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Macroautophagy (hereafter autophagy) is one of the major degradation systems in eukaryotic cells, and its
dysfunction may result in diseases ranging from neurodegeneration to cancer. Although most of the autophagy-related
(Atg) proteins that function in this pathway were first identified in yeast, many were subsequently shown to have
homologs in higher eukaryotes including humans, and the overall mechanism of autophagy is highly conserved. The
most prominent feature of autophagy is the formation of a double-membrane sequestering compartment, the
phagophore; this transient organelle surrounds part of the cytoplasm and matures into an autophagosome, which
subsequently fuses with the vacuole or lysosome to allow degradation of the cargo. Much attention has focused on the
process involved in phagophore nucleation and expansion, but many questions remain. Here, we identified the yeast
protein Icy2, which we now name Atg41, as playing a role in autophagosome formation. Atg41 interacts with the
transmembrane protein Atg9, a key component involved in autophagosome biogenesis, and both proteins display a
similar localization profile. Under autophagy-inducing conditions the expression level of Atg41 increases dramatically
and is regulated by the transcription factor Gen4. This work provides further insight into the mechanism of Atg9

function and the dynamics of sequestering membrane formation during autophagy.

Introduction

Autophagy is involved in numerous aspects of cellular homeo-
stasis, and autophagic dysfunction is associated with a range of
diseases in humans.' Part of the reason that autophagy is con-
nected to a wide array of physiological pathways has to do with
the unique process of sequestration involving the phagophore. In
contrast to the secretory pathway, where vesicles bud off from
organelles already containing their cargo, the phagophore is gen-
erated through an expansion process that provides tremendous
cargo flexibility. Thus, autophagy is the primary mechanism
through which cells can eliminate damaged or superfluous organ-
elles. For this reason, the mechanism of phagophore nucleation
and expansion, including the origin of the donor membranes,
has been the subject of intense focus.

The biogenesis of the phagophore is thought to initiate at a
nucleating site, named the phagophore assembly site (PAS).
Most of the Atg proteins transiently reside at the PAS, although
the ultrastructure of this site and the interactions among the Atg
proteins during phagophore formation are not known. One of
the key proteins that functions in formation and/or expansion of
the phagophore is Atg9. This protein is predicted to contain 6
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transmembrane domains, and to transit from the endoplasmic
reticulum to the Golgi apparatus;>® Atg9 subsequently localizes
to peri-mitochondrial sites that are termed Atg9 peripheral struc-
tures, Atg9 reservoirs or tubulovesicular clusters.” As a membrane
protein, Atg9 is considered to play a role in delivering or direct-
ing membrane from a donor site(s) to the PAS. In addition, Atg9
may move between these sites in successive rounds of traffick-
ing.*> Anterograde movement to the PAS requires Atgl 1, Atg23
and Atg27, whereas retrograde movement involves Atgl-Atgl3
and Ath—AthS.S’6 The details of Atg9 trafficking, however, are
not understood.

Molecular genetic studies in Saccharomyces cerevisiae have con-
tributed substantially to our understanding of autophagy at the
molecular level.” Genetic screens for autophagy-defective
mutants have identified a series of genes whose products are
involved primarily or exclusively in autophagy. These Atg pro-
teins act at different steps of the autophagy process. Even though
40 different Atg proteins have been reported in yeast, new ones
continue to be identified. Atg4l is a small protein identified in
yeast as being upregulated during heat shock,® but the structural
and functional information for this protein is limited and its cel-

.. -11
lular function is not known.’

Volume 11 Issue 12



Here, we report that Atg41 plays a role in autophagosome for-
mation; atg41 A cells display a severe defect in autophagy activity.
We found that ATG41 is upregulated at the transcriptional level,
resulting in a substantial increase in the protein amount under
autophagy-inducing conditions, and this upregulation is required
for efficient autophagy. The association between Atg41 and Atg9
suggest that this protein is part of the Atg9 complex that plays a
role in determining the frequency of autophagosome formation.

Results

Atg41/Icy2 is required for nonselective autophagy

We identified icy2A in a large-scale screen for mutants defec-
tive in mitophagy, the selective autophagic degradation of mito-
chondria.'"* To determine whether Icy2 plays a role in
nonselective autophagy, we carried out the GFP-Atg8 processing
assay. Atg8 is required for autophagosome formation and the
phosphatidylethanolamine (PE)-conjugated form of the protein
initially lines both sides of the phagophore; Atg8-PE on the
outer surface of the mature autophagosome is released, whereas
the population inside the autophagosome is delivered to the vac-
uole and degraded.” When fused to GFP, Atg8 is still degraded
in the vacuole lumen, but the GFP moiety is relatively stable.
Thus, the generation of free GFP can be used to monitor auto-
phagic delivery to the vacuole.'” We monitored the processing of
GFP-Atg8 expressed under the control of the endogenous A7G8
promoter. In growing conditions there is a low level of GFP-
Atg8, and the protein is upregulated following autophagy induc-
tion (Fig. 1A). We observed a substantial decrease of free GFP in
icy2A cells after 2 h of autophagy induced by nitrogen starvation
compared to the wild type (Fig. 1A-B), suggesting that auto-
phagy flux was reduced in the mutant.

The GFP-Atg8 processing assay reflects the surface area of the
inner autophagosome vesicle, which is referred to as an autopha-
gic body once it is released into the vacuole lumen. A more quan-
titative measure of autophagic capacity can be achieved with the
Pho8AGO assay, which measures the volume of the autophago-
some/autophagic body. Pho8 is a vacuolar phosphatase that is
synthesized as a zymogen; it is delivered to the vacuole via part of
the secretory pathway and is subsequently activated in the vacuo-
lar lumen by proteolytic removal of a C-terminal propeptide.'®
Pho8AGO lacks the N-terminal transmembrane domain that
serves as an internal, uncleaved signal sequence; the truncated
protein remains in the cytosol and is only delivered to the vacuole
by autophagy. Thus, autophagy activity can be measured by
monitoring Pho8A60-dependent phosphatase activity in a strain
lacking the endogenous PHOS gene."”

The wild-type strain showed the expected increase in auto-
phagy activity following nitrogen starvation (Fig. 1C). In con-
trast, an azg9A strain displayed essentially a complete block in
Pho8A60-dependent phosphatase activity. Consistent with the
GFP-Atg8 processing assay, the icy2A strain showed a significant
reduction in autophagy activity compared to the wild type. Yeast
express a paralog of Icy2, Icyl, and we extended the analysis by
examining the requirement for this protein in autophagy. In
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Figure 1. Icy2 is required for nonselective autophagy. (A) GFP-Atg8 proc-
essing assay for samples prepared from wild-type (WT; ZYY101) and
icy2A (ZYY102) strains. Both growing samples (0 h; mid-log phase in
YPD) and starvation samples (2 h; SD-N medium) were collected. Pro-
teins were resolved by SDS-PAGE and detected by western blot with
anti-YFP antibody and anti-Pgk1 (loading control) antiserum. A long
exposure of a separate blot is included to show the GFP-Atg8 bands in
growing conditions. (B) Quantitative analysis of processed GFP for the
experiment in (A) Error bars represent the SD of 3 independent experi-
ments. The result is examined by 2-way analysis of variance (ANOVA). p
values derived from the Sidak post test are reported for the comparison
between wild type and mutant. **, p<0 .01. (C) Pho8A60 assay for the
WT (WLY176), atg9A (ZYY104), icylA (ZYY106) and icy2A (ZYY105)
strains. Samples were collected from growing cells (+N; mid-log phase
in YPD) and after starvation (-N; SD-N medium). The Pho8A60 activity in
the WT was set to 100% and the other samples were normalized. The
error bars indicate the SD of 3 independent experiments. The result is
examined by ANOVA. p values derived from the Sidak post test are
reported for the comparison between wild type and mutant. ***¥
p < 0.0001.
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contrast to the icy2A strain, however, there was no significant dif-
ference between the autophagy activity in the 7cy/A and wild-
type cells. To verify that the defect seen in the icy2A mutant was
not due to an unknown secondary mutation we transformed the
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null strain with a plasmid encoding the wild-type /CY2 gene
under the control of its endogenous promoter. The wild-type
gene fully restored the autophagy activity of the null strain sug-
gesting that the mutant phenotype was indeed the result of delet-
ing /CY2 (Fig. S1A).

We decided to examine whether Icy2 was sufficient to induce
autophagy by overexpressing it during nutrient-rich conditions.
We took advantage of the ZEOI promoter, which allows consti-
tutive expression of the downstream gene before and after starva-
tion. However, overexpressing /CY2 by replacing its endogenous
promoter with the ZEOI promoter did not induce autophagy in
growing conditions (Fig. S1B), and in fact caused a partial
decrease in activity in starvation conditions. The inability to
induce autophagy by overexpression in growing conditions likely
reflects the need for the upregulation of other Atg proteins
including Atg7, Atg8 and Atg9 to achieve a higher level of
autophagy activity.'*'® To rule out the possibility that Icy2
affects the transcription of other ATG genes we examined the
expression of the ATG7 and ATGY genes in the icy2A mutant
after starvation. We found that the expression of either gene was
not affected by the absence of Icy2 (Fig. S1C). Similarly, the
amount of the Atg9 protein was unaffected (Fig. S1D), indicat-
ing that Icy2 was not required for Atg9 translation; we do not
have antibody to the endogenous Atg7 protein.

Next, to investigate whether Icy2 affects selective autophagy,
we examined processing of precursor aminopeptidase I (prApel).
The precursor form of Apel is the major cargo of the cytoplasm-
to-vacuole targeting (Cvt) pathway, a biosynthetic type of selec-
tive autophagy.'” Upon delivery to the vacuole, the propeptide
of prApel is proteolytically cleaved and the resulting molecular
weight shift can be detected by western blot. We observed a
defect in prApel processing in the absence of Icy2 (Fig. S1E),
indicating that this protein is required for an efficient Cvt path-
way. Taken together, these data indicate that Icy2 is required for
normal autophagy flux. Because of the autophagy-defective phe-
notype of the 7cy2A strain based on the GFP-Atg8 processing
and Pho8AGO assays, and the block in the Cvt pathway, we con-
cluded that Icy2 is involved in both selective and nonselective
autophagy. We are not able to identify a previous publication
describing Icy2, and therefore refer to the protein as Atg4l
hereafter.

An increased Atg4l expression level during starvation is
required for autophagy

Either insufficient or excessive autophagy can be detrimental
to cell physiology. Accordingly, autophagy activity is regulated at
many levels, including through transcriptional control.'*"®2° To
determine whether the expression level of Atg4l changed
between nutrient-rich and nitrogen starvation conditions we first
examined the A7G41 mRNA level by real-time quantitative
PCR (RT-qPCR; Fig. 2A). A dramatic increase of ATG41
mRNA was observed after 1 h of nitrogen starvation. To deter-
mine whether the A7G41 transcriptional expression increase
leads to a corresponding translational upregulation, we integrated
epitope tags at the A7G41 chromosomal locus using either GFP
or protein A (PA) to generate C-terminal fusions. A Pho8A60
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Figure 2. The Atg41l expression level increases after autophagy is
induced. (A) The mRNA level of ATG41 was measured by RT-qPCR in the
wild-type strain (WT; WLY176) before and after nitrogen starvation with
2 pairs of independent ATG41 primers. The error bars represent the SD
from 3 independent experiments. (B) The protein level of Atg41-GFP was
detected by western blot. Both growing (mid-log phase in YPD) and star-
vation (SD-N medium) samples of Atg41-GFP were collected, protein
extracts resolved by SDS-PAGE and blots probed with anti-YFP antibody
and anti-Pgk1 (loading control) antiserum. (C) The protein level of
Atg41-PA was detected by western blot as described in B.

assay of the ATG41-GFP strain showed a comparable autophagy
activity level to the wild type, indicating that the C-terminal tag-
ging of ATG41 did not disrupt protein function (Fig. S2A). Cells
expressing tagged Atg41 were harvested from cultures in growing
and nitrogen starvation conditions and protein extracts were
examined by western blot (Fig. 2B-C). In agreement with the
RT-qPCR results, the protein level of Atg41 detected in either of
the tagged strains increased substantially during nitrogen starva-
tion. We could not detect Atg41-GFP in growing conditions
with a short-time exposure, but could observe a low level of
Atg41-PA. The inability to detect the GFP-tagged protein in
growing conditions probably reflects the low expression level of
Atg4l during vegetative growth and the different sensitivity of
the respective antibodies.

We took advantage of the GFP tag to examine the expression
of Atg41 by fluorescence microscopy. Consistent with the west-
ern blot results, dramatically increased fluorescence intensity was
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observed after 2-h nitrogen starvation (Fig. $2B). To investigate
the stability of the Atg41 protein, we performed the western blot
equivalent of a pulse-chase experiment, relying on the low expres-
sion level observed in growing conditions (Fig. S2C). Cells
expressing Atg41-GFP were first starved for nitrogen and then
shifted back to rich medium conditions (YPD). Protein extracts
were collected at different time points and examined by western
blot. The Atg8 level was also monitored for comparison because
Atg8 shows a similar dramatic increase in expression under star-
vation conditions. We found that the Atg41 level decreased back
to the pre-starvation level within 30 min after shifting the cul-
tures back to growing conditions, indicating that Atg41 is unsta-
ble or rapidly degraded when the cells are not under autophagy-
inducing conditions. In contrast, Atg8 levels displayed a steady
but slow decline consistent with the turnover of the part of the
Atg8 population that was present within autophagic bodies.

The increased expression of Atg41 was of a greater magnitude
than that seen for any of the characterized Atg proteins, with the
exception of Atg8. In the case of Atg7, Atg8 and Atg9 the
increases in protein levels are important for efficient auto-
phagy.''® Accordingly, we next wanted to determine whether
the increase in Atg41 was required for robust autophagy activity.
Accordingly, we replaced the endogenous A7G41 promoter in
the genome with the COFI promoter. We determined empiri-
cally that the COFI promoter drives relatively low protein
expression; in addition, the expression pattern of genes under the
control of the COFI promoter showed relatively little difference
between vegetative and starvation conditions (data not shown).
Thus, by replacing the endogenous ATG41 promoter (ATG41p)
with that of COFI we were able to maintain a similar, low
ATG41 expression level before and after nitrogen starvation
(Fig. 3A). We used the C-terminal GFP-tagged strain to allow us
to detect the Atg41-GFP protein level; in fact, the primary pur-
pose of using this strain in addition to the null mutant was that it
allowed us to verify the reduced level of Atg41 with a positive sig-
nal. The ag41A, ATG41p-ATG41-GEP and COFlp-ATG41-
GFP cells were grown to mid-log phase and shifted to starvation
conditions; aliquots were collected and protein extracts were ana-
lyzed by the Pho8AGO assay. The wild-type and ATG41p-
ATG41-GFP strains displayed a robust induction of autophagy
activity during nitrogen starvation (Fig. 3B). In contrast, the
COF1p-ATG41-GFP cells showed a substantial reduction in
autophagy activity, close to that of the azg41 A null strain. These
data suggest that the large increase in Atg41 protein seen under
starvation conditions is required for normal autophagy activity.

Atg41 protein levels correlate with autophagosome number

A decrease in the number and/or size of autophagosomes can
result in impaired autophagy activity.”"** Therefore, we used
transmission electron microscopy to determine the effect of
decreased Atg4l protein levels with regard to autophagosome
formation, by measuring the number and size of autophagic bod-
ies.”> We used a pep4A vps4A strain background for this analysis.
PEP4 encodes proteinase A, which is required to activate multi-
ple vacuolar hydrolases; deleting PEP4 causes the accumulation
of intact autophagic bodies in the vacuole. VPS4 edcodes a AAA-
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ATPase involved in multivesicular body protein sorting, and
deletion of this gene reduces the vesicular background content of
the vacuole. We analyzed the atg4IA, ATG41p-ATG41-GFP
and COF1p-ATG41-GFP strains with regard to autophagic body
number and size (Fig. 3C-E). Quantitative analysis of the images
revealed that the number of autophagic bodies was reduced in
the arg41A and COFIp-ATG41-GFP strains (Fig. 3D), whereas
there was essentially no difference in autophagic body size
(Fig. 3E). Using an algorithm to estimate total autophagic body
number and size within the vacuole,” the electron microscopy
analysis indicated that the total autophagy flux in the COFIp-
ATG41-GFP and atg41A strains was reduced by approximately
50% compared to the ATG41p-ATG41-GFP wild type
(Table S1), which is consistent with the Pho8AG0 assay results.
These data further support our finding that the increased Atg41
level is required for a maximal autophagic response. Finally,
because the lower autophagy activity was due to decreased auto-
phagosome numbers, these results also suggest that the Atrg4l
level is important in determining the rate of autophagosome for-
mation rather than the size/expansion, similar to Atg9.l7

Atg41 localizes to Atg9 peripheral structures and associates
with Atg9

Reduced levels of Atg4l affected the number of autophago-
somes formed during starvation, and we next wanted to deter-
mine the relationship of Atg41 to other components of the Atg
core machinery, those proteins that are needed for autophago-
some formation.”* Information on protein subcellular location
can often provide useful informative with regard to protein func-
tion, and most of the Atg proteins have discrete localization pat-
terns. Accordingly, we examined the localization of Atg41-GFP.
Our analysis of Atg41 expression based on the visualization of
the Atg41-GFP chimera showed a unique distribution pattern
for this protein (Fig. S2B), which was reminiscent of the overall
morphology of yeast mitochondria. Accordingly, we used Mito-
Tracker Red to stain the mitochondria of cells expressing Atg41-
GFP and examined them by fluorescence microscopy. We
observed substantial colocalization of Atg41-GFP and Mito-
Tracker Red (Fig. 4A). A peri-mitochondrial distribution is simi-
lar to that displayed by Atg9-GFP.* In addition, Atg41 does not
contain a mitochondrial targeting sequence or transmembrane
domain, suggesting that Atg41-GFP distributes around the mito-
chondria rather than being directly associated with the organelle.

Considering that Atg41 had a similar subcellular distribution
to that of Atg9, and a decrease in either protein correlated with a
reduced number of autophagic bodies, we decided to investigate
the relationship between these 2 proteins. We first tagged Atg9
with mCherry, and Atg41 with GFP to see if these 2 proteins dis-
played a close proximity under fluorescence microscopy
(Fig. 4B). The results indicated a partial colocalization of Atg9
and Atg4l. To further examine whether a potential transient
interaction exists, we took advantage of the bimolecular fluores-
cence complementation (BiFC) assay.”” In this assay, Venus YFP
is split into 2 parts, the N terminus (VN) and C terminus (VC).
We genomically tagged the C terminus of Atg4l with VC and
the C terminus of Atg9 with VN, generating an ATG41-VC
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Figure 3. The increase in Atg41 protein level is required for autophagy. (A) The COF1 promoter was used to clamp Atg41 expression at the basal level.
Both ATG41p-ATG41-GFP (ZYY107) and COF1p-ATG41-GFP (ZYY109) cells were collected before and after nitrogen starvation, and protein extracts were
analyzed by western blot as in Figure 1. A long exposure is shown to visualize Atg41 in growing conditions. (B) Pho8A60 assay of ATG41p-ATG41-GFP
(ZYY107) and COF1p-ATG41-GFP (ZYY109). The activity in the wild-type strain (WT; WLY176) was set to 100% and other values were normalized. Error
bars represent the SD of 3 independent experiments. The result is examined by 2-way analysis of variance (ANOVA). p values derived from the Sidak
post test are reported for the comparison between wild type and mutant. **** p < 0 .0001. (C) Representative TEM images of ATG41p-ATG41-GFP,
COF1p-ATG41-GFP and atg41A cells after starvation (SD-N medium). Autophagic bodies are seen as clustered vesicles in the vacuole lumen, which
appears white. The lower panels provide a higher magnification of the cells in the upper panels. Scale bar: 500 nm. (D, E) Estimated average number (D)
or average radius (E) of of autophagic bodies per cell for the strains in C. Estimations were based on the number (D) or the radius (E) of autophagic body
cross sections observed by TEM in a sample size of more than 100 cells. The error bars indicate SD of the sample cells’ radius estimated and calculated

by the mathematic algorithm.

ATGI-VN strain. The YFP fluorescence signal in this strain can
only be observed when VN and VC are in close proximity. For
comparison, we also constructed A7G41-VC ATG2-VN and
ATG41-VC ATG27-VN strains. Atg2 and Atg27 both function
in Atg9 trafficking between the peripheral sites and the PAS, in
retrograde and anterograde trafficking, respectively. We observed
bright fluorescent dots in the cells expressing Atg41-VC Atg9-
VN, but not in the other strains (Fig. 4C-D). Furthermore, we
could only detect a fluorescent signal between Atg41-VC and
Atg9-VN under starvation conditions; however, this may simply
reflect the extremely low level of Atg41 expression during grow-
ing conditions (Fig. 2). This result suggests that Atg41 associates
with (or is located in proximity to) Atg9, but not necessarily
other Atg proteins involved in Atg9 trafficking.

To confirm the BiFC result, we also performed the yeast two-

hybrid assay (Fig. 4E). AD-ATG41 and BD-ATG9 were
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cotransformed into cells, while the AD empty vector and BD-
ATGY were cotransformed as controls. The results showed that
only cells with AD-ATG41 and BD-ATG9 could grow under
minus histidine selection, indicating an association between
Atg41 and Atg9. Since Atg9 is proposed to function in donating
or directing membrane to the expanding phagophore by traffick-
ing from donor sites to the PAS, we next investigated whether
Atg41 controlled autophagy via an effect on Atg9 movement.
Previous studies indicated that in the absence of Atgl the retro-
grade trafficking of Atg9 was largely blocked resulting in accumu-
lation of the protein at the PAS.” We took advantage of this
phenotype to carry out a kinetic analysis of Atg9 anterograde
movement in cells expressing a temperature sensitive allele of
ATGI (Atgl®™); the strain also expressed Atg9—3GFP and RFP-
Apel as a PAS marker. When autophagy was induced at the per-
missive temperature, Atg9—3GFP could shuttle between the PAS
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Figure 4. Atg41 localizes to peripheral Atg9-containing sites. (A) Representative images for colocalization of Atg41 and MitoTracker Red. ATG41-GFP
(2YY107) cells were grown to mid-log phase and stained with MitoTracker Red in YPD medium. Cells were then washed and shifted to starvation condi-
tions (SD-N) before fluorescence microscopy analysis; images are representative pictures from single Z-sections. Scale bar: 5 um. (B) Representative
images and the quantification for Atg41-GFP and Atg9-mCherry (ZYY125) colocalization. Cells were starved in SD-N medium prior to microscopy. Scale
bar: 5 um. (C) Representative images for a BiFC assay of strains expressing Atg41-VC and either Atg2-VN (ZYY114), Atg9-VN (ZYY113) or Atg27-VN
(ZYY115). Cells were starved in SD-N medium prior to microscopy. Scale bar: 5 wm. (D) Quantitative analysis of cells showing BiFC signals described in
(€). The result was examined by 2-way analysis of variance (ANOVA). p values derived from the Sidak post test are reported for the comparisons between
ZYY113 and 2 other strains. **, p<0.01. (E) Images for the yeast 2-hybrid result. The ATG41-AD and AD empty prey plasmids were cotransformed with the
ATG9-BD bait plasmid. Cells were grown on SMD -Leu -Ura plates selecting for the presence of both plasmids. Cells were also grown on SMD -Leu -Ura
-His plates with 10-fold serial dilution for the selection of strains having protein interactions. (F) Quantitative analysis of Atg9 and prApe1 (PAS) colocali-
zation. WT (SKB171) and mutant (ZYY126) cells were transformed with a plasmid expressing temperature-sensitive Atg1 and cultured at the permissive
temperature (24°C) with SMD medium (+N) until the mid-log phase. Samples were then shifted to SD-N and cultured at the nonpermissive temperature
(37°C) for 1 h. The colocalization of Atg9-3GFP and RFP-Ape1 were counted and the frequency was determined. The result was examined by ANOVA. p
values derived from the Sidak post test are reported for the comparison between wild type and mutant. *, p < 0.05.

and peripheral sites, resulting in a low level of colocalization
between Atg9 and prApel (data not shown). Similarly, the cells
displayed a low level of colocalization in growing conditions
(Fig. 4F). Following a shift of the Atg1® strain to the nonpermis-
sive temperature, Atg9-3GFP accumulated at the PAS resulting
in a substantial increase in colocalization with RFP-Apel. In the
atg41 A strain there was a significant decrease in the colocaliza-
tion between these 2 proteins compared to the wild type. The
Atg41 protein level in the Atg1® strain was comparable to that in
the wild-type strain after 1 h of starvation at the nonpermissive
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temperature (Fig. S3A), indicating that the defect in Atg9 traf-
ficking reflected the absence of Atg41 specifically in the azg41A
(Atgl®) strain and not the A7TG41 wild-type (Atgl®™) strain. This
result indicated a kinetic defect in Atg9 anterograde trafficking in
the absence of Atg41.

Because fluorescence microscopy, bimolecular fluorescence
complementation and yeast two-hybrid data suggested that
Atg41 associated with Atg9, we wanted to map the region of
Atg4l that is required for this interaction, which would then
allow us to examine the effect of specifically disrupting this
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association. We started the analysis with a computerized predic-
tion of intrinsically disordered regions (IDRs) in Atg4l. For
many proteins IDRs participate in dynamic binding interactions.
Furthermore, we determined that many of the yeast Atg proteins
contain IDRs,”® and this appears to be conserved up to
humans.”” We used PONDR-FIT, *® an algorithm that com-
bines several individual disorder predictors that evaluate the ten-
dency for intrinsic disorder based on the target sequence, to
identify putative IDRs in Atg41 (Fig. 5A). Based on the analysis,
Atg41 contains at least 4 regions above the threshold level. Two
of these potential IDRs are located at or near the N terminus.
Because deletions of this part of the protein were more likely to

affect folding of the remainder of the protein we focused our ini-
tial analysis on the 2 C-terminal IDRs and generated strains
expressing Atg41(A91-110) and Atg41(A127-136). The C ter-
mini of these strains were tagged with VC, and Atg9 was tagged
with VN to allow us to carry out the BiFC assay.

Based on the bimolecular fluorescence complementation assay
after autophagy induction we could still detect a fluorescent sig-
nal with Atg9-VN and Atg41(A91-110)-VC, similar to the
results with full-length Atg41 (Fig. 5B-C). In contrast, deletion
of the extreme 10 C-terminal residues in Atg41(A127-136)-VC
abrogated the association between the 2 proteins. Because of the
relatively small size of the deletion, and its location at the extreme
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Figure 5. The C-terminal region of Atg41 is important for its function in autophagy. (A) Tendency of intrinsic disorder and probability of an Atg41 residue
being in a disordered region, predicted by PONDR-FIT. Regions of the protein above the horizontal dashed line are predicted to be disordered. The verti-
cal lines indicate the regions chosen for deletion analysis. (B) Representative images for a BiFC assay of Atg41-VC Atg9-VN cells expressing full-length (1-
136) Atg41-VC (ZYY113), and deletion mutants Atg41(A91-110)-VC (ZYY119) or Atg41(A127-136)-VC (ZYY120). Cells were starved in SD-N medium
before fluorescence microscopy analysis. Scale bar: 5 um. (C) Quantitative analysis of the BiFC assay described in (B). The result is examined by 2-way
analysis of variance (ANOVA). p values derived from the Sidak post test are reported for the comparison between wild type and mutant. **, p < 0.01. (D)
Representative images showing the distribution of Atg41-GFP (ZYY107) and Atg41(A127-136)-GFP (ZYY121) in cells before and after starvation in SD-N
medium prior to fluorescence microscopy analysis. The right column of panels corresponds to a higher magnification. Scale bar: 5 wm. (E) Pho8A60 assay
of a wild-type (WT; WLY176) or atg41A (ZYY105) strain, and strains expressing full-length (FL) Atg41-VC (ZYY116) and the indicated Atg41-VC deletion
mutants (ZYY117 and ZYY118). Pho8A60 activity was set to 100% in the WT after starvation and normalized in the other samples. Error bar represented
the SD of 3 independent experiments. The result is examined by 2-way analysis of variance (ANOVA). p values derived from the Sidak post test are
reported for the comparison between wild type and mutant. **** p < 0.0001.
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C terminus, this mutation is unlikely to affect the stability of
Atg41; indeed, analysis of Atgd1(A127-136)-GFP by micros-
copy indicated that the truncation did not affect the stability of
the protein relative to the wild type (Fig. 5D). Similarly, western
blot indicated that Atg41(A127-136)-GFP was stable (Fig. S3B).
Therefore, these data suggest that the extreme C-terminal region
of Atg41 is important for associating with Atg9.

Having identified a region in Atg41 that was needed for its
association with Atg9, we next utilized the Pho8AG6O assay to
examine the phenotypic consequence of disrupting this associa-
tion (Fig. 5E). Cells expressing Atg41-VC displayed a wild-type
level of autophagy activity, which was also the case for cells
expressing Atg41(A91-110)-VC. In contrast, the Atg41(A127-
136)-VC protein, which no longer interacted with Atg9, had a
reduction of Pho8AGO activity similar to that seen with the
atg41 A strain. Finally, we examined the distribution pattern of
the Atgd1(A127-136) mutant. In contrast to the peri-mitochon-
drial localization seen with wild-type Atg41-GFP, Atgd1(A127-
136)-GFP showed a diffuse distribution pattern (Fig. 5D).
Taken together, these results indicate the very C-terminal region
of Atg4l is important for its association with Atg9, its correct
subcellular distribution and normal autophagy activity.

The Gen4 transcription factor regulates ATG41 expression

Because the Atg4l expression level changed considerably
between growing and starvation conditions, we wanted to deter-
mine the mechanism involved in the transcriptional regulation of
ATG41. High-throughput analysis indicates that Gen4, the mas-
ter regulator of gene expression during amino acid starvation,
modulates the transcriptional level of multiple A7G genes.”
Moreover, combining the previous study and an online yeast
transcriptional database, Yeastract (www.yeastract.com), indi-
cated that the ATG41 5" untranslated region (UTR) contains 2
putative Gen4 binding regions.”® Therefore, we decided to inves-
tigate the possible role of Gen4 in regulating ATG41 expression.
We examined the A7G4I mRNA level by RT-qPCR. As we
observed previously (Fig. 2A), there was a strong increase in
ATG41 mRNA in the wild-type strain following autophagy
induction by nitrogen starvation. In contrast, there was a signifi-
cant reduction relative to the wild type in a gendA strain
(Fig. 6A). Next, we tagged Atg41 with protein A in the gend A
mutant and monitored the protein level of Atg41-PA by western
blot. In agreement with the RT-qPCR results, the protein level
of Atg41-PA was reduced by approximately 40% in the gendA
background (Fig. 6B and C). Next, we used the Pho8AGO assay
to determine whether the absence of Gen4 caused an autophagy
defect (Fig. 6D). We found a clear decrease of autophagy activity
in the gen4 A background, suggesting that Gen4-dependent regu-
lation is necessary for optimal autophagy activity. To test whether
overexpression of Atg41 in starvation conditions could rescue the
gend4 A phenotype, we replaced the ATG41 endogenous promoter
with the ZEOI promoter in the gend A background; Gen4 does
not regulate the ZEOT promoter. The Pho8A60 assay of ZEOIp-
ATG41 showed a significantly increased autophagy activity com-
pared to gen4A, indicating a partial rescue of the gendA auto-
phagy defect (Fig. 6E). The observation that the ZEOIp-ATG41
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strain did not display a complete restoration of autophagy likely
reflects a role for Gen4 in regulating other genes whose products
are required for full autophagy activity. Taken together, these
data suggest that Gen4 positively regulates A7G41 and that this
regulation is important for autophagy.

Finally, we wanted to determine whether Gen4 regulates
ATG41 by direct binding to its promoter or indirectly by activat-
ing other transcription factors. To address this question we car-
ried out a chromatin immunoprecipitation (ChIP) experiment
using a Gcn4-PA strain. We designed 9 pairs of primers
(ATG41-1 to ATG41-9) each spanning approximately 130 to
170 nucleotides of the ATG41 promoter region to ensure com-
plete coverage including 2 potential Gen4 binding regions pre-
dicted by computer and database analysis (Fig. 6F). In addition,
we used a previously identified site in the HIS5 gene as a positive
control®” and the TFCI gene, which lacks any predicted Gen4
binding sites, as a negative control. The RT-qPCR analysis indi-
cated binding at the HIS5 promoter, but no binding at the 7FC1
promoter as expected (Fig. 6G). For the ATG41 promoter
region, we detected enrichment (at least 50% the level of the pos-
itive control) of the PCR product using primers A7G41-1 to
ATG41-5, with the regions detected by primers A7G41-3 and
ATG41-4 showing an even higher enrichment than the HIS5
positive control. This result is in agreement with the prediction
that one of the potential Gen4 binding sites is located in the
region covered by these primers. The second predicted binding
site, covered by the primer pair A7G41-8 did not show a strong
enrichment. This second site is located almost 800 nucleotides
away from the translational start site (compared to approximately
300 nucleotides for the enriched site), which is generally outside
the region of yeast promoters, and is therefore unlikely to func-
tion in transcriptional control of ATG41. Taken together, these
results indicated that Gen4 binds directly to the promoter region
of ATG41 and transcriptionally activates expression of this gene.

Discussion

In this report we identified Atg41 as a novel component of the
autophagy machinery in yeast. The absence of Atg41 results in a
severe defect in autophagy activity due to a decreased rate of
autophagosome formation. Icyl, a paralog of Atg4l/Icy2, has
low sequence similarity to Atg41/Icy2, which likely explains why
Icyl does not appear to play a role in autophagy. Many of the
Atg proteins are upregulated during starvation, but only Atg8
and Atg41 display a greater than 10-fold increase in protein level.
Both Atg8 and Atg4l are relatively small proteins, and Atg8
functions in phagophore expansion; lower levels of Atg8 corre-
spond to smaller autophagosomes.”! In contrast, Atg41 does not
appear to play a role in determining the size of autophagosomes,
but rather influences their formation rate, similar to Atg9."”
Along these lines, the localization of Atg4l shows a peri-mito-
chondrial distribution similar to Atg9. Furthermore, our results
showed an association between Atg9 and Atg4l. Considering all
of these data, we propose that Atg41 is part of the Atg9 complex
and is involved in the delivery of donor membrane to the expand-

ing phagophore.
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dent experiments.
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We also identified Gen4 as a positive regulator of autophagy
in agreement with previous studies.”’ A7G41 mRNA levels only
increased approximately 8-fold in #he gen4A strain compared to
the nearly 60-fold increase seen in the wild type, indicating that
Gcen4 plays a primary role in transcriptional regulation of
ATG41. Although ATG41 transcripts increased at 6- to 7-fold
higher levels in the wild type compared to the gendA strain, the
protein levels only increased approximately 2-fold. This differ-
ence may reflect the role of other potential positive regulators, or
translational silencing. The gen4A strain displayed an approxi-
mately 50% decrease in autophagy activity, which further sup-
ports our hypothesis that a large increase in the amount of the
Atg41 protein is required for normal autophagy activity. Cells do
not maintain elevated levels of autophagy indefinitely, although
the mechanisms involved in downregulating autophagy under
inducing conditions are not fully understood. For example, at
present we do not know what controls the turnover of Atg41.
We have not detected this protein within the vacuole (data not
shown), suggesting that it may be degraded by the proteasome.
Expression from the COFI promoter is predicted to be constant
under growing and starvation conditions, yet we observed a clear
decrease in Atg4d1-GFP when expressed at low levels (Fig. 3A),
which may correspond to degradation of the protein. Future
studies may provide further information on the mechanism(s)
involved in regulating the expression and stability of Atg41l and
in determining its role in autophagy.

Although homologs of Atg41/Icy2 are found in different fun-
gal species, no homolog is reported in higher eukaryotes based on
sequence analysis. Even though many Atg proteins are conserved
from yeast to mammals, a number of Atg proteins in yeast lack
the corresponding homologs in mammals; however, in many
cases the potential functional counterparts of these Atg proteins
in mammals exist. One example is seen with Atgl7 and
RB1CCl, the latter of which is considered as the mammalian
counterpart. Although RBICCI is much larger than Acgl7
(1594 amino acids compared to 417 amino acids), both proteins
bind to the Atgl/ULKI kinase and play important roles in
autophagy induction.’ In yeast, Atg17, Atg29 and Atg31 form a
stable complex, whereas RBICCI1 can interact with ULK1 alone.
It is thus possible in this case that in mammals one protein com-
bines the functions of several yeast proteins. We speculate that
Atg41 also falls into this category. That is, it is possible that a
functional counterpart exists in mammals, and this protein either
functions similarly to Atg41 or combines the functions of Atg41l
and at least one other yeast protein.

Materials and Methods

Yeast strains, media and growth conditions

Yeast strains used in this paper are listed in Table S2. Yeast
cells are grown in rich medium (YPD: 1% [wt/vol] yeast extract
[ForMedium, YEMO04], 2% [wt/vol] peptone [ForMedium,
PEP04], 2% [wt/vol] glucose; or SMD: 0.67% yeast nitrogen
base [ForMedium, CYN0410], 2% [wt/vol] glucose, 0.5% casa-
mino acids [ForMedium, CAS03], 1x complete amino acids
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and vitamins supplement (see Table S3 for details), 2% glucose).
Autophagy was induced by shifting mid-log phase cells from rich
medium to nitrogen starvation medium (SD-N: 0.17% yeast
nitrogen base without ammonium sulfate or amino acids [For-
Medium,CYNO501], 2% [wt/vol] glucose) for the indicated

times.

Antibodies and antisera

Anti-YFP antibody, which detects GFP, was from Clontech
(JL-8; 63281), and anti-Pgkl was a generous gift from Dr.
Jeremy Thorner (University of California, Berkeley). Antibodies
to Apel and Atg9 were described previously.?®** The protein A
tag was detected with a nonspecific commercial antibody that is
no longer available.

Plasmids

pRS405-GFP-ATGS8 contains the GFP-ATG8 open reading
frame with the endogenous A7G8 promoter. This plasmid was
linearized and integrated into the corresponding strains listed in
Table S2. pRS414-ATG41 contains 1,000 nucleotides of the
ATG41 5" UTR, the ATG4I open reading frame and 500
nucleotides of the 3’ UTR. pRS414-ATGI-ts contains the ATGI
open reading frame with the endogenous A7G1 promoter, and
L88H, F112L and S158P mutations that confer a temperature-
sensitive phenotype.®’

Fluorescence microscopy

Yeast cells were grown to mid-log phase in rich medium and
then shifted to SD-N for autophagy induction. Cells were then
examined by microscopy (Olympus; Delta Vision, GE Health-
care Life Sciences, Pittsburgh, PA, USA) using a 100 x objective,
and a CCD camera (CoolSnap HQ; Photometrics, Tucson, AZ,
USA). Twelve-image stacks were taken for each picture with a
0.3-pm distance between 2 images.

Mitochondria staining

MitoTracker Red CMXRos (Molecular Probes/ThermoFisher
Scientific, M-7512) was dissolved in DMSO. The dye was added
to mid-log cells growing in rich medium with a final working
concentration of 200 nM and a final DMSO concentration of
0.02%. After approximately 45 min, cells were washed and
grown in rich medium for another 1 h. Cells were then shifted to
SD-N for autophagy induction and microscopy analysis.

Real-time quantitative PCR

Yeast cells were cultured in YPD to mid-log phase and then
shifted to SD-N for autophagy induction. Cells were then col-
lected and frozen in liquid nitrogen. Total RNA was extracted
using an RNA extraction kit (NucleoSpin RNA II; Clontech,
740955.50). Reverse transcription was carried out using the
High Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems/ThermoFisher Scientific, ILT4368814). RT-qPCR was
performed using the Power SYBR Green PCR Master Mix
(Applied Biosystems/ThermoFisher Scientific, ILT4367659). All
primer information can be found in Table S4.
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described previously.*® After induction of autophagy, formalde-

Chromatin immunoprecipitation

The protocol for ChIP was slightly modified from one
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