Big1 is a newly identified autophagy
regulator that is critical for a fully functional
V-ATPase
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ABSTRACT The vacuolar-type H*-translocating ATPase (V-ATPase) is the major proton
pump for intraorganellar acidification. Therefore, the integrity of the V-ATPase is closely
associated with cellular homeostasis, and mutations in genes encoding V-ATPase compo-
nents and assembly factors have been reported in certain types of diseases. For instance,
the recurrent mutations of ATP6AP1, a gene encoding a V-ATPase accessory protein, have
been associated with cancers and immunodeficiency. With the aim of studying V-ATPase-
related mutations using the yeast model system, we report that Big1 is another homologue
of ATP6AP1 in yeast cells, and we characterize the role of Big1 in maintaining a fully func-
tional V-ATPase. In addition to its role in acidifying the vacuole or lysosome, our data sup-
port the concept that the V-ATPase may function as part of a signaling pathway to regulate
macroautophagy/autophagy through a mechanism that is independent from Tor/MTOR.

SIGNIFICANCE STATEMENT

® The V-ATPase accessory protein ATP6AP1 is mutated in multiple diseases. Voal and Big1 are
identified as two yeast homologues; the function of Big1 is unknown, and whether ATP6AP1
or Big1 can regulate autophagy is unclear.

® Big1 is critical in maintaining a fully functional V-ATPase. Furthermore, knocking down BIG1
induces autophagy even when Tor is active. Increased autophagy is also seen in human cells
when ATP6AP1 is knocked down.

® This study identifies a new protein that functions in V-ATPase assembly and provides support
for Tor-independent autophagy. In addition, cancer-associated mutations in V-ATPase may
affect autophagy.
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INTRODUCTION

The vacuolar-type H*-translocating ATPase (V-ATPase) is a con-
served and ubiquitously expressed protein complex, which is the
main regulator of intraorganellar acidification. The V-ATPase is a
multi-subunit complex composed of two large domains, the cy-
tosolic V¢ domain, which hydrolyzes ATP, and the membrane-
embedded Vg domain, which transports protons. The Vg and V,
domains can assemble separately and the assembly of the two do-
mains is highly regulated (Chen et al., 2022). In yeast cells, the as-
sembly of the Vo domain components occurs in the endoplasmic
reticulum (ER) membrane and depends on several assembly factors
residing in the ER, including integral membrane proteins Vma12
and Vma21 and the peripheral membrane protein Vma22 (Hill and
Stevens, 1994; Hill and Stevens, 1995; Jackson and Stevens, 1997;
Malkus et al., 2004; Wang et al., 2023). In addition, Voa1 has also
been shown to participate in the assembly of the Vo domain (Ryan
et al., 2008). The assembled Vo domain is transported to the Golgi
membrane where the Vi domain assembles with it (Wang et al.,
2023). Even though V-ATPase assembly in mammalian cells is less
well studied than in yeast cells, homologues of most of the yeast
V-ATPase assembly factors have been identified and several stud-
ies resolving mammalian V-ATPase structure have shed light on V-
ATPase assembly in more complex eukaryotes (Wang et al., 2020;
Wang and Rubinstein, 2023).

As the main proton pump responsible for the acidification of en-
domembrane compartments, including the lysosome and vacuole,
the V-ATPase plays a critical role in autophagy, a conserved degra-
dation pathway depending on the vacuole/lysosome; V-ATPase—
mediated vacuolar/lysosomal acidification affects the fusion of the
autophagosome (the double-membrane vesicle that transports au-
tophagic cargo) and the vacuole/lysosome (Lee et al., 2010), and
the dysregulation of vacuolar/lysosomal pH can result in the dis-
rupted lysosomal degradation of autophagic cargos (Han et al.,
2022). In addition, the V-ATPase also plays a significant role in
other types of autophagy, such as xenophagy and noncanonical
autophagy, independent from its major function in mediating acid-
ification (Xu et al., 2019; Hooper et al., 2022; Lei and Klionsky,
2022). More importantly, mutations in, and the dysregulation of,
the V-ATPase have been linked with multiple human diseases, such
as cancer, neurodegenerative disorders, and infectious diseases
(Colacurcio and Nixon, 2016; Chen et al., 2022).

Various genes encoding V-ATPase structural components and
assembly factors have been demonstrated to be highly mutated
in follicular lymphoma (FL), including VMA21 and ATP6V1B2, and
some mutations cause abnormal autophagy (Wang et al., 2019;
Wang et al., 2022). ATP6AP1/Ac45, one of the V-ATPase acces-
sory proteins in the mammalian system, is also frequently mutated
in FL cases (Okosun et al., 2016; Wang et al., 2022). In addition,
ATP6AP1 is highly mutated in other cancers and diseases, such as
granular cell tumors and immunodeficiency (Jansen et al., 2016;
Pareja et al., 2018), suggesting the importance of this gene. Given
the close connection between the V-ATPase and autophagy, it is
possible that ATP6APT functions as an autophagy regulator and
that these mutations may result in an alteration in autophagy activ-
ity, thereby contributing to disease development or progression.

© 2024 Lei et al. This article is distributed by The American Society for Cell Biol-
ogy under license from the author(s). Two months after publication it is available
to the public under an Attribution-Noncommercial-Share Alike 4.0 Unported
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/4.0).
"ASCB®," “The American Society for Cell Biology®," and “Molecular Biology of
the Cell®" are registered trademarks of The American Society for Cell Biology.
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Thus, a better understanding of mutations in genes encoding the
V-ATPase and/or its assembly factors may provide useful insights
for designing therapeutic approaches.

As the V-ATPase is essential for eukaryotic cell viability except in
fungi (Ryan et al., 2008) and the vacuole, the equivalent organelle
to the lysosome, is relatively large, yeast cells serve as a good
model organism to study the V-ATPase. Therefore, we decided to
examine the role of ATP6AP1 in autophagy by studying its homo-
logue in yeast cells. In this study, we determined that Big1, a largely
uncharacterized protein, is a second homologue of ATP6AP1 and is
important for a fully functional V-ATPase in yeast cells. In addition,
we found that the removal of Big1 results in autophagy induction.
Similarly, the knockdown of ATP6AP1 in human cells also causes in-
creased autophagy, suggesting that the V-ATPase may function as
a signal in regulating bulk autophagy besides its role in acidifying
the lysosome or vacuole.

RESULTS AND DISCUSSION

Yeast Big1 has a function similar to mammalian ATP6AP1
Using HHpred, a server for protein homology detection and struc-
ture prediction (https://toolkit.tuebingen.mpg.de/tools/hhpred)
(Soding et al., 2005), we determined that the sequence of the
yeast protein Big1 has significant similarity to the N terminus of
ATP6APT (E = 3.8e-22) (Figure 1A; Supplemental Figure S1). In
addition, Voal has also been shown to have significant similarity
to both the N and C termini of ATP6AP1 (E = 0.045 and 3.4e-9,
respectively). Compared with Voa1, which has been defined as a
V-ATPase assembly factor with known structure and localization,
very few studies have focused on Big1. The current available in-
formation concerning Big1 is that it is located in the ER and is re-
quired for the synthesis of B-I,6-glucan, an essential polymer in-
volved in the cell wall attachment of many surface mannoproteins
(Azuma et al., 2002). We examined the localization of Big1 tagged
with green fluorescent protein (GFP) relative to the ER marker
Sec63-RFP and found substantial overlap (Figure 1B), confirming
that Big1 resides in the ER.

Given the similarity between sequences of Big1 and ATP6APT,
we suspected that Big1 may also function in V-ATPase assembly.
Yeast cells with deficient V-ATPase activity are viable but exhibit a
Vma™ phenotype, characterized by the inability to grow in medium
buffered to pH 7.5 and/or in the presence of a higher extracellular
concentration of calcium or heavy metals (Sambade et al., 2005);
culture medium at pH 5.0 suppresses the growth defect. Vma21
plays a major role in V-ATPase assembly (Hill and Stevens, 1994).
For example, the phenotype associated with the voal deletion
is strongly exacerbated in cells with partially defective Vma21
(Ryan et al., 2008). Vma21 requires a C-terminal dilysine motif
to be retained in the ER; when the dilysine is mutated to diglu-
tamine (Vma21[QQ)]), Vma21 is mislocalized resulting in reduced
V-ATPase assembly and activity (Ryan et al., 2008). Accordingly, we
generated bigTA cells in a Vma21[QQ] background. Compared
with the wild-type cells, bigTA vma21[QQ] cells showed a growth
deficiency on a YPD plate buffered to pH 7.5 in the presence of
35 mM calcium. In contrast, there was no significant difference in
growth on YPD buffered to pH 5.0. The growth phenotype was
partially rescued by adding back Big1 or, to a lesser extent, human
ATP6AP1 driven by the yeast ZEOT promoter (Figure 1C). Express-
ing the N terminus of ATP6AP1, corresponding to the region that
is homologous to Big1, recues the growth phenotype better than
full-length ATP6AP1, which may be due to inefficient Kex2/furin
cleavage in yeast cells, an important step for the full function of
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Big1 functions similarly to ATP6AP1. (A) Overview of the regions of ATP6AP1 that are homologous to the
yeast proteins Voal (green) and Big1 (blue). The features of the proteins, including the signal sequence (black),
transmembrane domain (gray), and proteolytic cleavage site are based on the information from UniProt
(https://www.uniprot.org/) and previous studies. (B) SEC63-RFP BIG1-GFP cells were cultured in YPD to midlog phase
and images were captured by fluorescence microscopy. DIC, differential interference contrast. (C) Wild-type, big1A
Vma21[QQ], and big1A Vma21[QQ] cells transformed with a plasmid encoding Big1 driven by the endogenous
promoter or full-length ATP6AP1 or the first 227 amino acids of ATP6AP1 driven by the ZEO1 promoter were cultured
in YPD to midlog phase. The colony dot blot was performed as described in the Materials and Methods.

ATP6AP1T (Louagie et al., 2008) (Figure 1C). This finding suggests
that Big1 is one of the functional homologues of ATP6AP1 and
may function in V-ATPase assembly in yeast.

Big1 depletion leads to less V-ATPase on the vacuole and
deficient enzyme activity

Some studies classify BIGT as an essential gene (Azuma et al.,
2002; Morgan et al., 2019), and big1A cells grow slowly (doubling
time being ~2 h). Thus, to avoid potential indirect effects brought
about by the deletion of BIG1, we took advantage of the auxin-
inducible degron (AID*) system to conditionally knock down BIG1
expression. This system is well established in yeast cells to tempo-
rally control gene expression by mediating proteasomal degrada-
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tion of targeted proteins in an auxin-dependent manner (Nishimura
etal., 2009). Therefore, these cells can be maintained as essentially
wild type for normal growth and Big1 can be removed in a tempo-
ral manner. The phenotype of V-ATPase assembly defects is cumu-
lative, and only newly synthesized complexes are affected; thus,
some time is necessary for the phenotype to be strong enough to
be detected. Accordingly, we treated the Big1-AID* cells with 300
pM indole-3-acetic acid (IAA) for 12 h before collecting samples,
which is enough for essentially complete loss of detectable Big1
(Figure 2A). To directly determine the impact on V-ATPase assem-
bly after the knockdown of BIG1, yeast vacuoles were isolated, and
the protein levels of some V-ATPase components were detected by
western blot (Figure 2B). Compared with the control cells treated
with DMSO, we observed that vacuolar protein levels of Vph1, a
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Big1 plays a role in V-ATPase assembly. (A and B)
Big1-AID* cells were cultured in YPD overnight until midlog phase
then diluted and treated with DMSO or IAA for 12 h. (A) Cell lysates
were prepared and (B) vacuoles were isolated. These samples were
subject to SDS-PAGE and analyzed by western blot. Pgk1 was used
as a loading control in A. Prc1/CPY was used as a confirmation of
vacuole accumulation and as a loading control for the vacuole
amount in B. * in B indicates nonspecific binding. L.E., long
exposure; S.E., short exposure. (C) The V-ATPase activity of vacuoles
prepared in B was measured as described in Materials and Methods.
The IAA treatment group was normalized to the control group.
Average values + s.d. of n = 3 independent experiments are shown.
***p < 0.001. (D) Cells expressing Big1-VN were transformed with
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Vo domain component, and Vma2 and Vma8, two V; domain com-
ponents, significantly decreased in the cells treated with IAA. Vph1
levels were also decreased in the total cell extract, which fits with
the observation that this subunit is unstable when V-ATPase assem-
bly is defective (Ryan et al., 2008). In addition, using isolated vac-
uoles, V-ATPase activity was measured in a bafilomycin Ay (BafA;)-
dependent manner. Consistent with the protein level, the V-ATPase
activity was significantly reduced in the Big1-AID* cells treated with
IAA relative to the control group (Figure 2C). These results indicate
that the removal of Big1 leads to a reduced level of V-ATPase sub-
units on the vacuole, suggesting that Big1 is critical in maintaining
the normal level and function of the V-ATPase.

We further determined whether Big1 interacts with V-ATPase.
We used the bimolecular fluorescence complementation (BiFC) as-
say, which is based on the association between fragments of a flu-
orescent protein when they are tethered in the same macromolec-
ular complex. In this assay, two fragments, VN and VC of Venus,
a yellow fluorescent protein, are fused to two proteins of inter-
est. The interaction between the proteins facilitates the associa-
tion between the VN and VC chimeras to produce a bimolecular
fluorescent complex (Kerppola, 2006). We tagged the VN frag-
ment to Big1 (Big1-VN) and VC to the V-ATPase component Vph'
(VC-Vph1), and assembly factors, including Vma21 (Vma21-VC)
and Voa1 (Voa1-VC) and imaged cells by fluorescence microscopy.
Clear YFP puncta were observed in the Big1-VN cells expressing
VC-Vph1 or Vma21-VC (Figure 2D). Even though the puncta were
not as bright, they were also detected in the Big1-VN cells express-
ing Voal-VC (Figure 2D). The faint puncta in these strains could
be explained by the localization of Voal in the middle of the V-
ATPase Vma3/c-ring (Roh et al., 2018), which make the interaction
or colocalization hard to detect by the BiFC assay. The interaction
between Big1 with V-ATPase components and assembly factors is
similar to Vma21, which can interact with Vph1 and to a lesser ex-
tent Voal (Supplemental Figure S2A) (Barua et al., 2022). We fur-
ther examined the site of these interactions and found that most of
those between Big1 and Vph1 occurred at the ER-vacuole contact
site, whereas more of the interactions between Vma21 and Voal
were on the ER (Supplemental Figure S2B). In addition, the inter-
action between Big1 and Vma21 or Vph1 could be detected by
co-immunoprecipitation (Supplemental Figure S2, C and D). These
results demonstrate that Big1 interacts with some of the V-ATPase
components and assembly factors and may function in facilitating
V-ATPase assembly though these interactions.

Big1 depletion induces autophagy

Given the close association between V-ATPase and autophagy, it
is possible that Big1 could be an autophagy regulator in yeast
cells. Using the Big1-AID* strain, we decided to investigate the im-
pact on autophagy brought about by the reduced expression level
of BIG1. After treating the Big1-AID* cells with IAA for 12 h un-
der nutrient-rich conditions, the cells were transferred to nitrogen-
starvation medium (SD-N) and IAA treatment was continued in this
condition to maintain the BIG1 expression at a minimal level. We
utilized the GFP-Atg8 processing assay, where Atg8 is tagged with
GFP at its N terminus, to evaluate autophagy flux. The principle of

plasmids expressing VC or VC-tagged proteins as indicated in the
figure. These cells were cultured in YPD to midlog phase. Images
were captured by fluorescence microscopy and all z-sections were
projected. The puncta in cells expressing Big1-VN and Voa1-VC are
highlighted by white arrows.

Molecular Biology of the Cell



SD-N (min): _ 0 45 90
Auxin (IAA): = + - + - +
OSTIR-IMY C e v e e s o
Bigl-AID*-9MYC+
OsTIR-IMYC
Bigl-AID*-9MYC - == -
GFP-Atg8 o —e = == == =

GFP- —— - -
Pgkl e == == m—
B 80
] -1AA
o +AA ns
. 60
s = W
& sk
© 404
s
=
8
& 204
0 T
SD-N (min): 45 90
E 100
] WT
= 80 . D
S ] Y75P
[a
F282C ns
5 60
=
S 40
g skk
= 204 ns
o Pl g
SD-N (min): 30 60

S.E.

L.E.

C SD-N (min): _ 0 30
Auxin JAA): = F = ¥

Atgl3-PA

OSTIR-IMY C | v -

Bigl-AID*-9MYC
GFP-ALZ8 | w we an w—

GFP A -
——

SD-N (min): _ 0 30
Auxin (IAA). = + - +

Bigl-AID*-9MYC

GFP-Atg8 —[we e

GFPH .
Pgkl {== == == =

SD-N (min): _ 0 30

Auxin (IAA): = + = +

Nprl-PA-{#08 558 Ll
OSTIR-OMY C—{dlh o s e
Bigl-AID*-9MYC—

GFP-Atg8—{w o wmm——

GFPH -

e

Bigl: WT Y75P F282C

SD-N (min): 030 60 0 30 60 0 30 60
Bigl -PA-{== = == ~— == -~ |SE.
Big|-PA-|a e e - = o= |

GFP-Atg8-|w e s e s = e s e

GFP - - .

nglﬂ—-—.__,--,___|

Knockdown of Big1 induces autophagy. (A) Big1-AID* cells expressing the pRS405-CUP1p-GFP-ATG8
plasmid were cultured in YPD overnight until the midlog phase then diluted and treated with DMSO or IAA for 12 h
(SD-N 0 min) and shifted to SD-N for 45 and 90 min while maintaining DMSO or IAA treatment. Cell lysates were
prepared, subjected to SDS-PAGE, and analyzed by western blot. Pgk1 was used as a loading control. (B)

Quantification of free to total GFP (GFP + GFP-Atg8) ratio after 45- and 90-min starvation. Average values + s.d. of n =
3 independent samples in A are shown. (C) Big1-AID* cells with PA-tagged Atg13, GIn3, or Npr1 were cultured in YPD
overnight until midlog phase, diluted and treated with DMSO or IAA for 12 h (SD-N 0 min) then shifted to SD-N for 30
min with DMSO or |AA treatment. Cell lysates were prepared, subjected to SDS-PAGE, and analyzed by western blot.
Pgk1 was used as a loading control. A representative blot from three repeats of each cell is shown. PA, protein A. (D)
Cells with wild-type or mutant BIG1 were cultured in YPD overnight until midlog phase (SD-N 0 min) and then shifted to
SD-N for 30 and 60 min. Cell lysates were prepared, subjected to SDS-PAGE and analyzed by western blot. Pgk1 was
used as a loading control. (E) Quantification of free to total GFP (GFP + GFP-Atg8) ratio after 30- and 60-min starvation.
Average values =+ s.d. of n = 3 or 4 independent samples in D are shown. *p < 0.05, **p < 0.01; ns, not significant. L.E.,

long exposure; S.E., short exposure.

this assay is that the GFP-Atg8 on the inner membrane of the au-
tophagosome will be delivered to the vacuole after the autophago-
some fuses with this compartment. Within the vacuole, Atg8 will
be degraded by vacuolar hydrolases, but GFP is more resistant to
degradation. Therefore, free GFP is generated and the conversion
of GFP-Atg8 to free GFP reflects autophagy flux. After the removal
of Big1 by treating the cells with IAA for 12 h, we noticed the GFP-
Atg8 cleavage even before starvation (Figure 3A; 0 min, +IAA), in-
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dicating that autophagy was activated by the reduced Big1 protein
level under nutrient-rich conditions; autophagy is normally kept at
a low basal level until cells are stressed. This induced autophagy
can be suppressed by adding back another copy of Big1 from
a plasmid (Supplemental Figure S3A), indicating that this pheno-
type resulted solely from the removal of Big1. To provide further
support for the induction of autophagy under nutrient-rich condi-
tions, we measured the expression level of some ATG (autophagy
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related) genes. We chose ATG1, ATG7, ATGS, ATG9, and ATG41,
which are all essential for the efficient activation of autophagy, be-
cause each of these genes shows an increase in expression upon
autophagy induction and the level of Atg7, Atg8, and Atg? clearly
correlates with autophagy activity (Bernard et al., 2015; Yao et al.,
2015). The expression of each of these genes increased after IAA
treatment compared with the control DMSO-treated cells in the
nutrient-rich medium (Supplemental Figure S3B). This result con-
firmed the induction of autophagy by the removal of Big1 protein
under nutrient-rich conditions. After starvation, the autophagy ac-
tivity also showed an increase in the IAA treatment group, however,
to a lesser extent compared with the cells in growing conditions
(Figure 3, A and B, 45 and 90 min). This finding fits with the general
observation that it is easier to detect positive effects of mutations
on autophagy under growing conditions when autophagy is typi-
cally downregulated (Bartholomew et al., 2012); under starvation
conditions, autophagy is highly upregulated due to the inhibition
of various negative factors, making it difficult to detect the rela-
tively smaller increase in activity such as can be seen in nutrient-rich
conditions. In addition, when we followed the autophagy induction
across the 12-h IAA treatment, we found that the GFP-Atg8 cleav-
age under growing conditions occurred after 4-h IAA treatment
and a peak occurred at ~8 h (Supplemental Figure S3C). These re-
sults suggest that the removal of Big1 induces autophagy and that
the primary impact is seen under nutrient-rich conditions.

One reason that autophagy is maintained at a low basal level
when nutrients are replete is due to the activation of Tor, a key
nutrient sensor and the primary negative regulator of autophagy
in yeast cells. Activated Tor phosphorylates various Atg proteins
including Atg1 and Atg13 (Kamada et al., 2010) and inhibits the
formation of the principle autophagy initiating complex consist-
ing of Atg13, Atg1, and Atg17-Atg31-Atg29 (Kabeya et al., 2005;
Liu et al., 2016). Because we saw the abnormal activation of au-
tophagy under nutrient-rich conditions after knocking down the
expression of BIG1, we next analyzed the Tor activation status by
analyzing the phosphorylation of Atg13, GIn3, and Npr1, which are
phosphorylated in a Tor-dependent manner (Schmidt et al., 1998;
Crespo et al., 2002; Chang and Neufeld, 2009). Accordingly, we
prepared protein extracts and analyzed them by SDS-PAGE and
western blot; all of these proteins migrate at a higher molecular
mass when phosphorylated. Under nutrient-rich conditions, Atg13,
GIn3, and Npr1 migrated at a higher position, suggesting the phos-
phorylation of these three proteins in Big1-AID* cells treated with
either DMSO or IAA,; in contrast, there was an increase in mobility
on the gel when cells were starved, corresponding to a decrease
in phosphorylation (Figure 3C). This finding indicates that Tor was
activated under nutrient-rich conditions regardless of the presence
of the Big1 protein. That is, induction of autophagy following the
addition of IAA did not occur due to inactivation of Tor. To further
support the conclusion that Tor is activated under nutrient-rich con-
ditions, we treated the cells with rapamycin for 30 min after 12-h
DMSO or IAA treatment. In the control group, rapamycin resulted
in a higher mobility of Atg13, GIn3, and Npr1, indicating their de-
phosphorylation. In the cells with IAA treatment, the bands corre-
sponding to GIn3 and Npr1 shifted to the same position as the
control group, suggesting that these two proteins were dephos-
phorylated to the same level (Supplemental Figure S4A). However,
with rapamycin treatment, even though Atg13 had a higher mobil-
ity, it still migrated at a position of higher mass in the BIG1 knock-
down cells compared with the control cells, indicating that Atg13
was phosphorylated by kinases other than Tor when Big1 was re-
moved (Supplemental Figure S4A).
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In addition, we also noticed a partial phosphorylation of Atg13
in Big1-AID* cells treated with IAA after 30 min of starvation, rela-
tive to the control (Figure 3C). To determine whether Tor was fully
inactive after starvation, we further treated the cells with rapamycin
for 20 min following the 30-min starvation. In the cells with and
without IAA treatment, rapamycin did not cause further dephos-
phorylation of Atg13, GIn3, and Npr1 (Supplemental Figure S4, B—
D), indicating Tor1 was fully deactivated by 30 min of nitrogen star-
vation, and Tor was therefore not responsible for the partial phos-
phorylation of Atg13 under starvation conditions when Big1 was
depleted. A similar result was seen with Sch9, another target of Tor
(Urban et al., 2007). Due to the large size and multiple phospho-
rylation sites of this protein, we used SDS-PAGE with Phos-tag to
better determine the phosphorylation status of Sch9 (Supplemen-
tal Figure S4, E and F). Sch9 displayed hyperphosphorylation in
the cells without Big1, and rapamycin treatment or nitrogen starva-
tion only resulted in partial dephosphorylation, indicating that Sch?
may be phosphorylated by kinases other than Tor under this condi-
tion. All these results indicate that Tor activation only depends on
the nutrient status, but not the existence of Big1. A reduced BIG1
expression level can induce autophagy even when Tor was active,
and kinases other than Tor appear to be involved in controlling this
pathway.

Because a previous study suggests that Big1 is important for the
integrity of the cell wall (Azuma et al., 2002), we wanted to elim-
inate the possibility that autophagy was induced due to osmotic
stress. To relieve the possible osmotic pressure brought about by
Big1 removal, 0.6 M sorbitol was added to the medium to main-
tain iso-osmotic conditions. However, even with sorbitol present,
autophagy was still activated in the Big1-AlD* strain after adding
IAA (Supplemental Figure S3C). Therefore, the autophagy induc-
tion observed after the knockdown of BIGT is not likely to result
from osmotic stress. Instead, the deficient V-ATPase after Big1 re-
moval may function as a signal to activate autophagy independent
from the Tor pathway.

A cancer-associated mutation in Big1 induces autophagy

From the sequencing data of pure FL B-cell DNA isolated from
flow-sorted FL B cells in FL cases as described in a previous study
(Wang et al., 2022), several mutations in ATP6APT were discovered.
We focused on two missense mutations that lead to an amino acid
change at the N terminus of ATP6AP1 (c.269T>C/T, p.90L>L/P
and ¢c.938A>G, p.313Y>C). Sequence alignment showed that the
ATP6AP1 L90P and Y313C correspond to yeast Big1 Y75P and
F282C, respectively. To study the effect of these mutations on au-
tophagy, we generated these mutations at the genomic BIG1 locus
and examined autophagy activity using the GFP-Atg8 processing
assay. Cells carrying the Y75P mutation in Big1 showed a higher
autophagy flux after starvation for 30 and 60 min while cells with
the F282C mutation did not show a significant change compared
with the wild type, as quantified by the free to total GFP (GFP +
GFP-Atg8) ratio (Figure 3, D and E). In addition, we noticed that
mutant cells have a lower vacuolar level of some V-ATPase com-
ponents (Supplemental Figure S5A), which is consistent with what
we observed when BIG1 expression was knocked down using the
AID* system. We also tested the V-ATPase in the cells carrying the
Y75P mutation in Big1, but did not see significantly reduced activ-
ity in these mutant cells even though V-ATPase protein levels on
the vacuole decreased (Supplemental Figure S5B). A possible ex-
planation is that the V-ATPase protein level on the vacuole in the
Big1Y75F mutant was not decreased as severely as seen with Big1
depletion when using the AID system (Figure 2B). In addition, the
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Big1"”>" mutation is chronic compared with the acute depletion of
Big1-AID¥; thus, the Big1Y’%" mutant cells may have acquired some
type of compensation/suppression, and, therefore, the V-ATPase
phenotype would be more difficult to observe.

Because we noticed that the Y75P mutation resulted in a lower
protein level compared with the wild-type protein (Figure 3D), we
decided to determine whether the reduced protein level was the
only cause of the autophagy phenotype that we observed. To res-
cue the mutant protein level, we transformed a plasmid carrying
CUP1 promoter-driven Big1Y’*" into the cells carrying this muta-
tion at the endogenous BIG1 locus (Supplemental Figure S5C). The
presence of the Big1"75F plasmid resulted in a higher protein level
of mutant Big1 than seen with the wild-type protein under growing
conditions and a similar but slightly higher level during starvation
(Supplemental Figure S5D, left). Even though more mutant protein
was present, the autophagy activity was still higher than that seen
in the wild-type cells, although it was lower than that of the cells
only carrying one copy of the mutant gene (Supplemental Figure
S5D, right). Therefore, we conclude that the Y75P mutation may
lead to the instability of this protein and its degradation, which
results in a lower protein level, but at the same time this muta-
tion causes a partial loss of function of Big1, together resulting
in the increased autophagy phenotype. Overall, we determined
that the cancer-associated Y75P mutation in Big1, corresponding
to L9OP in human ATP6AP1, induces autophagy and disrupts the
normal function of the V-ATPase. These results further support the
role of Big1 in V-ATPase function and suggest that some cancer-
associated mutations in V-ATPase subunits or assembly factors may
affect autophagy.

ATP6AP1 knockdown induces autophagy in mammalian
cells

The role of ATP6AP1 in autophagy regulation was also investi-
gated in the human fibrosarcoma cell line HT1080. Here, we used
two siRNAs to knock down the expression of ATP6AP1 and found
that both led to a significant decrease compared with the cells
treated with control siRNA (Figure 4, A and B). In both cases, with
ATP6AP1 knockdown cells we detected a trend of increasing LC3B-
[I/Atg8-PE prior to starvation. In addition, compared with the con-
trol group, LC3B-II showed a significant increase after starvation
(Figure 4, A and B). Furthermore, the level of SQSTM1/p62, a
receptor that is degraded through the autophagy pathway, was
decreased in the ATP6AP1 knockdown cells using siATP6AP1-2
siRNA compared with the control group (Figure 4B). In the case
of ATP6AP1T knockdown cells using siATP6AP1-1, even though the
SQSTM1 protein level was not statistically different from the control
group, we still observed a trend of decreasing protein after star-
vation (Figure 4A). These results demonstrate that knockdown of
ATP6AP1 induced autophagy in mammalian cells, which is consis-
tent with the observation in yeast cells.

Because of the high mutation frequency of ATP6APT in multi-
ple human diseases that are closely correlated with autophagy, we
explored the role of this V-ATPase assembly factor in autophagy
regulation. Through identifying the homologue of ATP6AP1, we
focused on Big1, whose function was relatively uncharacterized. In
this report, we demonstrated that Big1 plays a critical role in keep-
ing the normal amount and function of V-ATPase on the yeast vac-
uole and the removal of this protein induces autophagy even under
nutrient-rich conditions. Similarly, the knockdown of ATP6APT in-
duced autophagy in the HT1080 cell line.
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We proposed that Big1 may function in controlling V-ATPase
activity through interacting with the structural components and as-
sembly factors and we did detect such interactions, including with
Vph1 and Vma21 (Figure 2D; Supplemental Figure S2, C and D).
One feature that distinguishes Big1 from the other known assem-
bly factors is that a large proportion of Big1 is located in the lumen
(Supplemental Figure S6A). To better understand whether this lu-
menal part contributes to Big1 function, we predicted the interac-
tion between Big1 and Vph1 using ColabFold (Supplemental Fig-
ure S6B). In the predicted model with the highest ranking, one in-
terface was identified and this interface was located in the lume-
nal part of both proteins (Supplemental Figure S6C). Therefore, we
think that Big1 may cooperate with the other assembly factors, in-
teracting with different components in the Vg subunit, thus making
the V-ATPase more stable (Compton et al., 2006; Roh et al., 2018).
A more detailed mechanism of how Big1 functions in V-ATPase as-
sembly or activity may be determined through resolving the struc-
ture of this protein.

Besides discovering a new role of Big1 in V-ATPase assembly,
we think that one of the most interesting discoveries in this re-
port is the simultaneous activation of Tor and autophagy when
BIG1 expression is knocked down because Tor is considered as
the master negative regulator of autophagy. One explanation of
this phenotype is that the removal of the Big1 protein causes de-
ficient V-ATPase, which functions as a signal to induce autophagy.
This phenotype is consistent with previous reports; mutations in
some V-ATPase components and assembly factors, which result in
deficient V-ATPase, lead to increased autophagy activity (Wang et
al., 2019; Wang et al., 2022). However, the downstream effector
protein/pathway is unknown and requires further investigation. Be-
sides the hyperphosphorylation of Atg13 and Sch9 during nutrient
starvation or after rapamycin treatment (Figure 3C; Supplemental
Figure S4, A, B, E, and F), we also noticed a mass shift of Atg1 in
the yeast cells with BIG1 depleted after starvation, which might in-
dicate an alteration in Atg1 phosphorylation (Supplemental Figure
S4G). Therefore, we speculate that a kinase may be activated when
Big1 is removed. Snf1, the AMP-activated serine/threonine protein
kinase/AMPK in yeast is involved in autophagy (Hu et al., 2019). Ac-
cordingly, we tested the activation of Snf1 when Big1 was removed
by IAA treatment (Supplemental Figure S7). Even though we no-
ticed a decreased total protein level in the IAA treatment group,
possibly caused by the 3HA tagging (Saiz-Baggetto et al., 2017),
the proportion of activated Snf1 (p-Snf1) was significantly higher
than in the control group (Supplemental Figure S7B), indicating it
could be the cause of hyperphosphorylated Atg13 and Sch9. Thus,
hyperactivation of Snf1 may be a reason for the induced autophagy
but it may not be the only reason. Therefore, determining the me-
diators of this change in phosphorylation can shed more light on
the autophagy regulation pathway under these conditions.

In this study, the regulation of autophagy through ATP6AP1 has
been demonstrated and one of the cancer-associated mutations in
ATP6AP1T was shown to induce autophagy, suggesting that further
analysis can focus on disease-associated mutations in ATP6AP1
(Jansen et al., 2016, Pareja et al., 2018; Barua et al., 2022) to de-
termine whether they cause functional changes in this protein and
whether the cells carrying these mutations have an abnormal au-
tophagy phenotype. Due to the high mutation frequency of this
gene in a wide range of human diseases, these studies will pro-
vide us with a deeper understanding of the association between
autophagy and human health and may provide new insights in de-
signing new therapeutic strategies.
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Knocking down ATP6AP1 induces autophagy. Western blot analysis of the indicated protein expression in
HT1080 cells after treatment with HBSS in the absence or presence of bafilomycin A1 (100 nM) for 2-4 h, using (A)
siATP6AP1-1 and (B) siATP6AP1-2 to knock down the expression of ATP6AP1. The quantification of each western blot is
shown below. The protein level of ATP6AP1, LC3B-II, and SQSTM1 was first normalized to ACTB, then normalized to
the control group at each starvation timepoint. Average values =+ s.d. of n = 3 or 4 independent samples were used in
the quantification. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.

MATERIALS AND METHODS

Yeast strains, media, and growth conditions

Yeast strains used in this study are listed in Supplemental Table
S1. Gene deletions were generated according to the standard
method (Gueldener et al., 2002). Strains YYY087 (BIG1[F282C])),
YYYO088 (BIG1[Y75P]), and ZZH337 (big1A VMA21[QQ]) were made
by mutating BIG1 or VMAZ21 at the corresponding residues on the
genome (Gardner and Jaspersen, 2014). Yeast cells were cultured
at 30°C in rich medium (YPD; 1% yeast extract, 2% peptone, and
2% glucose) or synthetic minimal medium (SMD; 0.67% yeast nitro-
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gen base, 2% glucose, and auxotrophic amino acids and vitamins
as needed) as indicated. To induce autophagy, cells in the mid-
log phase (ODggg = 0.8-1.0) were shifted to nitrogen-starvation
medium with glucose (SD-N; 0.17% yeast nitrogen base without
ammonium sulfate or amino acids, and 2% glucose) for the indi-
cated times.

Plasmids

To generate the plasmids for the BiFC assay, the CUPT promoter
was amplified from the pCu(416) plasmid (Labbe and Thiele, 1999)
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and cloned into pRS405 and pRS406 vector plasmids. The VN
fragment was polymerase chain reaction (PCR)-amplified from the
pFA6a-VN-TRP1 plasmid (Sung and Huh, 2007) and inserted with
the PCR-amplified open reading frame (ORF) of Big1 or Vma21
from the yeast genome after the CUPT promoter on the pRS405
vector. The VC fragment was PCR-amplified from pFA6a-VC-TRP1
(Sung and Huh, 2007) and inserted with the PCR-amplified ORF of
VPH1, VMA21, or VOA1 from the yeast genome or alone after the
CUP1 promoter on the pRS406 vector. The pRS405-CUP1p-GFP-
ATG8 plasmid was constructed by replacing the endogenous ATG8
promoter with the CUP1 promoter and contains the open reading
frame of GFP-Atg8 (Geng et al., 2010). The pRS406-BIG 1p-Big1-PA
and pRS414-BIG 1p-Big1-PA plasmids were constructed by insert-
ing the endogenous BIGT promoter along with the ORF of BIG1
into the pRS406 and pRS414 plasmid, respectively. The plasmid
pRS406-CUP1p-Big1-PA was constructed by inserting the CUP1
promoter along with the ORF of BIGT into the pRS406 plasmid.
Similarly, the pRS406-ZEO1p-ATP6AP1 plasmid was constructed
by inserting the ZEO1 promoter along with the ORF of ATP6AP1
into the pRS406 plasmid. Before transformation, pRS405-based
plasmids were cut with Aflll at 37°C, and pRS406-based plasmids
were cut with BstBl at 65°C or Stul at 37°C.

AID* system

To set up the AID* system, WLY176 (WT) cells were first trans-
formed with the plasmid pNHK53 (ADH1p-OsTIR1-9MYC). Big1
was then tagged with AID-9MYC by homologous recombination.
The DNA fragments used for transformation were amplified with
pHIS3-AID*-9MYC (Addgene, 99524; deposited by Dr. Helle Ul-
rich) as the template DNA. “AID*” refers to the 71-116 amino acids
of the AT1G04250/IAA17 protein in plants (Morawska and Ulrich,
2013). To conditionally knock down BIG1, the cells were first cul-
tured in YPD overnight until midlog phase and then diluted and
treated with 300 uM IAA (Sigma, 12886) for the indicated time to
induce the degradation of Big1. For starvation, cells were shifted
to SD-N medium, and 300 pM IAA was added to the medium to
maintain degradation of Big1. After an appropriate time period of
treatment or starvation, samples were collected for western blot,
gRT-PCR analysis or vacuole isolation.

Fluorescence microscopy

Cells were cultured in YPD until the midlog phase (ODggo = 0.8
1.0) and were then harvested and imaged. To label the vacuole as
shown in Supplemental Figure S2B, SynaptoRedC2/FM 4-64 (Bi-
otium) was added at a final concentration of 30 uM. Cells were
stained at 30°C for 30 min, with shaking every 10 min. After stain-
ing, the cells were washed with YPD three times and then trans-
ferred into YPD for 1 h before imaging. Images were collected on
a Leica DMi8 microscope with a 100 x objective and Leica Thunder
imager. The projection of z-sections is shown in the figure.

Vacuole isolation and V-ATPase protein level detection

Vacuole isolation followed a previously published protocol (Haas,
1995). Briefly, after culturing in YPD overnight or after 12-h 1AA
or DMSO (control) treatment in YPD, ~1000 ODgg units of cells
were collected and cells were resuspended in 50 ml wash buffer
(0.1 M Tris-HCl, pH 9.4, 10 mM DTT). The cells were incubated at
30°C in a water bath for 10 min with occasional swirling. The cells
were washed once with water and were then suspended in 30 ml
spheroplasting buffer (50 mM potassium phosphate [a mixture of
0.8 M K;HPO4 and 0.2 M KH2POy, pH 7.5] and 1.8 M sorbitol in
0.2 x YPD) with gentle vortexing. An appropriate amount of zy-
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molyase (United States Biological, Z1005) was added and the tube
was swirled to mix and incubated at 30°C until the ODygg reached
10-15% of that before the initiation of the zymolyase treatment.
The tube was then centrifuged for 2 min at 1000 x g then the su-
pernatant was removed. Spheroplasts were resuspended in 2.5 ml
15% ficoll (GE Healthcare, 17-0300-10) dissolved in PS buffer (20
mM PIPES, pH 6.8, 200 mM sorbitol). Dextran (200 pl, 2.5 mg/ml;
MP Biomedicals, 195133) was added and the tube was put on ice
for 3 min then in a 30°C water bath for 5 min. The vacuoles were
floated on a four-tiered gradient of ficoll. The gradient was formed
by pipetting 2.5-3 ml of the lysate in a 15% ficoll solution in the
bottom of a high-speed centrifuge tube (Beckman, 344059). This
initial layer was then overlayed with 3 ml 8% ficoll followed by 3 ml
4% ficoll and finally the tube was filled with 0% ficoll (PS buffer). The
tubes were centrifuged at 32,000 rom (Beckman Coulter OPTIMA
L-90K ultracentrifuge, SW41 rotor) for 90 min at 4°C. The vacuoles
were recovered from the interface between the 0% and 4% layers.
The total protein amount of the isolated vacuoles was measured
using the Pierce Bradford Protein Assay Kit (Thermo Fisher Scien-
tific, 23200).

After culturing in YPD overnight or after 12-h IAA or DMSO (con-
trol) treatment in YPD, three ODyqg units of cells were collected for
total cell lysis preparation. Beads and lysis buffer (20 mM PIPES,
pH 6.8, 50 mM KCl, 100 mM KOAc, 10 mM MgSOy, 10 pM ZnSOy,
0.5% Triton X-100 [Sigma, T8787]) were added and then the cells
were vortexed for 5 min. The protein level in the supernatant was
measured using the Pierce Bradford Protein Assay Kit. All of the
protein samples (total cell lysis and vacuoles) were diluted in 4%
ficoll to the same concentration in a final volume of 100 ul; 20 pl
2 x MURB (100 mM sodium phosphate, pH 7.0, 50 mM MES, pH
7.0, 2% SDS [w:v], 6 M urea, 2 mM NaN3, 2% B-mercaptoethanol,
0.02% bromophenol blue) was then added to each sample. The
samples were boiled at 55°C for 15 min. The same amount of sam-
ples were loaded and resolved by SDS-PAGE.

V-ATPase activity

Total ATPase activity was measured using the ATPase Assay Kit (Ab-
cam, ab270551). Bafilomycin A; (100 nM; Sigma, B1793) was used
to specifically inhibit the V-ATPase activity. The V-ATPase activity is
considered as the difference before and after BafA; inhibition. The
assay plate was read using a Tecan Microplate Reader Infinite F200
at the wavelength of 660 nm.

RNA preparation and qRT-PCR

After 12-h IAA or DMSO (control) treatment in YPD and after 1-h
starvation, one ODygg unit of cells was collected. The total RNA for
each sample was isolated using the NucleoSpin RNA kit (Macherey-
Nagel, 740955). One microgram of total RNA was subjected to re-
verse transcription using the High-Capacity cDNA Reverse Tran-
scription kit (Applied Biosystems, 4368814). To analyze the cDNA
levels, real-time PCR was performed with the Radiant Green Lo-
ROX gPCR Kit (Alkali Scientific, QS1005) and run on the QuantStu-
dio5 gPCR Machine (Thermo Fisher Scientific). The gene-specific
primers for ATG1, ATG7, ATG8, ATG9, and ATG41 and the refer-
ence gene TAFT0are listed in previous studies (Hu et al., 2015; Yao
etal., 2015).

Colony dot blot

The cells were cultured in YPD until midlog phase (ODgop = 0.8-
1.0) and yeast cells were collected and diluted to 1.0 ODggo/ml;
8-fold serial dilutions were made in water. A 1.5 pl aliquot of each
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dilution was spotted on a YPD plate at pH 5 or pH 7.5 containing
35 mM CaCl,.

Co-immunoprecipitation

Cells were grown in 60 ml SMD-Trp medium at 30°C overnight.
Cells (60 ODggo units) were harvested and washed with ice-cold
1 x PBS (137 mM NaCl, 2.7 mM KCI, 10 mM NayHPOy4, 1.8 mM
KH2POu, pH 7.4). The cell pellet for each sample was resuspended
in 150 pL immunoprecipitation (IP) buffer (1 x PBS, 200 mM sor-
bitol, 1 mM MgCly, 0.5% Triton X-100, 1 mM PMSF and one tablet
of proteinase inhibitor [Roche] in 50 ml IP buffer) and separated into
four tubes. Glass beads were added into each tube and the sam-
ples were mixed by vortexing at 4°C and then centrifuged at 16,110
x g for 10 min. A 60-pL aliquot was taken from each sample as the
input, and 1.2 ml supernatant was incubated with IgG Sepharose
beads (GE Healthcare Life Sciences) at 4°C for 2 h. After incuba-
tion, the beads were washed with IP buffer six times. Next, 50 pl
2 x MURB was added to the beads and the beads were heated
at 55°C for 15 min. The supernatants were resolved by SDS-PAGE.
For the input samples, 1 ml 10% TCA was added, and the tube was
placed on ice for 30 min. The input samples were then centrifuged
at 16,110 x g and the pellets were washed with acetone and air-
dried. A total of 50 yL 1 x MURB and glass beads were added to
the pellet, followed by vortexing for 5 min. The samples were then
heated at 55°C for 15 min and resolved by SDS-PAGE.

Western blot, antibodies, and antisera
Western blot was performed as described previously (Klionsky et
al., 2021). In Supplemental Figure S7A, p-Snflwas first blotted and
then the membrane was washed twice with stripping buffer (1.5%
glycine, 0.1% SDS, 1% Tween-20, pH 2.2) for 10 min at room tem-
perature. Next, the membrane was washed with 1 x PBS twice for
10 min each time, followed by two washes for 5 min each with TBST
(20 mM Tris, 150 mM NaCl, 0.1% Tween-20). After blocking with 5%
milk in TBST, anti-HA antibody was used to blot total Snf1.
Anti-Pgk1 antiserum is a generous gift from Dr. Jeremy
Thorner (University of California, Berkeley). Other antibodies were
as follows: YFP, which detects GFP (Clontech, 63281), MYC/c-
Myc (Sigma, M4439), Vph1 (Abcam, ab113683), Vma2 (Abnova,
MAB14189), Prc1/CPY (Invitrogen, A-6428), HA (Sigma-Aldrich,
H3663), PA (ImmunoResearch, 323-005-024), Dpm1 (Invitrogen, A-
6429), p-Snf1 (Cell Signaling Technology, 2531), goat anti-rabbit
IgG secondary antibody (Thermo Fisher Scientific, ICN55676), and
rabbit anti-mouse IgG secondary antibody (Jackson, 315-035-003).
Anti-Vma8 (Huang et al., 2000), anti-Vma4 (Huang et al., 2000), and
anti-Atg1 (Abeliovich et al., 2003) antibody were described previ-
ously.

Mammalian cell methods

HT1080 cells were cultured in DMEM (Thermo Fisher Scientific,
11995073) supplemented with 10% heat-inactivated FBS (Milli-
pore, TMS-013-B) and 1% penicillin and streptomycin (Thermo
Fisher Scientific, 15070-063) at 37°C, 95% humidity, and 5% CO,.
These cells were transfected with ATP6AP 1-specific siRNAs (Sigma,
SASI-Hs01-0015-1228 and SASI-Hs01-0015-1229) or a universal
negative control (Sigma, SIC001) using Lipofectamine RNAIMAX
(Invitrogen, 13778075). Transfections involved 100 pmol of siRNA
per well in 6-well plates. After 48 h, protein levels were assessed
by western blot using antibodies against ATP6AP1 and ACTB. To
induce starvation, we used Hanks' balanced salt solution (HBSS;
Thermo Fisher Scientific, 24020117) in the absence or presence
of bafilomycin A; (Selleck Chemicals, S1413) after transfection for
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48 h. Samples were collected after 0, 2, and 4 h of starvation and
the protein levels were evaluated by western blot. Antibodies used
were as follows: ATP6AP1 (Thermo Fisher Scientific, PA5-37328;
1:1000), ACTB (Cell Signaling Technology, 3700; 1:5000), SQSTM1
(Sigma, p0067; 1:1000), MAP1LC3/LC3 (Cell Signaling Technology,
4108; 1:1000).

Protein structure and interaction prediction

The predicted structure of Big1 was obtained from the AlphaFold
database (https://alphafold.ebi.ac.uk/). The interaction between
Big1 and Vph1 was predicted using ColabFold (Mirdita et al.,
2022). The model with the highest ranking is shown in the figure.

Statistical analysis
A two-tailed t test was used to determine statistical significance.
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