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Autophagy-related (Atg) pathways deliver cytosol and organelles to the vacuole in double-membrane vesicles called
autophagosomes, which are formed at the phagophore assembly site (PAS), where most of the core Atg proteins assemble.
Atg28 is a component of the core autophagic machinery partially required for all Atg pathways in Pichia pastoris. This
coiled-coil proteininteracts with Atg17 and is essential for micropexophagy. However, the role of Atg28 in micropexophagy
was unknown. We used the yeast two-hybrid system to search for Atg28 interaction partners from P. pastoris and
identified a new Atg protein, named Atg35. The atg35A mutant was not affected in macropexophagy, cytoplasm-to-
vacuole targeting or general autophagy. However, both Atg28 and Atg35 were required for micropexophagy and for
the formation of the micropexophagic apparatus (MIPA). This requirement correlated with a stronger expression of both
proteins on methanol and glucose. Atg28 mediated the interaction of Atg35 with Atg17. Trafficking of overexpressed
Atg17 from the peripheral ER to the nuclear envelope was required to organize a peri-nuclear structure (PNS), the site
of Atg35 colocalization during micropexophagy. In summary, Atg35 is a new Atg protein that relocates to the PNS and

specifically regulates MIPA formation during micropexophagy.

Introduction

Autophagy is a conserved process, which plays a central role in the
adapration of eukaryotic cells to changing environmental condi-
tions. Defects in this process are associated with cancer, neuro-
degeneration, microbial infection and aging.! Autophagy can be
selective or nonselective. Nutrient starvation induces nonselective
or general autophagy, wherein portions of the cytosol, includ-
ing organelles, are engulfed by double-membrane vesicles, called
autophagosomes. These vesicles originate from the phagophore
assembly site (PAS) and fuse with the vacuole (yeast lysosome) to
release their contents (autophagic bodies) into the vacuole lumen
for degradation by hydrolases.??

Pexophagy, the selective autophagic degradation of peroxi-
somes, is triggered under conditions when these organelles are no
longer needed for metabolism. The methylotrophic yeast, Pichia
pastoris, when grown on methanol, has clusters of large peroxi-
somes needed for methanol utilization. In P. pastoris, pexophagy
is easily achieved by the transfer of methanol-grown cells to etha-
nol or glucose medium. Under ethanol adaptation, individual
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peroxisomes are surrounded by a phagophore originating from the
PAS that eventually forms pexophagosomes in a process known
as macropexophagy. When methanol-grown cells of P. pastoris
are shifted to glucose medium, micropexophagy occurs. Here,
clusters of peroxisomes are surrounded by extensions of the vacu-
olar membrane, the vacuolar sequestering membranes (VSM),
and by a separate structure known as the micropexophagic appa-
ratus (MIPA), a small cup-shaped double-membrane structure
formed from the PAS on the surface of a peroxisome cluster that
is engulfed by the VSM. Once the fusion of the VSM and MIPA
is complete, the cluster of peroxisomes is trapped inside the vacu-
ole for degradation.”

Another type of selective autophagy is the constitutive cyto-
plasm-to-vacuole targeting (Cvt) pathway that operates under
vegetative conditions in Saccharomyces cerevisiae and P. pastoris.
It allows the selective transport of at least two vacuolar resi-
dent hydrolases, aminopeptidase I (Apel) and a-mannosidase
(Amsl).>®

Of the 34 known autophagy-related (Atg) proteins, 17 are
components of the core autophagic machinery, required for all

Autophagy 375



A C Asri Atg35 Figure 1. Identification of Atg35.
. BD-Atg28 (A) Atg28 interacted with the C-ter-
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tions. An important question is, how does the core autophagic Ca, C. albicans; Dh, D. hansenii; Pp, P.
machinery interact with pexophagy- and Cvtspecific com- pastoris and Hp, H. polymorpha. For
ponents to ensure selective cargo delivery to the vacuole? The HpAtg35 (orf201) see reference 50.

pexophagy-specific additions to the P. pastoris core autophagic
machinery include the peroxisome receptor Atg30, its adaptors
Atgll and Atgl7, the phosphatidylinositol 3-phosphate binding
protein, Atg24 and the sterol glucosyltransferase Atg26.”"" The
dual interaction of Atg30 with functionally active Atgll and
Atgl7 organizes the pexophagy-specific PAS in P. pastoris.®"?
Atgl7 interacts and colocalizes with Atg28, the core autophagic
protein partially required for all Atg pathways, providing the first
link between the pexophagy-specific and general components of
the PAS in P. pastoris.!>'> P. pastoris Atg28 might be related to
two S. cerevisiae proteins, Atg29 and Atg31, both of which inter-
act with Atgl7, and together with Atgl and Atgl3, organize the
autophagy-specific PAS in S. cerevisiae.*'® However, knowledge
of other interacting partners and the role of Atg28 was lacking.

We performed a yeast two-hybrid (YTH) library screen with
Atg28 and found a novel protein, Atg35, required specifically for
micropexophagy. Both deletion and overexpression of the A7G35
gene specifically inhibited MIPA formation, but not pexophago-
some formation or macropexophagy. This paper provides the first
genetic evidence for a difference in the molecular mechanism of
MIPA and pexophagosome formation. Atg35 is also the first
nuclear Atg protein known to regulate the Atg pathway in yeasts.
Our data on interaction and localization of Atg35 suggest that it
is a new and important component of the autophagic machinery
under micropexophagy conditions.

Results

Identification of Atg35 as an Atg28 interaction partner. Of the
34 Atg proteins playing roles in Atg pathways, many act together
and form a network of interacting proteins. We sought to identify
the interaction partners of P. pastoris Atg28, a component of the
core autophagic machinery partially required for all Atg path-

ways and particularly for micropexophagy.!**?
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We screened a P. pastoris YTH genomic DNA library (see
Materials and Methods) in S. cerevisiae cells with PpAtg28 as
the bait. As a positive control, we used the interaction between
human Ras and truncated Rafl (amino acids (a.a.) 57—648)
proteins.”” Sequence analysis of two positive clones revealed the
C-terminal part of the hypothetical protein, CAY67399 (a.a.
204—-463), and the N terminus of Rdil, CAY67682 (a.a. 1-96)
(Fig. 1A). Here we describe the functional role of CAY67399,
which was named Atg35.

Atg35 consists of 463 a.a. and has two putative domains:
a RING-finger (a.a. 5-47) and a PHD-finger (a.a. 88-128)
(Fig. 1B). The closest orthologs of Atg35 are hypotheti-
cal proteins from Pichia stipitis (PICST_60919), Pichia
guilliermondii  (PGUG_03993) and Clavispora lusitaniae
(CLUG_01611). Recently, we reported that yeasts from the
order Saccharomycetales have either one large Atg28 protein or
two smaller proteins, Atg29 and Atg31."? Here, we analyzed the
genomes of the same eight yeasts and found that all contain a
protein with the N-terminal RING and PHD fingers, either a
longer Atg35 or a shorter Asrl (see Fig. S1 in Sup. Material).
Asrl and Atg35 proteins also share a C-terminal nuclear local-
ization signal.?® However, Asrl proteins lack the internal frag-
ment of approximately 260 a.a. that has two conserved motifs
(see Fig. S2 in Sup. Material). Importantly, Candida albicans,
Debaryomyces hansenii, P. pastoris and Hansenula polymorpha
have both Atg28 and Atg35, but S. cerevisiae, Candida glabrata,
Ashbya gossypii and Kluyveromyces lactis have Atg29, Atg31 and
Asrl (Fig. 1C). Therefore, Atg35 might have co-evolved with
Atg28 in yeasts, and these two proteins might be functionally
related as explained later.

Atg35 is a micropexophagy-specific protein required for
efficient MIPA formation. We examined the P. pastoris atg35A
mutant for pexophagy by western blotting for peroxisomal
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Figure 2. Atg35 is a micropexophagy-specific protein required for efficient MIPA formation. (A and B) Atg35 is required for micro- but not macrope-
xophagy. Cells were grown overnight in SM and transferred to (A) SD or (B) SE. At the indicated time-points culture samples were collected and pro-
cessed for immunoblotting for AOX. “atg35A + ATG35", the atg35A mutant complemented with the ATG35 gene (SVN2). (C and D) Atg28 and Atg35 are
specifically required for efficient MIPA formation. The WT (STN78), atg28A (STN87), atg35A (STN179) and atgTA (STN71) cells expressing GFP-Atg8 and
BFP-SKL were grown overnight in SM with FM 4-64 and transferred to (C) SD or (D) SE for 1 h. VSM were labeled with FM 4-64, MIPA and pexophago-
somes with GFP-Atg8 and peroxisomes with BFP-SKL. Arrows point to (C) MIPA and (D) pexophagosomes. Bar, 5 um. (E and F) Atg35 is not required
for the general autophagy and Cvt pathways. (E) GFP-Atg8 processing and (F) prApel maturation assays. The WT (STN70), atg35A (SVN3) and atgTA
(STN66) cells expressing GFP-Atg8 were grown overnight in SD and transferred to SD-N. At the indicated time-points, culture samples were collected
and processed for immunoblotting for (E) GFP and (F) Apel. * nonspecific band; red box, maturation of prApel under vegetative conditions.

alcohol oxidase (AOX) (Fig. 2A and B). Upon adaptation of
methanol-grown cells to ethanol (induces macropexophagy),
there was no difference in degradation of AOX between the wild-
type (WT) and a#g35A cells. However, upon glucose adapta-
tion (induces micropexophagy), the levels of AOX in the azg35A

mutant decreased more slowly and to a lesser extent than in the
WT strain. The ATG35 gene complemented the micropexoph-
agy defect in the 22¢35A mutant. Both micro- and macropexoph-
agy were completely blocked in the pep4 prbl mutant deficient
in vacuolar proteases A and B (Fig. 2A and B). The results of
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our biochemical experiments suggested that Atg35 is partially
required for micropexophagy, but not for macropexophagy.

Next, we studied the roles of Atg28 and Atg35 in micrope-
xophagy. During micropexophagy, the VSM and the MIPA
need to form.* We compared the VSM and MIPA formation
in the WT and mutants by fluorescence microscopy using: (i)
Atg8 N-terminally tagged with green fluorescent protein (GFP-
Atg8) to label the MIPA, (ii) blue fluorescent protein with the
C-terminal tripeptide, Ser-Lys-Leu (BFP-SKL), to label peroxi-
somes and (iii) the dye N-(3-triethylammoniumpropyl)-4-(p-
diethylaminophenylhexatrienyl) pyridinium dibromide (FM
4—-64) to label the vacuole membrane and VSM. The VSM for-
mation was normal in all tested strains. While the MIPA was
found in the WT (17.6 + 0.3% of cells), it was 1.5-fold less fre-
quent in azg35A (11.5 £ 0.7% of cells), p < 0.01. Interestingly, the
atg28A mutant was completely blocked in MIPA formation (0.8
+ 0.3% of cells with a MIPA), as was the negative control, azg/A
(0.6 £ 0.3% of cells) (Fig. 2C). In contrast to the defects in MIPA
formation, both #£¢28A and at¢35A mutants exhibited normal
formation of pexophagosomes under macropexophagy conditions
(Fig. 2D). This was completely blocked in the azgIA strain. Our
pexophagy experiments suggested that Atg28 and Atg35 are spe-
cifically required for MIPA formation during micropexophagy.

We also studied the role of Atg35 in the general autophagy
and Cvt pathways. Cells of the WT, a2¢35A and atglA strains
expressing GFP-Atg8 were transferred from nitrogen-rich to
nitrogen-starvation conditions to induce general autophagy. The
kinetics of GFP-Atg8 processing is a sensitive measure of auto-
phagy rate.” The release of more proteolytically stable GFP after
vacuolar degradation of Atg8 was examined by western blot. In
contrast to atgIA, the azg35A mutant exhibited normal process-
ing of GFP-Atg8 (Fig. 2E). These results were confirmed by the
prApel maturation assay. The vacuolar processing of the precur-
sor of Apel (prApel) to the mature (mApel) forms occurs by the
Cvt and general autophagy pathways under vegetative and star-
vation conditions, respectively.’ In contrast to azgIA, the arg35A
mutant had normal maturation of prApel under starvation con-
ditions (Fig. 2F). The results of two biochemical assays indicate
that Atg35 is not required for general autophagy.

The lack of Atg35 had no effect on the Cvt pathway because
the maturation of prApel was normal in the 27¢35A mutant under
vegetative conditions, but was blocked in the az¢/A mutant (Fig.
2F compares the WT, a#g35A and azgIA at the time-point “0
hour”). Altogether, our results indicate that Atg35 is not required
for the macropexophagy, Cvt or general autophagy pathways.
Instead, it plays a specific role in micropexophagy at the MIPA
formation stage.
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Figure 3. Atg28 and Atg35 are co-expressed in methanol and glucose
media. The WT strains expressing Atg28-GFP (STN120) and Atg35-
eCFP (STN227) under their own promoters were grown for 16 h in glu-
cose (SD), ethanol (SE) and methanol (SM) media. The same number of
cells from each culture was TCA precipitated and immunoblotted for
F1B, Pex12 and GFP/eCFP. *, nonspecific band.

Atg28 and Atg35 are co-expressed. The expression of A7TG28
and ATG35 genes was compared under peroxisome proliferation
and degradation conditions. The WT strains expressing Atg28-
GFP and Atg35-eCFP under their own promoters were grown
overnight in glucose, ethanol and methanol media. Independent
of carbon source, cells of both strains had the same amount of
F1B (loading control, Fig. 3). The levels of Pex12 (carbon source
control) increased in the order glucose, ethanol, methanol, as
expected. However, we observed an unusual expression of Atg28
and Atg35: very low levels of both proteins in ethanol and high
levels of both proteins in glucose and methanol (Fig. 3). The
co-expression of Atg28 and Atg35 on methanol and glucose is
consistent with their interaction (Fig. 1A and shown later) and
specific requirement for micropexophagy.

Overexpression of Atg35 specifically inhibits MIPA forma-
tion. To further examine the role of Atg35 in autophagy-related
pathways, we overexpressed Atg35-¢YFP and eCFP-Atgl7 (as a
control) in the WT strain and followed pexophagy by western
blotting for AOX (Fig. 4A and B). Overexpression of eCFP-
Atgl7 slightly delayed both micro- and macropexophagy.
However, overexpression of Atg35-¢YFP inhibited micrope-
xophagy, but had no effect on macropexophagy. The strain that
overexpressed both Atg35-eYFP and eCFP-Atgl7 was blocked in
micropexophagy (due to Atg35-¢YFP) and slightly affected in
macropexophagy (due to eCFP-Atgl7) (Fig. 4A and B). These
results suggest that an excess of Atg35, but not of Atgl7, spe-
cifically inhibits micropexophagy. We also verified that overex-
pression of Atg35, but not its tag, inhibits micropexophagy. The
strain expressing Atg35-eCFP under its own promoter had nor-
mal micropexophagy rates in comparison with WT, whereas the
strain that overexpressed untagged Atg35 was blocked in micro-
pexophagy, like the strain that overexpressed Atg35-eYFP (see
Fig. S3 in Sup. Material).

Then, we studied the stage of micropexophagy affected
by overexpression of Atg35-eYFP. Both the VSM and MIPA
were visualized using mCherry-Atg8. VSM formation was not
affected by overexpression of Atg35-eYFP, but MIPA formation
was blocked (Fig. 4C). In contrast, pexophagosomes were nor-
mally formed in the strain that overexpressed Atg35-eYFP under
macropexophagy conditions (Fig. 4C and see arrows). We also
labeled the MIPA with GFP-Atg8 in the strain that overexpressed
untagged Atg35 and measured the frequency of MIPA formation.
Overexpression of Atg35 decreased the percentage of cells with
the MIPA three-fold from 8.2 + 1.7% (STN70) to 2.7 + 1.1%
(SJCF1473), p < 0.01. The negative control, azgIA (STNG66), was
completely blocked with only 0.6 + 0.5% cells containing a MIPA.
Combined, our results suggest that the overexpression of Atg35

Volume 7 Issue 4



Figure 4. Overexpression of Atg35 inhibits
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phagy, but delays the Cvt pathway under
vegetative, but not starvation, conditions.
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endogenous levels of GFP-Atg8, were
transferred from nitrogen-rich to nitro-
gen-starvation conditions. Overexpression of Atg35-¢YFP did
not affect the vacuolar processing of GFP-Atg8 upon nitrogen
starvation (Fig. 4D). Similar results were obtained in the prApel
maturation assay. The strain that overexpressed Atg35-¢YFP had
normal vacuolar maturation of prApel under starvation condi-
tions (Fig. 4E). The results of two biochemical assays indicated
that the overexpression of Atg35 does not affect general auto-
phagy. However, it did affect the Cvt pathway, as maturation of
prApel was less efficient in the strain that overexpressed Atg35-
eYFP under vegetative conditions (Fig. 4F and compare the three
strains at the time-point “0 hour”). Therefore, the overexpression
of Atg35 does not affect macropexophagy or general autophagy.
It specifically affects the Cvt pathway under vegetative, but not
starvation, conditions, while also impairing micropexophagy at
the MIPA formation stage.

Atgl7 recruits Atg35 to a novel perinuclear structure
(PNS) during micropexophagy. Atg35 has a putative nuclear
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localization signal near the C terminus (see Fig. S1 in Sup.
Material). We tried to address the localization of Atg35-¢CFP
expressed under its own promoter, but the expression of Atg35-
eCFP was below the level of detection by fluorescence micros-
copy even in methanol medium, wherein it is induced maximally
(Fig. 3 and data not shown). We therefore examined the localiza-
tion of overexpressed Atg35-eYFP relative to the peripheral ER/
nuclear envelope marker, Sec61-mCherry,?? and the PAS marker,
overexpressed eCFP-Atgl7” In methanol-grown cells, eCFP-
Atgl7 localized to several dot-like structures scattered along the
peripheral ER. In some cells, one of the eCFP-Atgl7 dots could
also be found at the nuclear envelope (Fig. 5 and top panel). After
the transfer of cells to glucose medium, eCFP-Atgl7 accumu-
lated on two to three dots/cell, as previously described in refer-
ence 7 and 23. Interestingly, one to two of these dots localized at
the nuclear envelope and the rest on the peripheral ER or in the
cytosol (Fig. 5 and third panel from bottom). Co-overexpression
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Figure 5. Atg17 recruits Atg35 at the PNS during micropexophagy. The WT strains overexpressing eCFP-Atg17 (STN373), Atg35-eYFP (STN343) or both
eCFP-Atg17 and Atg35-eYFP (STN346), and expressing the endogenous levels of Sec61-mCherry were grown overnight in SM (three top panels) and
transferred to SD (three bottom panels) for 1 h. The peripheral ER and nuclear envelope were labeled with Sec61-mCherry and the PAS with eCFP-

of Atg35-eYFP did not affect the trafficking of eCFP-Atgl7:
the majority of the protein still moved from several dots on the
peripheral ER to one to two dots on the nuclear envelope under
micropexophagy conditions (Fig. 5).

At the same time, Atg35-eYFP localized to the nucleus and
a single dotlike structure on the nuclear envelope, the PNS,
in methanol medium. The transfer of cells to glucose medium
resulted in homogenous distribution of Atg35-e¢YFP in the
nucleus (Fig. 5 and second panel from bottom). However, co-
overexpression of eCFP-Atgl7 stimulated relocalization of
Atg35-eYFP at the PNS during micropexophagy. Moreover,
Atg35-eYFP at the PNS necessarily colocalized with one of the
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eCFP-Atgl7 dots in glucose medium (Fig. 5 and bottom panel).
We would like to stress that, in methanol medium, Atg35-eYFP
and eCFP-Atgl7 seldom colocalized at the PNS. Accumulation
of eCFP-Atgl7 on the nuclear envelope under micropexophagy
conditions was required to organize the PNS and recruit Atg35-
eYFD to this structure.

The latter conclusion was confirmed with Atg35-¢YFP
expressed from the moderate YPT1 promoter. First, we showed
that moderate expression of Atg35-¢YFP did not inhibit micro-
pexophagy in the WT strain (see Fig. S4A in Sup. Material).
Then, we found that moderately expressed Atg35-eYFP was
diffuse in the nucleus and did not form the PNS, independent
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between Atgl7 and Atg35. Previously, we

found that Atg28 interacts with Atgl7,?

and the C-terminal part of Atg35 (Fig. 1A)
in the YTH system. To further study the
interaction between these three proteins
we overexpressed Atg28-mCherry, Atg35-
eYFP and HA-Atgl7 in the WT strain.

Figure 6. Atg28 mediates the interaction of Atg35 with Atg17. (A) Co-immunoprecipitation of
Atg17, Atg28 and Atg35. The WT strain overexpressing Atg28-mCherry, Atg35-eYFP and HA-Atg17
(STN401) and the atg28A mutant overexpressing Atg35-eYFP and HA-Atg17 (STN387) were grown
for 16 h in SM and transferred for 1 h to SD. Immunoprecipitation was performed as described in
Materials and Methods. (B) Schematic view of Atg17, Atg28 and Atg35 interactions.

Cells were transferred from methanol to

glucose medium to induce micropexophagy, and protein-protein
interactions were studied by co-immunoprecipitation. Although
with each of the proteins, we could co-immunoprecipitate the
other two, the highest amounts of Atg35-e¢YFP and HA-Atgl7
were pulled down with Atg28-mCherry (Fig. 6A and middle
panel). These results suggested that the Atgl7-Atg35 interaction
might be indirect and mediated by Atg28. To check this possi-
bility, we introduced Atg35-¢YFP and HA-Atgl7 in the a7g28A
mutant. Without Atg28, Atg35-eYFP and HA-Atgl7 failed to
co-immunoprecipitate with each other (Fig. 6A and right panel).
Taken together, our YTH and co-immunoprecipitation results
support a model where Atg28 plays a central role by mediating
the interaction between Atgl7 and Atg35 (Fig. 6B).

Discussion

Pexophagy can proceed by two different modes, micropexophagy
and macropexophagy. There are many morphological differences
between the two, including VSM and MIPA formation during
micropexophagy, in contrast to pexophagosome formation dur-
ing macropexophagy.” However, the genetic dissection of the two
pathways is at its infancy and this analysis is complicated by the
fact that most of the known Atg proteins are required for both
modes of pexophagy at the stage of pexophagy-specific PAS for-
mation or its elongation into the MIPA or pexophagosome. Until
now only two proteins were shown to be required for micro-,
but not macropexophagy, the a-subunit of phosphofructokinase,
Pfkl and the vacuolar membrane protein, Vac8. However, Pfkl
might be implicated in glucose signaling events and Vac8 may
be involved in VSM formation and homotypic VSM fusion.?¢
Here, we present the first evidence that MIPA and pexophago-
some formation are genetically distinct. We show that the core
autophagic protein, Atg28, together with its novel interaction
partner Atg35, represent the micropexophagy-specific branch of
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the autophagic machinery required specifically for MIPA, but not
for pexophagosome formation.

Atg28 interacts with Atgl7 and is at least partially required
for all Atg pathways with a stronger requirement for micro-, than
for macropexophagy.'>"* Here we show that Atg28 is essential
for MIPA, but dispensable for pexophagosome, formation (Fig.
2C and D). Therefore, it is not surprising that a newly identified
interaction partner of Atg28, Atg35, is also micropexophagy-spe-
cific and required for MIPA formation. However, in contrast to
the partial necessity of Atg28, Atg35 is not required for the mac-
ropexophagy, general autophagy and Cvt pathways (Fig. 2). This
can explain why the phenotype of the #z¢35A mutant in micro-
pexophagy is less severe than that of 2£¢28A. Indeed, in addition
to its specific role in MIPA formation together with Atg35, Atg28
might be also involved at the earlier and more general step of
PAS organization together with Atgl7. Under micropexophagy
conditions, Atg28 could be involved in both functions and may
therefore become indispensable.

Interestingly, Atg35 could have co-evolved with Atg28 in
yeasts, as the species with Atg29 and Atg31 have a much shorter
RING- and PHD-finger containing protein, Asrl (see Figs. S1
and S2 in Sup. Material). Atg35 and Atg28 are also co-expressed
in media that induce peroxisomes and their degradation by
micropexophagy (Fig. 3). Finally, Atg28 mediates the interaction
of Atg35 with Atgl7 (Fig. 6), a scaffold protein that together
with Atg30 and Atgll organizes the pexophagy-specific PAS.%12
In summary, our data indicate that Atg28 is a branching point of
the core autophagic machinery, which engages the micropexoph-
agy-specific Atg35 for efficient MIPA formation.

Like the S. cerevisiae Astl,*>% the P. pastoris Atg35 is a very
low-abundance nuclear protein. Under peroxisome proliferation
conditions, Atg35 localizes to the nucleus. At this stage, Atgl7
is mainly localized to several dot-like structures on the periph-
eral ER. We note that since Atgl7 does not have any discernible
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transmembrane domains, it must be peripherally associated with
the ER membranes. The induction of micropexophagy stimulates
relocalization of Atgl7 from multiple spots on the peripheral ER
to two to three dots, one to two of which are necessarily localized
on the nuclear envelope. We do not understand how this reloca-
tion occurs, but under micropexophagy conditions, Atg35 always
colocalizes with Atgl7 at a single dot-like PNS. Trafficking of
Atgl7 plays an important role in the localization of Atg35 to the
PNS, as without Atgl7 overexpression, Atg35 is diffuse in the
nucleus (Figs. 5 and S4B). Several previous studies used Atgl7
as a marker of the pexophagy-specific PAS in P. pastoris and also
found two Atgl7-containing dots.”* Similar to our finding, only
one of the Atgl7 dots colocalized with one of the Atg24 perivacu-
olar spots, probably the PAS.” To determine whether the identi-
fied PNS and PAS are the same or different Atgl7-containing
structures, further studies will be required.

The autophagy-specific PAS in . cerevisiae is organized by
two Atgl7 complexes, Atgl-Atgl3-Atgl7 and Atgl7-Atg29-
Atg31.14"18 Interestingly, when Atgl7 is artificially targeted to
the plasma membrane, the PAS is organized at that location.?®
Here, we show that Atgl7 dots are mostly localized to the nuclear
envelope under micropexophagy conditions (Fig. 5). Therefore,
independent of whether the PNS and PAS are the same or dif-
ferent structures organized by Atgl7, the nuclear envelope might
still play an important role in MIPA formation. Recently, it was
shown that vesicular trafficking from and to the ER mediated
by Sarl is essential for MIPA formation.”® Our Atgl7 and Atg35
colocalization studies are in line with these observations and
point to the possibility that the nuclear envelope is the specific
region of the ER involved in this process. However, clarification
of this possibility must await further studies.

Importantly, overexpression of Atg35 inhibits micrope-
xophagy, but not macropexophagy or general autophagy (Fig.
4). One possibility is that the excess of Atg35 at the PNS inter-
feres with retrograde transport of ER proteins involved in MIPA
formation. Specific inhibition of MIPA formation was recently
described upon overexpression of the dominant-negative mutant
of Sarl, Sar1"7%¢. This mutant, Sar1"7°¢, has defective GTPase
activity and, therefore, inhibits the recycling of proteins back to
the ER.#3° However, the lack of sufficient Atgl7 leads to dif-
fuse localization of overexpressed Atg35 in the nucleus (Fig. 5
and second panel from bottom) and Atg35 still inhibits micro-
pexophagy (Fig. 4A). This result suggests a second possibility,
that Atg35 might negatively regulate micropexophagy at the
level of transcription. Recently, it was shown that the S. cerevi-
stae Asrl can directly bind and inactivate the RNA polymerase
IT complex.”” In addition, protein synthesis is required for the
progression of micro- but not macropexophagy.*** Therefore,
we hypothesize that aside from its positive role in MIPA for-
mation in glucose medium, Atg35 might negatively regulate the
expression of genes critical for the progression of micropexoph-
agy in methanol medium. This point will be addressed in future
studies.

Although Atg35 is the first known nuclear protein required for
the Atg pathway in yeasts, nucleo-cytoplasmic shuttling of Atg
proteins is increasingly recognized as a regulatory mechanism of

382

Autophagy

autophagy in mammals.* Nuclear export of both Beclin 1 (cor-
responds to Atg6/Vps30 in yeasts) and TP53INP2/DOR (does
not have a yeast homolog) was shown to be required for auto-
phagy in mammalian cells.**¢ Therefore, nuclear localization of
these proteins might play a role in preventing autophagy in the
cytoplasm before its activation by starvation. Further studies of
Atg35 and its mammalian homolog rA9 that, like Asrl, directly
binds the C-terminal domain of the largest subunit of RNA poly-
merase 117737 will shed light on the role of the nucleus in the regu-
lation of autophagy.

Materials and Methods

Strains and plasmids. For routine cloning and propagation of
plasmid DNA the Escherichia coli DH5a strain was used. The
S. cerevisiae strain SKY48 (MATa trpl his3 ura3 GlexAop-LEU2
3clop-LYS2) (Invitrogen, C833-00) was used for the YTH. The
P. pastoris strains and plasmids used in this study are listed in
Table 1.

Media and growth conditions. Yeast strains were grown at
30°C in a rich YPD (1% w/v yeast extract, 2% w/v peptone, 2%
w/v glucose) or YPDhyg (YPD with 0.8 mg/ml of hygromycin B)
medium. The YTH medium contained 0.67% w/v yeast nitrogen
base without amino acids (YNB), 2% w/v galactose and 1% w/v
raffinose. Peroxisome biogenesis was induced in SM (0.67% w/v
YNB, 0.5% v/v methanol for liquid medium and 1% v/v metha-
nol for plates) and degradation in SE (0.67% w/v YNB, 0.5% v/v
ethanol for liquid medium and 1% v/v ethanol for plates) or SD
(0.67% w/v YNB, 2% w/v glucose for liquid medium and 1%
w/v glucose for plates) medium. For nitrogen starvation, SD-N
(0.17% w/v YNB without ammonium sulfate, 2% w/v glucose)
was used. For solid media, 2% w/v agar was added.

The YTH genomic DNA library screening. We used the
Interaction Trap based YTH system (a gift from Prof. Serebriiskii
from Fox Chase Cancer Center, Philadelphia, PA USA) with two
reporter genes, lacZ and LEU2.>% A LexA-Atg28 “bait fusion”
was created and transformed into the S. cerevisize SKY48 strain.
The expression of LexA-Atg28 was verified by western blotting.

To create the P. pastoris YTH genomic DNA library (a set
of “prey fusions”) the P. pastoris Y11430 genomic DNA was
extracted and partially digested with Tsp5091. The resulting
digestion mix was purified using the QIAquick Gel Extraction
Kit (QIAGEN, 28704) to exclude genomic DNA fragments
larger than 10 kb and ligated with YTH vector pJG4-5,% which
was digested with EcoRI and dephosphorylated. The constructed
YTH genomic DNA library consisted of about 260,000 inde-
pendent clones, 100,000 of which carried an insert of genomic
DNA larger than 1 kb and covered the P. pastoris genome more
than 10 times.

The S. cerevisiae strain with LexA-Atg28 was transformed
with the P. pastoris YTH genomic DNA library. Screening for the
“positive” clones with protein-protein interactions was performed
with both /lacZ and LEU2 reporters. The library plasmids from
“positive” clones were isolated, sequenced and reintroduced into
the S. cerevisiae strain with LexA-Atg28 to confirm the identified
interactions.
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Table 1. P. pastoris strains and plasmids used in this study

Name Description Genotype and plasmid Source
GS115 WT his4 38
GS200 WT arg4 his4 39
PPS2 atg28A GS200 atg28A::ScARG4 13
PPY12h WT arg4 his4 40
R12 atglA GS115 atgl-1::Zeocin® 41
SJCF1376 WT STN274 his4:pJCF419 (P, .-GFP-ATGS, HIS4, Hygromycin®) This study
SJCF1472 WT PPY12h his4:pJCF549 (P_,,.,-ATG35, HIS4) This study
SJCF1473 WT SJCF1472 HIS4:pJCF419 (P, . -GFP-ATGS8, Hygromycinf) This study
SJCF1474 WT PPY12h his4::pJCF552 (P, -ATG35-eYFP, HIS4) This study
SJCF1475 WT STN350 his4:pJCF552 (P, ,-ATG35-eYFP, HIS4) This study
SMD542 wT GS200 P, -B-GAL, ARG4 13
SMD1163 pep4 prbl pep4 prbl his4 32
STN66 atgiA R12 his4::pJCF208 (P, .-GFP-ATGS, HIS4) 12
STN70 WT GS115 his4:pJCF208 (P, -GFP-ATGS, HIS4) 12
STN71 atg1A STN66 P, . .::pRDM054 (P,  -BFP-SKL, Hygromycin®) This study
STN77 atg28A PPS2 his4::pJCF208 (P, .-GFP-ATGS, HIS4) 12
STN78 WT STN70 P, . :pRDMO054 (P,  -BFP-SKL, Hygromycin®) This study
STN87 atg28A STN77 P,.,,:PRDMO054 (P, -BFP-SKL, Hygromycin®) This study
STN120 WT PPY12h ATG28:pTYNS5 (ATG28-GFP, HIS4) This study
STN179 atg35A SVN3 P, . :pRDMO054 (P, -BFP-SKL, Hygromycin®) This study
STN227 WT PPY12h ATG35::pTYN14 (ATG35-eCFP, G418F) This study
STN274 WT PPY12h his4:pTYN17 (P_,,.,-ATG35-eYFP, HIS4) This study
STN315 atg28A PPS2 his4:pTYN17 (P, -ATG35-eYFP, HIS4) This study
STN322 WT STN274 arg4:pJCF170 (P,,,,,-eCFP-ATG17, ARG4) This study
STN338 WT STN274 arg4:pJCF477 (P,, . .-mCHERRY-ATG8, ARG4) This study
STN343 WT STN274 SEC61::pKSN256 (SEC61-mCHERRY, Hygromycin®) This study
STN346 WT STN322 SEC61:pKSN256 (SEC61-mCHERRY, Hygromycin®) This study
STN350 WT PPY12h arg4:pJCF170 (P,,,,,-eCFP-ATG17, ARG4) This study
STN373 WT STN350 SEC61:pKSN256 (SEC67-mCHERRY, Hygromycin®) This study
STN385 WT STN274 his4:pTYN26 (P, . -HA-ATG17, HIS4, Hygromycin®) This study
STN387 atg28A STN315 his4:pTYN26 (P_, .. -HA-ATG17, HIS4, Hygromycin®) This study
STN401 WT STN385 arg4:pJCF500 (P, -ATG28-mCHERRY, ARG4) This study
SVN1 atg35A GS200 atg35A::ScARG4 This study
SVN2 atg35A SVNT1 his4:pTYN10 (P, . -ATG35, HIS4) This study
SVN3 atg35A SVNT1 his4::pJCF208 (P, .-GFP-ATGS, HIS4) This study
Y11430 WT Prototroph Collection strain

Construction of the azg35A mutant. The deletion cassette
containing 1.5 kbp fragment upstream of the PpATG35 ORF,
the ScARG4 gene and a 0.9 kbp 3'-fragment of the PpATG35
OREF together with the downstream region was created to knock
out the first 0.7 kbp of the PpATG35 ORF by the gene replace-
ment method. The ATG35 gene was deleted in the P. pastoris
GS200 strain and the 2£¢35A mutant was verified by PCR and
Southern blotting. To complement the #2¢35A mutant, the plas-
mid pI'YNIO containing the PpA7G35 ORF with a 508 bp pro-
moter region was constructed for integration in the HI54 locus.

Biochemical studies of pexophagy. The AOX plate assay was
performed, as described previously in reference 45. For pexophagy
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assays in a liquid culture, cells were grown overnight in 3 ml of
YPD. On the next day, 0.15 ml of the overnight culture was trans-
ferred into 2.85 ml of fresh YPD and pre-grown for 6 h. Then cells
were washed twice with distilled water and transferred into 3 ml
of SM medium with starting OD 0.3 to induce peroxisome bio-
genesis for 13-16. Cells were pelleted, washed with distilled water
and transferred into 3 ml of SD or SE with starting OD,, 0.5. An
equal volume of each culture (0.5 ml) was withdrawn at each time
point and prepared for immunoblotting, as previously described
in reference 46. For detection, anti-AOX antibodies were used.*
Anti-Pex12,% anti-F1B% and anti-GFP (Roche, 11-814-460-001)
antibodies were used in Atg28 and Atg35 expression studies.
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MIPA and pexophagosome formation. Endogenously
expressed GFP-Atg8 or mCherry-Atg8 was used as MIPA and
pexophagosome markers. Cells expressing mCherry-Atg8 were
grown in SM and cells with GFP-Atg8 were grown in SM with
2.5 pg/ml of FM 4-64 (Invitrogen, T-3166) for 15 h and trans-
ferred to SD or SE for 1 h to induce micro- or macropexophagy,
respectively. The number of cells with MIPA was counted on
maximum intensity projections of the deconvolved (inverse fil-
ter algorithm) Z-stacks (20 slices, 0.255 wm apart) of GFP-Atg8
images. Data are presented as average + standard deviation of
three independent experiments. Student’s t-test for unpaired data
sets was used to estimate statistical significance.

General autophagy and Cvt pathways. The GFP-Atg8 pro-
cessing and prApel maturation assays to study the rates of general
autophagy and steady-state of the Cvt pathway were described
previously in reference 12.

Co-immunoprecipitation studies. Cells were grown for 16 h
in SM and transferred for 1 h to SD medium before extraction.
Fifty OD,, equivalents of yeast cells were washed in phosphate-
buffered saline (pH 7.4) and lysed with glass beads (vortexed
five times for 2 min at 4°C) in 1 ml IP lysis buffer (50 mM
HEPES-KOH, pH 7.4, 0.1 M NaCl, 1% v/v Triton, 10% v/v
glycerol, 5 mM NaF, 1 mM phenylmethylsulfonyl fluoride and
protease inhibitor cockrail [Sigma-Aldrich, P8215]) and centri-
fuged (300 g, 3 min). Membrane protein solubilization was per-
formed together with a pre-clearing step. For this purpose 50 pl
of GammaBind G Sepharose (GE Healthcare, 17-0885-01) was
added to the supernatant and incubated at 4°C for 4.5 h with
rotation. Next, the sample was centrifuged (21,000 g, 15 min)
and the supernatant fraction was incubated overnight with the

selected primary antibody at 4°C in a rotating tube (1 planti-HA,
Roche, 11-666-606-001; 10 wl anti-GFP, Roche, 11-814-460-
001; 10 ul anti-DsRed, Clontech, 632496). After the overnight
incubation, 100 pl of GammaBind G Sepharose was added to the
supernatant fraction with the primary antibody and incubated at
4°C for 3 h with rotation. Beads were washed two times (5 ml)
with the IP lysis buffer for 15 min and 1 time (5 ml) with IP lysis
buffer supplemented with extra NaCl (0.5 M final concentration)
for 5 min. Bound protein was eluted with 100 pl of sample buffer,
boiled in a water bath for 5 min, resolved by SDS-PAGE (loading
was as follows: input, 0.5 OD, equivalent and immunopurified
proteins (IP), 10 OD,
lotting. After blotting, the membranes were probed with the same

equivalents) and visualized by immunob-

primary antibodies. The cross reactions between the denatured
IgG heavy chains from the primary antibodies used for immuno-
precipitation and the secondary antibodies were avoided by using
the HRP-conjugated anti-IgG light chain secondary antibodies
(anti-mouse, Jackson Immuno Research, 115-035-174; anti-rab-
bit, Jackson Immuno Research, 211-032-171).
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