4), which completely compromised cleavage of
a4-GFP (Fig. 3). We thus focused our further efforts on SNX4.

J. Biol. Chem. (2017) 292(52) 21466-21480 21469
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Figure 3. Targeted genetic screen to define ATG genes required for proteasome autophagy. The indicated strains were nitrogen-starved for 16 h before
harvesting forimmunoblotting of whole-cell extracts with anti-GFP antibodies. An arrowhead highlights the complete loss of autophagy in the atg24A (snx4A)
strain. Inset table, description of the autophagy-specific functions of genes that, when deleted, demonstrated a complete loss of GFP formation. Genes
encoding components of the core autophagy machinery are listed in purple both in the immunoblots and in the table. Genes specific to nitrogen starvation are

shown in blue, and ATG24/SNX4 is shown in red.

SNX4 encodes a member of the sorting nexin containing a
Bin/amphiphysin/Rvs (BAR) domain (SNX-BAR) protein fam-
ily and has obvious orthologs in most eukaryotes, including
yeasts and humans (35). SNX-BAR proteins typically contain an
N-terminal Phox homology (PX) domain that binds phosphati-
dylinositol 3-phosphate (PI3P), and a C-terminal BAR domain
that promotes association with membranes of defined curva-
ture (36). PI3P is enriched on endosomal membranes, and this
association with curved PI3P-containing membranes drives
formation of highly tubulated endosomal microdomains for
cargo enrichment that then bud off for subsequent cargo trans-
port. In addition to its roles in endosomal sorting (37— 41), Snx4
has previously been implicated in the autophagy of mitochon-
dria, peroxisomes, and ER (10, 42—45) and in the budding
yeast-specific cytoplasm-to-vacuole targeting (CVT) pathway
(44), which delivers a select number of resident enzymes to the
vacuole in a manner mechanistically similar to selective
autophagy. However, the functional mechanism(s) of Snx4 in
these processes, as well as its contributions to other forms of
selective autophagy, are poorly defined.

To better understand how Snx4 regulates autophagy of pro-
teasomes, we first tested whether deletion of SNX4 was simply
slowing a4-GFP turnover or instead was compromising it com-

pletely. We measured the time-dependent accumulation of
cleaved GFP in nitrogen-starved WT and snx4A cells and in
atg8A cells as a control for general compromise of autophagy.
As was the case in atg8A cells, no detectable accumulation of
GFP was observed in snx4A cells, even after prolonged nitrogen
starvation (Fig. 4A4). Deletion of SNX4 similarly compromised
turnover of the base subunit Rpn2-GFP and the lid subunit
Rpn5-GFP (Fig. 4B), suggesting that Snx4 is required for turn-
over of all three proteasomal subcomplexes: lid, base, and CP.
Proteasome autophagy has been demonstrated recently in
response to treatment of cells with the proteasome inhibitor
MG132 (15, 16). We therefore asked whether Snx4 function
was required for turnover of proteasomes in response to
MG@G132. We used cells harboring a deletion in the ATP-binding
cassette transporter PDRS5 to enhance intracellular accumula-
tion of MG132 by reducing drug efflux (46). As was previously
reported (16), MG132 induced autophagy of proteasomes, as
evidenced by accumulation of the diagnostic GFP proteolytic
fragment (Fig. 4C). In contrast to reports by others (15, 16),
neither MG132 nor the clinically used proteasome inhibitor
bortezomib (data not shown) robustly induced autophagy of
proteasomes in our hands; this may result in part from our use
of a PDRS5 deletion to enhance uptake of these small molecules

Figure 2. Nuclear proteasomes can disassemble prior to autophagy. A, experimental scheme to test whether proteasomal subcomplexes can disassemble
prior to autophagy. Rpn2-GFP or a4-GFP was expressed from the chromosomal locus in tether-anchor strains harboring chromosomal RPN11-mCherry-FRB
(tether) and either no anchor, HTB2-FKBP12, or PMA1-2xFKBP12 alleles. The strains were then treated with DMSO vehicle or with 1 ug/ml rapamycin, followed
by nitrogen starvation for different time periods before examination of GFP cleavage by immunoblotting. B, histone Htb2-GFP is not appreciably turned over
by autophagy in response to nitrogen starvation. Yeast expressing Htb2-GFP from the chromosomal locus were nitrogen-starved for the indicated time periods
before harvesting. Cell extracts were separated via SDS-PAGE and subjected to immunoblotting with anti-GFP antibodies. An asterisk indicates post-transla-
tionally modified Htb2-GFP. The blot was intentionally overexposed to emphasize that essentially no free GFP was released upon nitrogen starvation. C, cells
harboring WT TORT or the rapamycin-insensitive TOR1-1 allele were treated with DMSO vehicle or T wg/ml rapamycin for the indicated times. Cell extracts from
treated cells were then subjected to immunoblotting with anti-GFP antibodies. D, confirmation of subcellular tethering of proteasome subunits. Cells express-
ing no anchor (top panels), the Htb2-FKBP12 nuclear anchor (middle panels), or the cytosol-facing plasma membrane anchor Pma1-2xFKBP12 (bottom panels)
were pretreated for 3 h with 1 ug/mlrapamycin, at which point they were washed and transferred to SD-N media containing 1 wg/ml rapamycin, and incubated
for 24 h at 30 °C. Representative micrographs of a4-GFP and Rpn11-mCherry-FRB fluorescence and merged fluorescence images are shown. Scale bar, 10 um.
E, cells expressing Rpn11-mCherry-FRB, and a4-GFP as well as either the nuclear anchor Htb2-FKBP12 (left panel) or the cytosol-facing plasma membrane
anchor Pma1-2xFKBP12 (right panel) were treated with DMSO or rapamycin as indicated and described in D before nitrogen starvation for the indicated times.
Cell extracts were prepared and subjected to immunoblotting with anti-GFP antibodies. F, as in E, but with cells expressing Rpn2-GFP instead of a4-GFP.
Asterisk, autophagy-independent proteolytic fragment of Rpn2-GFP. This fragment was present coincident with a decrease in full-length Rpn2-GFP upon
nitrogen starvation even in atg8A cells (data not shown), indicating that Rpn2-GFP may undergo some non-specific autophagy-independent proteolysis in
vivo.
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SASBMB

8T0Z ‘0T AfeniceH Uo 17 pa Al Alun SIS Bp Lo |H T /6100 ['Mmmy/:dny Wwouy papeoiumoq


http://www.jbc.org/

Proteasome autophagy requires Snx4

A wTt snx44 atg8A

kDa 0 1624 48 0 16 24 48 0 16 24 48 N-starve (h)

D

VAV
& &8

75_-—--.*-. _ a4-GEP kDa 0 24 24 24 N-starve (h)
75—
50 EDED SE» —Rosclla
374 50— — — . ——
LB —GFP 37—
T —GFP
B Rpn2-GFP Rpn5-GFP 25
WTWT A WTWT A SNX4 E

kba 0 16 16 0 16 16 N-starve (h) wT snx4A
10— —Rpn2-GFP ';?a 0 16 24 48 0 16 24 48 N-starve (h)
75— aspesmam» —Rpn5-GFP 55 | Pgki-GFP
50—

37— 37+

. *
25— —— - —GFP 25-] — - - & - GFP
(o4 v \
S » &
AA A A A PDR5

kDa o ¢ e o MGI32

0| e— |t P

37—

25— e —GFP

Figure 4. Snx4 is required for selective autophagy of the proteasome. A, indicated yeast strains were nitrogen-starved for the times shown before
harvesting and analysis of whole-cell extracts by anti-GFP immunoblotting as in Fig. 3. B, indicated strains were nitrogen-starved for the times shown and then
subjected to anti-GFP immunoblotting. Asterisk, non-specific Rpn2-GFP cleavage product unrelated to autophagy. C, indicated yeast strains, each of which
harbored a deletion of PDR5, were treated for 24 h with 50 um MG132 before analysis as in A. Autophagy of a4-GFP in response to cellular treatment with
proteasome inhibitors is also compromised in snx4A yeast. Cells were treated for the indicated times with 50 um MG132 (black circles) or DMSO (no circle),
followed by harvesting forimmunoblotting with antibodies against GFP. D and E, deletion of SNX4 does not compromise non-selective autophagy. Turnover
of the bulk autophagy substrates Rosella (D) or Pgk1-GFP (E) upon nitrogen starvation in the indicated strains was assessed as in A. D, asterisk indicates a

non-specific proteolytic product unrelated to autophagy.

rather than the previously used and pleiotropic ERG6 mutation
(16), which disrupts membrane composition and permeability.
Nevertheless, formation of this GFP fragment was ablated upon
deletion of ATGS8 or the vacuolar protease PEP4, confirming
this fragment was produced via autophagy. Importantly, dele-
tion of SNX4 also completely compromised accumulation of
GFP, indicating that Snx4 is required for proteasome
autophagy in response to both nitrogen starvation and treat-
ment with proteasome inhibitors.

We next sought to test the selectivity of Snx4 for proteasome
autophagy versus other soluble protein cargoes. We utilized a
synthetic reporter consisting of a GFP-RFP fusion, called
Rosella (47), as well as a GFP fusion to an endogenous protein,
Pgkl (48), for reporters of bulk (non-selective) autophagy. In
WT cells, both Rosella (Fig. 4D) and Pgkl-GFP (Fig. 4E) were
efficiently cleaved to GFP in response to nitrogen starvation.
Importantly, these substrates were both processed to GFP frag-
ments as effectively in cells lacking SNX4 as in WT cells, in
agreement with previous reports that SNX4 is dispensable for
bulk autophagy (44).

Snx4 is required for autophagic turnover of other, unrelated
multisubunit complexes

Recently, arequirement for SNX4 in the turnover of the fatty-
acid synthase (FAS) complex by autophagy was reported,
although the mechanism was not investigated (10). As FAS is
also a large, soluble, and multisubunit complex, we considered
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the possibility that SNX4 represents a shared requirement for
the autophagic turnover of large multisubunit complexes. To
test this, we evaluated the impact of SNX4 deletion on nitrogen
starvation—induced autophagy of the FAS complex, which has a
similar size to the proteasome but is localized exclusively to the
cytosol. We also investigated the requirement for SNX4 in the
turnover of ribosomal large and small subunits, which are also
primarily cytosolic but consist both of protein and nucleic
acids. We generated strains expressing from their chromo-
somal loci fusions of GFP to FAS complex subunit Fas2 or the
ribosomal large and small subunits Rpl25 and Rps2, respec-
tively. All three of these genes are essential, so the viability of
these strains indicates that the resultant fusion proteins assem-
ble properly into their respective multisubunit complexes and
are functional. As reported previously (10), we observed robust
turnover of Fas2-GFP by autophagy after 16 h of nitrogen star-
vation, as evidenced by the accumulation of a GFP cleavage
product. As anticipated, deletion of SNX4 nearly completely
compromised autophagic turnover of the FAS subunit Fas2-
GEFP in response to nitrogen starvation as gauged by loss of the
diagnostic GFP fragment (Fig. 5A4). We next tested autophagy of
Rpl25-GFP (Fig. 5B) and Rps2-GFP (Fig. 5C) in response to
nitrogen starvation. In WT cells, both reporters were readily
cleaved to a free GFP fragment, indicating successful delivery to
the vacuole. This GFP fragment was absent both for Rpl25-GFP
(Fig. 5B) and Rps2-GFP (Fig. 5C) when SNX4 was deleted, indi-

SASBMB

8T0Z ‘0T AfeniceH Uo 17 pa Al Alun SIS Bp Lo |H T /6100 ['Mmmy/:dny Wwouy papeoiumoq


http://www.jbc.org/

A g B
AR wr
kDa 0 16 16Nstave (0) 0o O 1004 48

snx4A
0 16 24 48 N-starve (h)

150—| @ ~ === |—Fas2-GFP 50—
- W = o (—Rpl25-GFP
75 37—
50— *
37
25| @@=—|-GFP 25— wma—- —GFP
c RS D

$\ \4‘ A wT

kDa 0 16 0 16 N-starve (h) e .

 p— N @

37— DMSO 50 ng/pL Rapa,
3d, 30°C 6d, 30°C

25— . —GFP

Figure 5. Snx4 is required for autophagic turnover of two other multi-
subunit complexes. A, WT or snx4A cells expressing Fas2-GFP from the chro-
mosomal locus were nitrogen-starved for the indicated times before harvest-
ing for SDS-PAGE and immunoblotting with anti-GFP antibodies. An asterisk
indicates a non-specific proteolytic fragment unrelated to autophagy. B, as in
A but with cells expressing the large ribosomal subunit Rpl25 as a GFP fusion
instead of Fas2-GFP. C, as in A but with cells expressing the small ribosomal
subunit Rps2 as a GFP fusion. D, equal numbers of WT or snx4A cells were
spotted in 6-fold serial dilutions on YPD plates containing DMSO vehicle or 50
ng/ul rapamycin before incubation as shown and imaging.

cating a shared requirement for SNX4 for turnover of the pro-
teasome, FAS, and the ribosome during starvation-induced
autophagy. Importantly, these three multisubunit complexes
have distinct subcellular distributions (49), are composed of
different macromolecules (e.g. proteins versus proteins and
nucleic acids), and apparently share only their large size and
multisubunit nature in common. This suggests SNX4 may be
uniformly required for selective autophagy of macromolecular
complexes. In agreement with an important role in the regu-
lated turnover of several essential multisubunit complexes,
cells lacking SNX4 displayed a severe growth defect compared
with WT cells in the presence of a low concentration of the
starvation mimetic rapamycin (Fig. 5D).

Snx4 functions prior to vacuolar delivery of a4-GFP and
promotes the accumulation of cytoplasmic proteasome
puncta when autophagosome formation is disrupted

We next investigated the function of Snx4 in «4-GFP
autophagy via microscopy. We first asked whether a4-GFP
arrived in the vacuole in nitrogen-starved snx4A cells. For this,
we stabilized the protein contents of the vacuole by utilizing
cells in which the gene encoding the major vacuolar peptidase,
PEP4, had been deleted. A pattern of bright nuclear and diffuse
cytosolic fluorescence typical of proteasomes (18, 19) was
observed in unstarved cells (data not shown) and was generally
retained upon nitrogen starvation (Fig. 64). Importantly, GEP
fluorescence accumulated in the vacuole (circumscribed by the
vacuolar membrane protein Vphl-mCherry) upon nitrogen
starvation (Fig. 64). In contrast, the GFP fluorescence intensity
was much lower in the vacuole of nearly all snx4A cells. Quan-
titative vacuolar fluorescence analysis confirmed this observa-
tion (Fig. 6B), suggesting the defect in snx4A cells precedes
vacuolar delivery. Furthermore, we observed a slight but signif-
icant increase in the nuclear fluorescence intensity in nitrogen-
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starved snx4A cells, consistent with a compromise of protea-
some autophagy (Fig. 6B).

We next examined the localization of a4-GFP upon nitrogen
starvation in azg8A cells, which are compromised for autopha-
gosome formation (50). Interestingly, we observed the presence
of cytoplasmic GFP puncta in afg8A cells (Fig. 6C), similar to
those previously observed by others in afgi7A cells (17).
Although they were rare, we occasionally observed such puncta
in ATG8 WT cells (not shown and Fig. 6D). The accumulation
of these species in atg8A cells suggests that they are normally
transient and were accumulating when autophagosome forma-
tion was compromised via ATGS8 deletion. In contrast to the
PAS, which is invariantly perivacuolar in yeast, these puncta
were often juxtanuclear and clearly separated from the vacuole
in atg8A cells (Fig. 6C, arrowhead). However, they did not colo-
calize with the PAS or with known perinuclear structures such
as the juxtanuclear quality control compartment (51) or the
spindle pole body (data not shown). Importantly, these puncta
were nearly completely absent in snx4A cells (Fig. 6, C and D),
indicating that their accumulation requires Snx4. This depen-
dence on Snx4 did not reflect a non-specific consequence of
disrupting endosomal sorting because deletion of the VPS35
gene, which encodes the cargo-binding subunit of the retromer
complex essential for retromer-dependent endosomal sorting
(52), did not affect accumulation of these puncta (Fig. 6, C and
D). Thus, Snx4 mediates the formation of cytoplasmic puncta
that accumulate when autophagy is impaired. Furthermore, the
presence of these puncta at low frequency in WT cells, coupled
with the impaired delivery of a4-GFP to the vacuole in snx4A
cells (Fig. 6, A and B), suggests that Snx4 may promote the
formation of these puncta for subsequent Atg8-dependent
delivery to the vacuole.

Snx4 cooperates with both Snx41 and Snx42 to mediate
proteasome autophagy

SNX4 family nexins typically function as dimers. In budding
yeast, Snx4 can heterodimerize with two other PX-BAR family
nexins, Snx41 and Snx42, to form Snx4-Snx41 and Snx4-Snx42
complexes with distinct and overlapping functions (37, 40, 41,
43). In S. cerevisiae, Snx4 cooperates with Snx41 to promote
retrograde sorting of the autophagy integral membrane protein
Atg27, whereas Snx42 is dispensable (37). In contrast, Snx4 and
Snx42 cooperate to promote autophagy of peroxisomes and
mitochondria (45) and is also required for the CVT pathway
(44). Deletion of the Schizosaccharomyces pombe homologs of
Snx4, Snx41, or Snx42 alone has no impact on nitrogen
starvation—induced autophagy of ER or mitochondria, but
deletion of select combinations of these factors compromises
autophagy of these organelles (43).

To investigate whether Snx4 functions with Snx41 and/or
Snx42 in proteasome autophagy, we created strains harboring
single deletions of SNX41 and SNX42, as well as a double dele-
tion strain lacking both genes. We then introduced the PRE6-
GFP allele into these deletion strains, and we assessed the
impact on a4-GFP autophagy in response to nitrogen starva-
tion. Deletion of SNX41 alone had no measurable effect on
a4-GFP autophagy as ascertained by accumulation of the GFP
fragment upon nitrogen starvation, whereas deletion of SNX42
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Figure 6. Snx4 is required for the formation of cytoplasmic a4-GFP puncta. A, WT or snx4A cells expressing a4-GFP and Vph1-mCherry (as a vacuolar
membrane marker) were nitrogen-starved for 16 h before imaging. All strains lacked the vacuolar peptidase PEP4 to stabilize vacuolar contents. Representative
micrographs are shown. Scale bar, 5 wm. B, statistical dot-plot with means (black bars) of the intensity of GFP signal from the vacuole (left) or nucleus for WT (n =
23) and snx4A (n = 21) cells (two-tailed Mann-Whitney test). C, indicated strains expressing a4-GFP were nitrogen-starved for 16 h before imaging. Represent-
ative micrographs of atg8A, snx4A atg8A, or vps35A atg8A cells expressing a4-GFP are shown. White arrowheads indicate GFP puncta. Scale bar, 5 um. D,
quantification of cytoplasmic a4-GFP puncta in the indicated strains after nitrogen starvation for 16 h (n > 100 cells; one-way ANOVA with Tukey's test for

multiple comparisons; error bars, S.E.). ns, not significant.

alone caused a small but reproducible defect when autophagy
was induced in cells first grown in rich media (Fig. 7A). This
effect was consistently less pronounced in cells grown in mini-
mal media (Fig. 7B and not shown). Importantly, codeletion of
SNX41 and SNX42 caused a complete loss of proteasome
autophagy upon nitrogen starvation (Fig. 7A4), indicating that
these genes function redundantly with one another. Overex-
pression of Snx4 in snx41A snx42A cells failed to restore
a4-GFP autophagy (Fig. 7B), supporting a model where Snx4
functioned in the same pathway as Snx41 and Snx42, as Snx4-
Snx41 and Snx4-Snx42 heterodimers. Such a redundant func-
tion for Snx4-Snx41 and Snx4-Snx42 also rationalizes the com-
plete compromise of proteasome autophagy in snx4A cells or
when both SNX41 and SNX42 were deleted, but not in single
snx4IA or snx42A mutants (Fig. 7A).

To better understand the relationship between Snx4, Snx41,
Snx42, and proteasome autophagy, we investigated the effect of
SNX41 and SNX42 deletion on Snx4 subcellular localization.
We expressed Snx4-GFP from the chromosomal locus and

21474 J Biol. Chem. (2017) 292(52) 2146621480

verified that this allele was functional (Fig. 7C). In nitrogen-
starved WT cells expressing Snx4-GFP, we observed primarily
cytoplasmic puncta of Snx4 (Fig. 7D), as is typical of endosomal
proteins and as has recently been reported by others (37). We
were unable to detect colocalization of mCherry-tagged protea-
some subunits with these cytoplasmic Snx4-GFP puncta in
atg8A cells (data not shown), indicating they are either distinct
structures from the a4-GFP puncta (Fig. 6C) or possibly that
they colocalize transiently or only rarely. Nonetheless, deletion
of SNX41 alone had no apparent effect on the appearance of
Snx4-GFP puncta (Fig. 7D) and no statistically significant effect
on their frequency (Fig. 7E); this was in agreement with the
robust a4-GFP autophagy observed in snx41A cells (Fig. 7A). In
contrast, deletion of SNX42 alone caused a small but reproduc-
ible decrease in the frequency of Snx4-GFP puncta (Fig. 7E) and
the concomitant appearance of diffuse cytoplasmic fluores-
cence in most cells (Fig. 7D), again consistent with the partial
loss of a4-GFP autophagy in this mutant (Fig. 7A). Importantly,
codeletion of SNX41 and SNX42 resulted in a near-complete
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Figure 7. Snx4 cooperates with Snx41 and Snx42 to promote autophagy of proteasomes. A, indicated strains were nitrogen-starved, followed by analysis
of whole-cell extracts by SDS-PAGE and immunoblotting with anti-GFP antibodies. The percentage of GFP fragment is shown as % cleaved. B, overexpression
of SNX4fails to rescue the autophagy defect in snx41A snx42A cells. The indicated cells were transformed with either empty plasmid (no circles) or a plasmid that
overproduces SNX4. Cells were then nitrogen-starved or not as indicated, followed by analysis of whole-cell extracts as in A. C, SNX4-GFP is functional. Equal
numbers of the indicated cells were spotted in 6-fold serial dilutions on YPD plates containing DMSO vehicle or 50 ng/ul rapamycin before incubation as shown
and imaging. D, micrographs of Snx4-GFP fluorescence in the indicated strains after nitrogen starvation for 16 h. Scale bar, 5 pwm. E, analysis of punctate or
diffuse Snx4-GFP localization (two-way ANOVA; error bars, S.E.). ns, not significantly different from WT; ***, p = 0.0007 versus WT; **** p < 0.0001 versus WT;
AAAA, p < 0.0001 versus WT. F, snx4A cells were transformed with plasmids expressing either SNX4 or snx4(Y79A) from the endogenous SNX4 promoter.
Transformants were then subjected to nitrogen starvation and analysis of whole-cell extracts by anti-GFP immunoblotting as in A. The percentage of GFP
fragment is shown as % cleaved. G, quantification of cytoplasmic a4-GFP puncta in the indicated strains after nitrogen starvation for 16 h (n > 100 cells;
one-way ANOVA with Tukey's test for multiple comparisons; error bars, S.E.).

loss of Snx4-GFP puncta and a further increase in diffuse cyto-
plasmic fluorescence (Fig. 7, D and E). This strongly suggests
that proper localization of Snx4 to such puncta is important for
proteasome autophagy.

Snx4 localizes to membranes via its PI3P-binding PX
domain, and mutation of a critical tyrosine residue in this
domain to alanine (Y79A) has previously been shown to disrupt
PI3P binding and cause partial mislocalization of Snx4 (44). We
thus tested the impact of this mutation on a4-GFP autophagy.

SASBMB

We introduced plasmids expressing either WT SNX4 or the
snx4(Y79A) PX domain mutant into snx4A cells. As expected,
provision of WT SNX4 to snx4A cells restored turnover of
a4-GFP upon nitrogen starvation. In contrast, provision of the
snx4(Y79A) mutant restored a4-GFP autophagy to only ~50%
of that observed with the WT SNX4 allele (Fig. 7F). Taken
together, these results indicate that Snx41 and Snx42 promote
proper localization of Snx4 to perivacuolar puncta and that dis-
ruption of this localization, either via reducing PI3P binding by

J. Biol. Chem. (2017) 292(52) 21466-21480 21475

8T0Z ‘0T AfeniceH Uo 17 pa Al Alun SIS Bp Lo |H T /6100 ['Mmmy/:dny Wwouy papeoiumoq


http://www.jbc.org/

Proteasome autophagy requires Snx4

Snx4/41/42-dependent

agglomeration; = Atg8 S @
e

encapsulation?

Cytoplasmic
proteasomes

8%
N

o

proteasomes,

Figure 8. Model for delivery of proteasomes to the vacuole for destruc-
tion. The data support a model in which nuclear proteasomes are disassem-
bled prior to autophagy and within the nucleus, whereas cytoplasmic protea-
somes remain intact. Snx4 promotes the agglomeration of proteasomes into
cytoplasmic puncta that accumulate in a step prior to Atg8-dependent
encapsulation in the autophagosomal membrane (orange circle). Although
the model depicts these Snx4-dependent puncta as membrane-enclosed
(black circle), itis not yet clear if this is the case. Atg8 then mediates traditional
encapsulation in the autophagosomal membrane for delivery to and destruc-
tion in the vacuole.

Snx4 or by disrupting formation of Snx4-containing het-
erodimers, compromises proteasome autophagy. Consistent
with this model, codeletion of SNX41 and SNX42 severely com-
promised formation of Snx4-dependent cytoplasmic a4-GFP
puncta in atg8A cells upon nitrogen starvation (Fig. 7G). We
note that the relative loss of a4-GFP puncta in snx41A, snx42A,
or snx41A snx42A cells closely mirrored the impact both on
a4-GFP autophagy (Fig. 7A) and delocalization of Snx4-GFP
(Fig. 7E). Thus, we conclude that Snx4 cooperates with Snx41
and Snx42 to drive the formation of cytoplasmic proteasome
puncta, likely en route to the vacuole for destruction, in a man-
ner dependent on proper localization of Snx4 to PI3P-contain-
ing membranes.

Discussion

Here, we provide some of the first insights into the subcellu-
lar trafficking of proteasomes to the vacuole for autophagy. We
demonstrate that nuclear proteasomes can be disassembled
prior to autophagy, and that proteasome autophagy is indepen-
dent of known nucleophagy genes and is impaired when Crm1-
dependent nuclear export is compromised. Turnover of protea-
somes is completely compromised by loss of Snx4, which
mediates the agglomeration of proteasomes into cytoplasmic
puncta prior to delivery to the vacuole (Fig. 8). These data sup-
port a model in which autophagic turnover of nuclear and cyto-
plasmic proteasomes converge at the stage of Snx4-dependent
agglomeration prior to delivery to the vacuole for destruction.
Importantly, Snx4 mediates the turnover of diverse multisub-
unit complexes (Fig. 5), including the ribosome and FAS, indi-
cating it is broadly involved in selective autophagy of soluble
multisubunit complexes.

In yeasts and many mammalian cells, a substantial portion of
mature proteasomes is located in the nucleus, an organelle that
was generally considered to be spared from autophagic destruc-
tion until only recently. Although autophagy of proteasomes
has been reported in yeast, plants, and mammals, whether
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nuclear and cytoplasmic proteasomes were recognized and pro-
cessed via the same mechanism was not known. Our data sug-
gest that in yeast, nuclear proteasomes are disassembled prior
to autophagy (Figs. 2 and 8). These findings are consistent with
recent reports that at least some fraction of proteasomes are
disassembled prior to nitrogen starvation—induced autophagy
(17). Why some nuclear autophagy substrates are turned over
via nucleus-specific selective autophagy pathways such as PMN
or Atg39-dependent nucleophagy whereas others may be inde-
pendent is thus far unknown, but it may allow greater control
over turnover of particular sets of nuclear autophagic sub-
strates. Alternatively, some feature(s) of the substrate, such as
membrane embedment or association, may necessitate a par-
ticular route of delivery to the vacuole from the nucleus.

Our findings that autophagic turnover of both the RP base
and the CP are unaffected when the lid is tethered to chromatin
suggests that, at minimum, the lid dissociates from the base and
CP during autophagy of nuclear proteasomes. We suspect that
all three subcomplexes dissociate from one another. In support
of this, we observed different amounts of GFP liberated from
lid, base, and CP subunits upon nitrogen starvation (Fig. 1, F-H,
permissive temperature), and different requirements for
autophagy of the base subunit Rpn1 and the CP subunit 85 were
reported by others (17). The reason for disassembly of nuclear
but not cytoplasmic proteasomes prior to autophagy is
unknown. Although export through the nuclear pore has not to
our knowledge been demonstrated for the proteasome, fully
assembled proteasomes have been reported to pass intact
through the nuclear pore into the nucleus (32, 53), arguing
against the possibility that proteasomes cannot otherwise fit.
Instead, we suggest that this disassembly may be necessary to
limit a sudden influx of proteasome activity into the cytosol
prior to autophagic engulfment that could otherwise disrupt
cellular processes. Indeed, the activities of individual protea-
somal subcomplexes are much lower than in the holocomplex
(54, 55). Thus, such dissociation into subcomplexes may serve
to inactivate or attenuate these proteasomes until they can be
encapsulated by the autophagosome and shielded from cytoso-
lic proteasome substrates.

An additional question arising is the nature of the signal for
disassembly of nuclear proteasomes upon nitrogen starvation—
induced autophagy. Although the interaction between the RP
base and the CP has been demonstrated to be sensitive to ATP
levels in vitro (56), nitrogen starvation does not impact the
intracellular ATP concentration, at least in yeast (57, 58). Also,
we are not aware of any evidence that lid and base subcom-
plexes dissociate in a nucleotide-dependent manner. Further-
more, such a nucleotide-dependent disassembly would be
anticipated to similarly affect cytosolic proteasomes. Instead,
we speculate that a nucleus-specific signal promotes disassem-
bly of these subcomplexes. Phosphorylation may be a likely can-
didate. We note that nitrogen starvation regulates the activity
as well as the subcellular localization of several kinases (59).
Furthermore, phosphorylation has recently been shown to
recruit the proteasome-binding protein Ecm29 (60), which dis-
assembles proteasomes in response to other stimuli (61).

Based on the loss of a4-GFP puncta in snx4A cells, we pro-
pose that Snx4 is involved either in the clustering of soluble
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proteasomes into phase-separated granules similar to those
observed in response to carbon deprivation (62) or is instead
involved in the enrichment of proteasomes in membrane-en-
cased structures that are subsequently undergoing Atg8-depen-
dent engulfment and delivery to the vacuole. Considering that
Snx4 is a PI3P-binding protein involved in membrane protein
sorting (37, 40, 41) and that its membrane-binding function is
necessary for proteasome autophagy (Fig. 7), we favor the latter
possibility. Indeed, while this manuscript was being prepared, a
computational clustering study proposed a role for Snx4 in the
membrane engulfment of selective autophagy cargos (63),
although the relationship to Atg8-dependent autophagosomal
membrane expansion is not yet known.

Although bulk and selective autophagy pathways share the
core autophagy machinery, differences have emerged in the
requirements for auxiliary factors for individual cargoes. For
example, deletion of SNX4 alone has no effect on starvation-
induced autophagy of the vacuolar enzyme Apel (64), on
organelle autophagy (43), or on bulk autophagy (Fig. 4, D and
E), whereas codeletion of SNX42 with SNX4 compromises
turnover both of Apel and organelles. In contrast, deletion of
SNX4 alone completely compromises autophagy of protea-
somes and two other large macromolecular complexes, the FAS
complex and the ribosome (Fig. 5). This suggests that these
cargoes may be differentially dependent on Snx4-containing
heterodimers. The mechanistic basis for this remains to be
determined, but individual roles for Snx4-Snx41 and Snx4-
Snx42 complexes are emerging and are likely to provide addi-
tional insight.

The underlying function of Snx4 in proteasome autophagy,
as well as in other forms of selective autophagy, remains
unclear. Numerous studies have documented a contribution of
the endosomal sorting machinery to selective autophagy (65),
and early endosomal markers have been observed in autophagic
vesicles (66). Specifically, roles in membrane delivery to the
autophagosome from the Golgi (64) and trafficking of
autophagy proteins (37) have been proposed for Snx4. How-
ever, each of these roles required deletion of multiple genes to
manifest a defect in selective autophagy of other cargoes. Our
finding that deletion of SNX4 completely compromised protea-
some autophagy suggests a more central role for Snx4 in this
process. We have anecdotally observed that the a4-GFP puncta
that accumulate in atg8A cells are often juxtaposed to the early
endosome marker mCherry-Tlgl,”* raising the intriguing possi-
bility that Snx4 may mediate engulfment of proteasomes at the
endosome or instead may promote extrusion of proteasomes
destined for the vacuole from the endosomal compartment.
The direct delivery of cargo to the autophagosome from early
endosomes via vesicle fusion is not entirely unprecedented (66,
67). Our observation that any perturbations that disrupt Snx4
localization also compromise proteasome autophagy (Fig. 7) is
consistent with this hypothesis. Live-cell microscopy studies
will be necessary to determine whether proteasomes pass
through the endosome en route to the vacuole. Furthermore,
identification of additional genes necessary for the accumula-
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tion of a4-GFP puncta in azg8A cells will provide valuable
insight into the origin of these species, as well as into the mech-
anism of Snx4-dependent cargo processing for autophagy.

Experimental procedures
Yeast strains and media

Yeast manipulations were carried out according to standard
protocols (68). Strains used in this study are listed in supple-
mental Table S1. For nitrogen starvation, yeast were grown in
YPD or synthetic dropout medium to mid-log, centrifuged at
4000 X g for 2 min, washed once with 15 ml of distilled H,O,
centrifuged again, and then resuspended to an Ay, of 1.0 in
SD-N media (0.67% yeast nitrogen base without amino acids or
ammonium sulfate, 2% glucose). For temperature shift experi-
ments using the xpol-1 allele, cells were grown at 25 °C and
subjected to nitrogen starvation as above. After 3 h, cultures
were split in two; one-half continued to be incubated at 25 °C,
and the other half was subsequently incubated at 37 °C to inac-
tivate the xpol-1 mutant allele. Where indicated, mid-log phase
yeast grown in YPD were treated with 50 um MG132 in DMSO
as described in the figure legends. For anchor-away experi-
ments, yeast were grown to mid-log in YPD, and then treated
for 3 h with 1 ug/ml rapamycin (Enzo Life Sciences) prior to
nitrogen starvation as above in SD-N supplemented with 1
pg/ml rapamycin. For growth assays, the indicated strains were
spotted as 6-fold serial dilutions in water onto the indicated
media.

Plasmids

All plasmids were constructed using standard molecular
cloning techniques using TOP10 F’ (Invitrogen) as a host
strain. Plasmids used in this study are listed in supplemental
Table S2. Complete sequences and construction details are
available upon request.

Genetic array analysis

ATG deletion strains were hand-picked from the YKO library
(Open Biosystems) and arrayed in a 96-well format. A query strain
derived from Y7092 (34) was produced by sequentially integrating
PRE6-yEGFP:callRA3MX4 and pdrSA:natMX4 cassettes into the
respective chromosomal loci. After confirmation of integration,
this resultant query strain (RTY1207) was mated to the ATG dele-
tion array to generate haploid triple mutant strains. The presence
of the pdrSA allele did not affect nitrogen starvation—induced
autophagy of a4-GFP in our hands.

SDS-PAGE and immunoblotting

Cell extracts were prepared from equal numbers of cells via
the alkaline lysis method (69) and cleared via centrifugation.
The supernatants were loaded directly onto 12% SDS-poly-
acrylamide gels. After electrophoresis, proteins were trans-
ferred to PVDF membranes (EMD Millipore) and probed with
antibodies against GFP (Roche Applied Science, catalog no.
11814460001, 1:2000 dilution). Blots were imaged on an Azure
Biosystems ¢300 or a Bio-Rad ChemiDoc MP using HRP-con-
jugated secondary antibodies (GE Healthcare, catalog no.
95017-332, 1:5000) and ECL reagent. The percentage of free
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GEFP liberated from a given protein was calculated for each sam-
ple by dividing the band intensity from the free GFP product by
the sum of the intensities of free GFP plus the intact GFP fusion
protein and thus is internally normalized across sample lanes.
Band intensities were confirmed to be in the linear signal range
using ImageLab software (Bio-Rad) and were quantified from
raw image files. GFP cleavage measurements reported in the
figures are of the blot shown, but are representative of multiple
experiments.

Non-denaturing PAGE of cell extracts and fluorescence
analyses

Cell extracts (100 ug of total protein) were separated by non-
denaturing PAGE exactly as described previously (70). To visu-
alize in-gel GFP fluorescence, gels were washed once in deion-
ized water after electrophoresis and were imaged with a
Typhoon Imager (GE Healthcare) using excitation at 488 nm,
and measurement of emission through a 520-nm bandpass fil-
ter. For measurement of suc-LLVY-AMC hydrolysis, non-de-
naturing gels in which 100 ug of cell extract had been separated
were incubated in Overlay buffer (50 mm Tris-Cl, pH 7.5, 5 mm
MgCl,, 10% glycerol, 1 mm ATP) containing 50 um suc-LLVY-
AMC for 30 min at 30 °C with occasional gentle agitation.
Liberated AMC was detected in a Bio-Rad Gel-doc XR imag-
ing system with the pre-programmed excitation and emis-
sion settings for ethidium bromide. For anti-20S immuno-
blotting, 50 ug of cell extract was separated exactly as above
before transfer to PVDF membranes and immunoblotting
with anti-20S antibodies (Enzo, catalog no. BML-PW9355,
1:2000 dilution).

Microscopy

All micrographs were collected on an EVOS FL Cell Imaging
System (Thermo Fisher Scientific) equipped with GFP and RFP
filter sets. Identical exposure times and light intensities were
used for each image in a given experiment. Briefly, cells were
collected via centrifugation at 10,000 X g for 30 s, followed by
resuspension in the appropriate medium at 1/10th of the
original culture volume. To minimize cell movement during
imaging, pre-cleaned microscope slides were overlaid with a
thin pad of 3% agarose containing the appropriate culture
medium onto which the cells were applied. In Fig. 6B, vacu-
olar or nuclear fluorescence intensity was measured using
Image] on raw image files, and individual cell measurements
were plotted.

Statistical analysis and reproducibility

All experiments were performed three times or more to
ensure reproducibility. Statistical analysis was carried out using
Graph Pad Prism 7.0 software, via two-tailed Mann-Whitney
test (Fig. 6B), one-way ANOVA with Tukey’s test for multiple
comparisons (Fig. 6D), two-way ANOVA with Sidak’s test for
multiple comparisons (Fig. 7E), or one-way ANOVA with Dun-
nett’s test for multiple comparisons (Fig. 7G). Unless otherwise
indicated, at least 100 cells per condition were analyzed for
statistical analysis of micrographs. Statistical significance was
considered p < 0.05.
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Supplementary Table S1: Yeast strains used in this study

Name
RTY1

RTYG675

RTY977

RTY986
RTY1020

RTY1193

RTY1207

RTY1380

RTY1383

RTY1386
RTY1400

RTY1424

RTY1436

RTY1440

RTY1461

RTY1462

Genotype
MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trp1-1 (alias MHY500)

MATa leu2-3,112 trpl1-1 can1-100 ura3-1 ade2-1 his3-11,15 RPN5-
GFP(S65T):kanMX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PRE6-
yEGFP:kanMX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 atg84::HIS3IMX6
MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PRE6-
VEGFP:kanMX6 atg8A4::HIS3MX6

MATa his3A 1 leu2A0 ura340 met1540 HTB2-GFP(S65T):HIS3MX6

MATa his3A1 leu2A0 ura340 met1540 canlA::STE2promoter-spHISS
lyp1A PRE6-yEGFP:caURA3MX4 pdr54::natMX4

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 SNX4-
YEGFP:kanMX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 FAS2-
GFP(S65T):kanMX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 snx4A::HIS3MX6
MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trp1-1 RPN2-
YEGFP:kanMX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PRE6-
VEGFP:kanMX6 snx4A::HIS3IMX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 FAS2-
GFP(S65T):kanMX6 snx4A::HISIMX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trp1-1 RPN2-
VEGFP:kanMX6 snx44::HIS3MX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PRE6-
YEGFP:kanMX6 atg84::HIS3IMX6 snx44::HIS3MX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trp1-1 RPN5-TEVx-
YEGFP-3XFLAG:kanMX6

Source
(Chenetal.,
1993)

This study

This study

This study
This study

(Huhetal.,
2003)

This study
This study

This study

This study
This study

This study

This study

This study

This study

This study



RTY1495

RTY1497

RTY1530

RTY1572

RTY1612

RTY1614

RTY1655

RTY1656

RTY1663

RTY1714

RTY1716

RTY1770

RTY1772

RTY1778

RTY1828

RTY1830

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PRE6-
YEGFP:kanMX6 vps354.:hphMX4

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PRE6-
YEGFP:kanMX6 atg84::HIS3MX6 vps354::hphMX4

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PGK1-
YEGFP:spHIS5

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PGK1-
VEGFP:spHISS snx4A::hphMX4

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 RPL25-
yEGFP:kanMX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 RPS2-
yEGFP:kanMX6

MATa leu2-3,112 trpl1-1 can1-100 ura3-1 ade2-1 his3-11,15
crmlA::LEU2 [pRS313-xpol-1] PRE6-yEGFP:kanMX6
MATa leu2-3,112 trpl1-1 canl-100 ura3-1 ade2-1 his3-11,15
crmlA::LEU2 [pRS313-xpol-1] RPN2-yEGFP:kanMX6
MATa leu2-3,112 trpl1-1 can1-100 ura3-1 ade2-1 his3-11,15
crmlA::LEU2 [pRS313-xp0l-1] RPN5-GFP(S65T):kanMX6
MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PRE6-
VEGFP:kanMX6 snx414::HIS3MX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PRE6-
VEGFP:kanMX6 snx424::hphMX4

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PRE6-
VEGFP:kanMX6 snx41A::HIS3MX6 snx42A::hphMX4
MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 RPN5-TEVx-
YEGFP-3xFLAG:kanMX6 snx4A::HIS3MX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 RPL25-
VEGFP:kanMX6 snx4A::hphMX4

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PRE6-
YEGFP:kanMX6 VPH1-mCherry:NAT pep4A::NAT

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PRE6-
YEGFP:kanMX6 VPH1-mCherry:NAT snx4A::HIS3MX6 pep4A::NAT

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study



RTY1851

RTY1852

RTY1854

RTY1855

RTY1872

RTY1907

RTY1909

RTY1911

RTY1999

RTY2129

RTY2131

RTY2133

MATa leu2-3,112 trpl-1 canl-100 ura3-1 ade2-1 his3-11,15 TOR1-1
fpriA::natMX6 HTB2-FKBP12:HIS3 PRE6-yEGFP:kanMX6 RPN11-
FRB-mCherry-V5:kanMX6

MATa leu2-3,112 trpl-1 canl-100 ura3-1 ade2-1 his3-11,15 TOR1-1
fpriA::natMX6 PMAI-2xFKBP12:HIS3 PRE6-yEGFP:kanMX6
RPN11-FRB-mCherry-V5:kanMX6

MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 TOR1-1
fpriA::natMX6 HTB2-FKBP12:HIS3 RPN2-yEGFP:kanMX6 RPN11-
FRB-mCherry-V5:kanMX6

MATa leu2-3,112 trpl1-1 can1-100 ura3-1 ade2-1 his3-11,15 TOR1-1
fpriA::natMX6 PMAI-2xFKBP12:HIS3 PRE6-yEGFP:kanMX6
RPN11-FRB-mCherry-V5:kanMX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 RPS2-
VEGFP:kanMX6 snx4A::hphMX4

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 SNX4-
VEGFP:kanMX6 snx41A4::HIS3MX6 snx424::hphMX4

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 SNX4-
VEGFP:kanMX6 snx414::HIS3MX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 SNX4-
VEGFP:kanMX6 snx424::hphMX4

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 SNX4-
YEGFP:kanMX6 snx4A::HIS3MX6 snx42A::hphMX4

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PRE6-
VEGFP:kanMX6 snx41A4::HIS3MX6 atg8A::HIS3MX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PRE6-
VEGFP:kanMX6 snx42A::hphMX4 atg8A::HISIMX6

MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 PRE6-
VEGFP:kanMX6 snx41A::HIS3MX6 snx42A::hphMX4
atg84::HISIMX6

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

Note: Strains used in Figures 1C and 3B were taken from the targeted proteasome autophagy library
described in the Materials and Methods, and were congenic with RTY1207.



Supplementary Table S2: Plasmids used in this study.

Plasmid

pRT1313
PRT1466
PRT1489
pRT1814
pRT1815

Genotype

pASINB-RG (Rosella)
pRS424-SNX4
PRS414-Parcs-GFP-Atg8
pRS314-SNX4
PRS314-snx4(Y79A)

Source

(Rosado et al., 2008)
This study

(Abeliovich et al., 2003)?
This study

This study

a/ia Addgene (plasmid #49424)
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