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Vacuolar H*-ATPase dysfunction rescues intralumenal vesicle
cargo sorting in yeast lacking PI1(3,5)P, or Doa4
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ABSTRACT

Endosomes undergo a maturation process highlighted by a reduction
in lumenal pH, a conversion of surface markers that prime
endosome—-lysosome fusion and the sequestration of ubiquitylated
transmembrane protein cargos within intralumenal vesicles (ILVs).
We investigated ILV cargo sorting in mutant strains of the budding
yeast Saccharomyces cerevisiae that are deficient for either the
lysosomal/vacuolar signaling lipid PI(3,5)P, or the Doa4 ubiquitin
hydrolase that deubiquitylates ILV cargos. Disruption of PI(3,5)P,
synthesis or Doa4 function causes a defect in sorting of a subset of
ILV cargos. We show that these cargo-sorting defects are suppressed
by mutations that disrupt Vph1, a subunit of vacuolar H*-ATPase
(V-ATPase) complexes that acidify late endosomes and vacuoles.
We further show that Vph1 dysfunction increases endosome
abundance, and disrupts vacuolar localization of Ypt7 and Vps41,
two crucial mediators of endosome-vacuole fusion. Because
V-ATPase inhibition attenuates this fusion and rescues the ILV
cargo-sorting defects in yeast that lack PI(3,5)P, or Doa4 activity, our
results suggest that the V-ATPase has a role in coordinating ILV cargo
sorting with the membrane fusion machinery.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION

Endosomes sort proteins that traffic between the Golgi complex
and plasma membrane, and they fuse with lysosomes to deliver
hydrolases, transporters and other resident proteins that are key to
lysosomal function. Endosomes trafficking toward lysosomes
undergo a maturation process, the hallmarks of which include a
decrease in lumenal pH, and the acquisition and activation of Rab7, a
GTPase that regulates membrane fusion between late endosomes and
lysosomes (Huotari and Helenius, 2011). As they mature, endosomes
also accumulate intralumenal vesicles (ILVs), which are delivered into
the hydrolytic interior of lysosomes upon endosome—lysosome fusion
(Hanson and Cashikar, 2012). The extent to which these aspects of
endosome maturation are coordinated is still being resolved.
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The formation of ILV's during endosome maturation is mediated by
the endosomal sorting complexes required for transport (ESCRTs).
This conserved machinery also functions to select cargo proteins
sorted into ILVs. Most ILV cargos that have been delivered to
endosomes from the Golgi (biosynthetic cargos) or from the plasma
membrane (endocytic cargos) are ubiquitylated transmembrane
proteins that directly interact with ubiquitin-binding ESCRT
subunits (Katzmann et al., 2001; Bilodeau et al., 2002; Alam et al.,
2004). Mutations that generally disable ESCRTSs in the budding yeast
Saccharomyces cerevisiae block the formation of ILVs, which causes
mislocalization of cargos to the membrane of the vacuole (the
yeast lysosome) upon endosome—vacuole fusion. However, the
efficiency with which endosomes fuse with vacuoles appears
impaired under these conditions because ESCRT dysfunction also
causes enlarged endosomes to accumulate and disables endosomal
recruitment of the Rab7 effector HOPS (Rieder et al., 1996;
Nickerson et al., 2006; Russell et al., 2012). These observations are
consistent with coordination between ESCRT activity and the
machinery that mediates fusion of endosomes and vacuoles.

ESCRT activity at endosomes depends on phosphatidylinositol 3-
phosphate [PI(3)P], which binds a subset of ESCRT complexes to
facilitate their recruitment to the endosomal membrane (Schu et al.,
1993; Raiborg et al., 2001; Slagsvold et al., 2005). At late endosomes
and vacuoles/lysosomes, PI(3)P is phosphorylated by a PI(3)P
S-kinase (Fabl in yeast, PIKfyve in humans) to produce
phosphatidylinositol 3,5-bisphosphate [P1(3,5)P,] (Gary et al., 1998;
Sbrissa et al., 1999). PI(3,5)P, has a conserved role in promoting
fission of vacuoles/lysosomes, in part by activating the Yvcl/TRPML
(also known as MCOLNT1 in humans) channel that releases Ca** from
the vacuole/lysosome into the cytosol (Bonangelino et al., 2002; Dong
et al., 2010). PI(3,5)P, also inhibits the membrane fusion activity of
vacuoles in yeast (Miner et al., 2018), though the molecular target of
PI(3,5)P, in this case is unknown. Intriguingly, mutations that
eliminate or severely cripple PI(3,5)P, synthesis impair the sorting of
biosynthetic ubiquitylated ILV cargos but not endocytic ILV cargos or
biosynthetic cargos that are sorted independently of direct
ubiquitylation (Odorizzi et al., 1998; Dove et al., 2002). The same
cargo-specific sorting defect occurs in yeast lacking Doa4, a ubiquitin
hydrolase that deubiquitylates ILV cargos prior to their enclosure
within ILVs (Katzmann et al., 2001). It is unclear if this cargo-specific
sorting defect is an indirect result of dysregulated membrane
trafficking dynamics or if PI1(3,5)P, and Doa4 directly participate in
ILV cargo sorting.

PI(3,5)P, synthesis by Fabl in yeast is stimulated by
hyperosmotic stress and cells that are deficient in Fabl kinase
activity cannot adapt to osmotic stressors, including elevated
temperature (Yamamoto et al., 1995; Dove et al., 1997). This
temperature-sensitive growth phenotype is suppressed by mutations
that disable the function of Vphl (Wilson et al., 2018), a subunit of
the membrane-embedded V, domain of the vacuolar H"-ATPase
(V-ATPase) (Manolson et al., 1992). Here, we show that Vphl
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dysfunction suppresses defective sorting of ubiquitin-dependent
biosynthetic cargos in yeast lacking PI(3,5)P, and, unexpectedly,
also in yeast lacking the ubiquitin hydrolase Doa4. We further show
that Vphl dysfunction increases endosome abundance and impairs
vacuolar membrane recruitment of Ypt7, which is the Rab7 ortholog
that regulates vacuole membrane fusion activity. Because the ILV
cargo-sorting defect in yeast that lack PI(3,5)P, and Doa4 activity is
suppressed when V-ATPase activity is inhibited — which also
attenuates endosome—vacuole fusion — we propose that the timing of
this fusion event is important for efficient removal of ILV cargos
from the endosomal membrane, a coordination that could be bridged
through regulating the V-ATPase.

RESULTS

Vph1 dysfunction restores ILV cargo-sorting in yeast lacking
the Fab1 kinase

Carboxypeptidase S (Cpsl) is one of the ubiquitin-dependent
biosynthetic cargos in yeast, whose sorting into ILVs at late

endosomes is adversely affected when PI(3,5)P, synthesis is
inhibited (Odorizzi et al., 1998). GFP fused to the cytosolic
domain of Cps1 in wild-type yeast is predominantly present within
the lumen of the vacuole (lysosome) because ILVs are delivered into
the vacuole upon late endosome—vacuole fusion. In contrast,
deletion of the FABI gene (fabIA) causes mislocalization of
GFP-Cpsl to the vacuole membrane (Fig. 1A and B; Odorizzi et al.,
1998) because proteins that are not sorted into ILVs (or recycled
away from endosomes) are ultimately delivered to the vacuole
membrane.

We tested whether GFP-Cpsl mislocalization in fabIA cells
was suppressed by deletion of the VPHI gene because Vphl loss-
of-function mutations suppress the temperature-sensitive growth of
fabIA cells and other yeast strains that are deficient in PI(3,5)P,
synthesis (Wilson et al., 2018). Indeed, GFP-Cpsl was correctly
localized within the vacuole lumen in ~80% of fablAvphIA cells
(Fig. 1A and B). GFP-Cps1 was also sorted correctly in fabIA cells
when the wild-type VPHI gene was replaced with the vphl?7379

Fig. 1. Vph1 dysfunction restores ILV cargo sorting
in fab1A yeast. (A) Live-cell confocal fluorescence
microscopy analysis of GFP-Cps1 localization in the
indicated yeast strains. GFP-Cps1 is shown in green, the
vacuole membrane stained with the lipophilic
fluorescent dye FM 4-64 is shown in magenta. Relative
fluorescence intensities along the yellow dashed line
within each merged image are plotted in the graphs on
the right. White dashed lines represent cell outlines.
Scale bar: 2 ym. (B) Quantification of missorted GFP-
Cps1 within the strains imaged in A. Plotted is the mean
amount of missorted GFP-Cps1 (in %). Error bars
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allele (Fig. 1A and B), which has a point mutation that disrupts
proton pumping without affecting the assembly or trafficking of the
V-ATPase (Kawasaki-Nishi et al., 2001; Coonrod et al., 2013).
Vphl dysfunction, therefore, suppresses the ILV cargo-sorting
defect in yeast lacking the Fabl PI(3)P S5-kinase that synthesizes
PI(3,5)P,.

We have previously reported that temperature-sensitive growth of
fabIA cells is also suppressed by disruption of Vnxl1, a proton/
cation antiporter that functionally depends on vacuolar acidification
by the V-ATPase (Wilson et al., 2018). Deletion of the VNXI gene
in fablA cells partially suppressed GFP-Cpsl mislocalization,
although not to the same extent observed in fabIAvphlA yeast cells
(Fig. S1A,B). Because Vphl dysfunction has a stronger effect in
suppressing GFP-Cps1 mislocalization in fabIA cells, we further
explored the relationship between V-ATPase activity and ILV cargo
sorting.

V-ATPase inactivation at late endosomes and vacuoles
rescues ILV cargo sorting in PI(3,5)P>-deficient yeast

The V-ATPase is a multisubunit protein complex that pumps
protons into the lumen of multiple secretory and endocytic
compartments. In S. cerevisiae, each of the V-ATPase subunits is
encoded by a single gene, with the exception of the ‘a’ subunit,
which is encoded either by VPHI or by STVI (Manolson et al.,
1994). The Vphl subunit is specific to V-ATPase complexes that are
targeted to late endosomes and vacuoles. V-ATPases that are
retained at the Golgi and at early endosomes lack Vphl and, instead,
contain Stv1, a protein that is structurally and functionally similar to
Vphl but contains a Golgi/endosomal retention signal (Finnigan
et al., 2012). Unlike VPHI deletion (Fig. 1A), STVI deletion in
fabIA cells did not suppress the mislocalization of GFP-Cpsl
(Fig. 2A and C), which mirrors our previous observation that the
temperature-sensitive growth of fabIA yeast is suppressed by
deletion of VPHI but not STV (Wilson et al., 2018).

Fabl function requires its assembly into a multiprotein complex
that is scaffolded by the Vac14 protein (Jin et al., 2008); thus, in the
absence of Vacl4, yeast cells synthesize low levels of PI(3,5)P,
(Dove et al., 2002) but still present similar, albeit less drastic,
phenotypes compared with those observed in fabIA yeast cells. We
examined vacl4A cells to test whether V-ATPase inactivation
suppresses the ILV cargo-sorting defect caused by PI(3,5)P,
deficiency in a way that is independent of Fabl genetic
dysfunction. Like fabIA cells, vacl4A cells mislocalize GFP-
Cpsl to the vacuole membrane, and this mislocalization was
suppressed by deletion of the VPHI gene (Fig. 2B and C). We
observed similar results in yeast cells lacking the Vac7 protein,
which co-assembles into the PI(3)P 5-kinase complex to stimulate
Fabl activity (Fig. 2B and C). V-ATPase inactivation at late
endosomes and vacuoles, therefore, suppresses the ILV cargo-
sorting defect that is generally caused by PI(3,5)P, deficiency in
yeast.

Vph1 dysfunction impairs late endosome-vacuole fusion

We explored the effect that Vphl dysfunction has on endosomal
morphology by using thin-section transmission electron
microscopy (TEM). Late endosomes are easily identified by TEM
as multivesicular bodies (MVBs), which are spherical organelles
that contain multiple ILVs of 25-30 nm in diameter. In an
evaluation of 100 wild-type yeast cell sections, we observed 0.28
MVBs per cell section, with an average of 9-10 ILVs per MVB,
matching our earlier observations (Fig. 3A-C; Russell et al., 2012).
As described previously (Yamamoto et al., 1995), we observed

greatly enlarged vacuoles in fabIA cells (Fig. 3A), which can be
attributed to a role for PI(3,5)P, synthesis in regulating vacuolar
membrane dynamics and osmotic homeostasis (Gary et al., 1998;
Wilson et al., 2018). Despite the ILV cargo-sorting defects observed
in fab 1A cells, the MVBs in this strain were morphologically similar
to MVBs in wild-type yeast in terms of their appearance (Fig. 3A
and B), abundance (Fig. 3C) and mean number of ILVs (Fig. 3D). In
addition to confirming that ILV budding occurs in yeast lacking
Fab1 kinase function — as inferred in prior studies (Gary et al., 1998;
Odorizzi et al., 1998; Dove et al., 2002) — these results highlight a
disconnect between cargo sorting and ILV formation in fab /A cells.

In line with the multitude of reports documenting that vpi 1A cells
are impaired in homotypic vacuole fusion (Bayer et al., 2003;
Coonrod et al., 2013; Desfougeres et al., 2016), we observed that
vphlA and fablAvphlIA cells contained fragmented vacuoles, with
>2-fold increase in vacuoles observed per cell section in each of
these mutant strains compared to wild-type yeast (Fig. 3A and C).
As seen previously in yeast strains that lack V-ATPase activity
(Keuenhof et al., 2021), we observed that the vacuoles in vphlA
cells are electron translucent, probably due to a defect in vacuolar
storage of polyphosphates that complex with electron-dense cations
(Docampo and Huang, 2016). In addition to their increased number
of'vacuoles, vphIA and fab1AvphIA cells exhibited an almost 2-fold
increase in the number of MVBs (relative to wild-type), with 0.6 and
0.45 MVBs per cell section, respectively (Fig. 3C). Furthermore,
MVBs were noticeably larger in vphlA and fablAvphlA cells, and
both mutant strains showed a 20—40% increase in the mean number
of ILVs per MVB (Fig. 3B and D). This boost in the abundance and
size of MVBs suggests that endosome fusion with the vacuole is
impaired by Vphl dysfunction. Supporting this interpretation, we
observed an increase in vacuole and MVB abundance upon deletion
ofthe gene encoding Ypt7 (Fig. 3B and C), a Rab7 GTPase ortholog
in yeast that recruits the HOPS membrane tethering complex to
promote late endosome—vacuole fusion and homotypic vacuole
fusion (Haas et al., 1995; Seals et al., 2000).

Vph1 dysfunction impairs Ypt7 localization to vacuole
membranes

The increased abundance and size of late endosomes/MVBs that we
observed in vphIA cells (Fig. 3) prompted us to investigate the
extent to which Vphl dysfunction affects the machinery involved in
late endosome—vacuole fusion. GFP fused to the GTPase Ypt7 that
regulates this fusion step was predominantly seen at vacuole
membranes in wild-type yeast but weakly localized to vacuole
membranes in vphlA cells; instead, it appeared dispersed in this
mutant strain (Fig. 4A and D). We observed a similar disruption in
the localization of Vps4l, a subunit of the HOPS membrane-
tethering complex that functions as an effector of Ypt7 (Seals et al.,
2000). GFP-Vps41 predominantly localized to vacuole membranes
in wild-type yeast but was diffusely distributed in vphlA cells
(Fig. 4B and D). In contrast, we found that Vphl dysfunction had no
apparent effect on the punctate localization of the Rab5 GTPase
ortholog Vps21 that regulates fusion at early endosomes (Fig. 4C).
Thus, the loss of endolysosomal V-ATPase function disrupts
localization of the Ypt7 Rab GTPase and HOPS membrane-
tethering machinery that facilitates late endosome—vacuole fusion.

Vph1 dysfunction rescues ILV cargo sorting in yeast lacking
the Doa4 ubiquitin hydrolase

Doa4 is the ubiquitin hydrolase that deubiquitylates cargos when
they are sorted into ILVs (Dupré and Haguenauer-Tsapis, 2001;
Katzmann et al., 2001; Losko et al., 2001). Similar to fabIA cells,
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doa4A cells exhibit temperature-sensitive growth and are selectively
defective in the sorting of ubiquitin-dependent biosynthetic 1LV
cargos (Reggiori and Pelham, 2001). Also like fabIA cells, doa4A
cells contain MVBs that are morphologically similar to MVBs in
wild-type yeast in terms of their appearance (Fig. 3A and B),
abundance (Fig. 3C) and mean number of ILVs (Fig. 3D) (Richter
etal., 2007). Because of the similarities in endosomal morphologies
and ILV cargo-missorting phenotypes observed in fab IA and doa4A
cells, we examined whether Vphl disruption can rescue the ILV

Distance (um)

Distance (um)

Fig. 2. V-ATPase inactivation at late endosomes and
vacuoles rescues ILV cargo sorting in PI(3,5)P,-
deficient yeast. (A,B) Live-cell confocal fluorescence
microscopy analysis of GFP-Cps1 localization (green) in
the indicated yeast strains, the vacuole membrane was
stained with FM 4-64 (magenta). Relative fluorescence
intensities along the yellow dashed line within each
merged image are plotted in the graphs on the right. White
dashed lines represent cell outlines. Scale bars: 2 um. (C)
Quantification of missorted GFP-Cps1 within the strains
imaged in A and B. Plotted is the mean amount of
missorted GFP-Cps1 (in %). Error bars represent £s.e.m.
calculated from three independent experiments (n=50).
GFP-Cps1 missorting was determined through either a
visual or a line scan assessment of GFP-Cps1
accumulation on the vacuole membrane stained with FM
4-64.
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cargo-sorting defect in the absence of Doa4 function, as seen in the
case of fabIA cells (Fig. 1). Indeed, we found that VPHI deletion
restored the sorting of GFP-Cpsl into the vacuole lumen of doa4A
cells (Fig. 5A,B). Furthermore, deletion of VPHI in doa4A yeast
appeared to disrupt vacuole fusion to the extent that had been
observed in fabIAvphlA cells, as demonstrated by an increase in the
total number of vacuoles per cell section (Fig. 3A,C). MVBs in
doa4AvphIA yeast were also similar to those observed in

fabIAvphIA cells, as they were noticeably larger and had a similar
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C D 207 l*;l
wild-type | fab1A | vph1A | fab1Avph1A | doa4A | doa4Avph1A | ypt7A U
Vacuoles 1.12 0.84 | 2.76 212 1.3 3.32 2.92 154
MVBs 0.28 0.27 | 0.60 0.45 0.29 0.28 0.96
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o 2

Fig. 3. Vph1 dysfunction impairs late endosome-vacuole fusion. (A,B) Thin-section TEM analysis of 80-nm cell sections from the indicated yeast strains.
Nuclei and some vacuoles are labeled N and V, respectively. Scale bars: 500 nm. Boxed areas in A indicate the formation of MVBs and are shown magnified in
B. Scale bars: 100 nm. (C) Quantification of the number of vacuoles and MVBs observed per cell section in the strains imaged in A (n=100; 80-nm cell sections).
(D) Quantification of the mean number of ILVs observed per MVB within each yeast strain. Error bars show 95% confidence intervals. Unpaired t-test with Welch’s

correction was used to determine statistical significance (*P<0.05).

increase in the mean number of ILVs observed per MVB (Fig. 3D).
However, VPHI deletion did not suppress the temperature-sensitive
growth of doa4A cells (Fig. 5C), presumably because Vphl
dysfunction did not restore ubiquitin homeostasis (see below).

To quantitatively assess the sorting of Cpsl into ILVs, we used
the luciferase reporter of intraluminal deposition (LUCID) assay
(Nickerson and Merz, 2015). LUCID is a relative dual-luciferase
assay, wherein the sequestration of Cps1 into ILVs is quantitated by
measuring the luminescence released by firefly luciferase (FLuc)
attached to the cytosolic domain of Cpsl (FLuc-Cpsl); to control
for cell-to-cell variations in FLuc-Cpsl expression levels, its
luminescence is compared to an internal control of cytosolic
Renilla luciferase (RLuc) expressed from the same plasmid.
Importantly, the LUCID sorting assay is sensitive to FLuc-Cpsl
sequestration into ILVs and does not rely on the eventual
degradation of firefly luciferase in the vacuole (Nickerson
and Merz, 2015). Using the LUCID assay, we observed that both
fabIA and doa4A cells showed a 2- and 3-fold increase,
respectively, in the FLuc-Cpsl to RLuc ratio compared to wild-
type yeast, indicating a defect in sequestering FLuc-Cps1 within the
lumen of endosomes and vacuoles (Fig. 5D). Consistent with our
fluorescence microscopy results, Vphl disruption significantly
reduced the FLuc-Cps1 to RLuc ratio in both fab 1A and doa4A cells
(Fig. 5D). Notably, the vphIA single-mutant strain showed a normal
FLuc-Cpsl to RLuc ratio that was similar to the ratio in wild-type
cells (Fig. 5D), indicating that a defect in vacuolar pH homeostasis
is not the means by which the FLuc-Cps1 to RLuc ratio is reduced in
vphlA cells. Thus, as in the case of PI(3,5)P,-deficient yeast, the
ILV cargo-sorting defect resulting from the lack of Doa4 ubiquitin

hydrolase function can be corrected by dysfunctional Vphl at late
endosomes and vacuoles.

On the basis of our observations in vphIA cells, we investigated
whether more substantial inhibition of endosome—vacuole fusion
can also rescue the ILV cargo sorting defect of fab 1A or doa4A cells.
Removal of the YPT7 gene severely fragments vacuoles, which
impedes assessment of GFP-Cpsl sorting by using confocal
fluorescence microscopy. Using the LUCID assay, we observed
that ypt7A cells showed a 2-fold increase in the FLuc-Cps1 to RLuc
ratio, similar to what we observe in fab I A yeast (Fig. SE), indicating
that either a defect in FLuc-Cpsl sorting or severe inhibition of
membrane trafficking kinetics in ypt7A cells allows for more FLuc-
Cpsl to be detected. Whereas removal of YPT7 in fabIA cells
further increased the FLuc-Cpsl1 to RLuc ratio, removal of YPT7 in
doa4A yeast significantly reduced this ratio (Fig. SE), suggesting
that even a severe inhibition of endosome—vacuole fusion can aid
ILV cargo-sorting in doa4A cells.

We considered the possibility that Doa4 has a functional role
in PI(3,5)P, synthesis through Fabl but the following findings
provided no evidence to support this hypothesis. First, localization
of Doa4-GFP to endosomal structures was unaffected by deletion of
FABI (Fig. S2A). Second, overexpression of ubiquitin, which
suppresses the temperature-sensitive growth phenotype of doa4A
cells (Swaminathan et al., 1999), was unable to rescue growth of the
fab 1A strain at elevated temperature (Fig. S2B). Third, unlike doa4A
and doa4AvphlA cells, neither fabIA nor fablAvphlA cells were
depleted of unconjugated monomeric ubiquitin (Fig. S2C). Finally,
GFP-Cpsl mislocalization in doa4A cells was not suppressed by
expression of a hyperactive mutant fab! allele that constitutively
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Fig. 4. Ypt7 localization to vacuole membranes is impaired in vph1A cells.
(A—C) Live-cell confocal fluorescence microscopy analysis of GFP-Ypt7 (A),
GFP-Vps41 (B) and GFP-Vps21 (C) localization (green) in the indicated yeast
strains; the vacuole membrane was stained with the lipophilic fluorescent dye
FM 4-64 (magenta). White dashed lines represent cell outlines. Scale bars:
2 pm. (D) Quantification of the vacuole localization of GFP-Ypt7 and GFP-
Vps41 in wild type and vph14 strains. Plotted is the number of cells showing
GFP-Ypt7 and GFP-Vps41 localized to the vacuole (in %). Error bars show
+s.d. from at least two independent experiments.

produces PI(3,5)P, (Fig. S2D; Gary et al., 2002), suggesting that the
ILV cargo-sorting defect observed in doa4A cells is not due to
PI(3,5)P, depletion. On the basis of this set of analyses, Doa4 and

Fabl do not appear to depend on each other for function, although
we cannot rule out a functional relationship observed by other
means of analysis. Nevertheless, our results suggest that Doa4 and
Fab1 function at a similar juncture within ILV cargo sorting, that is
before the V-ATPase promotes endosome fusion with the vacuole.

DISCUSSION

We investigated the ILV cargo-sorting defect observed in fablA
yeast, which completely lack PI(3,5)P, synthesis, and in doa4A
yeast, which is unable to deubiquitylate ILV cargos. We found that
removal of Vphl and, thus, vacuolar V-ATPase complexes, restored
ILV cargo sorting in fabIA and doa4A yeast, an effect that appears
to be due to attenuated endosome—vacuole fusion based on the
increase in MVB abundance and the reduction in vacuolar
localization of membrane fusion regulators in vphlA cells. These
results suggest that a particular activity of Vphl-containing
V-ATPases functions after PI(3,5)P, and Doa4, between the
completion of ILV cargo sorting and the commencement of
endosome—vacuole fusion. Therefore, PI(3,5)P, and Doa4 might
have roles in coordinating ILV cargo sorting with the vacuole
membrane fusion machinery at endosomes. The Cpsl cargo protein
proved useful to reveal this potential relationship because this cargo,
when not sorted into ILVs, accumulates on the vacuole membrane,
whereas plasma membrane receptors and other cargos can undergo
iterative sorting through repeated rounds of endocytosis and
recycling. The lack of iterative sorting for Cpsl would explain
why our steady-state cargo localization studies detected a reduction
of its sorting into ILVs, although we cannot rule out the possibility
that hierarchies exist in the efficiency of sorting some cargos better
than others or that biosynthetic cargos are modified or processed
differently than endocytic cargos.

PI(3,5)P, deficiency results in substantially enlarged vacuoles/
lysosomes in both yeast and animal cells (Gary et al., 1998;
Ikonomov et al., 2001), caused by defects in ion storage and the
balance of membrane fission/fusion dynamics. /n-vitro analyses
demonstrated that excess PI(3,5)P, inhibits homotypic fusion of
purified yeast vacuoles as well as endosomal-lysosomal fusion in
mammalian cell extracts (Miner et al., 2018; Ikonomov et al., 2006).
Whereas some PI(3,5)P, is also required for homotypic vacuole
fusion in vitro, our observation that MVB abundance is similar in

fablA and wild-type cells suggests that late endosome—vacuole

fusion continues unimpeded in PI(3,5)P,-deficient cells. PI(3,5)P,
also regulates ion export by activating endolysosomal cation
channels (Dong et al., 2010), a function that might be required to
allow for the removal of endosome lumenal content as ILVs are
generated (Chadwick et al., 2021). However, our observation that

fabIA cells contain MVBs that are morphologically similar to

MVBs in wild-type yeast suggests that, in the absence of Fabl
function, ILV formation still occurs but is uncoupled from ILV
cargo-sorting. Considering that V-ATPase inhibition but not
removal of the monovalent cation/H" exchanger Vnx1 efficiently
restores GFP-Cps1 sorting via the ILV pathway in fabIA yeast, we
propose that, in the absence of PI(3,5)P, — a negative regulator of
vacuole membrane fusion (Miner et al., 2018) — fusion between late
endosomes and vacuoles aberrantly occurs prior to the completion
of ILV cargo sorting.

It is possible that V-ATPase inhibition indirectly affects recovery
of cargo sorting into ILVs within PI(3,5)P,-deficient yeast, although
this recovery might be tied to how PI(3,5)P, regulates V-ATPase
activity. PI(3,5)P, interacts with Vphl and has been shown to
stabilize V-ATPase complex formation and stimulate V-ATPase
activity (Li et al., 2014; Banerjee et al., 2019), a function that could
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counteract the proposed role of the V-ATPase V domain to support
membrane fusion. To regulate membrane fusion events, free
V-ATPase V, domains — i.e. those not bound to the V; domain —
have been shown to interact with SNARE proteins and other free
V-ATPase V, domains through trans-complex formation to facilitate
the generation of a fusion pore (Peters et al., 2001; Strasser et al.,
2011). Thus, to stabilize V-ATPase complex formation in the
absence of PI(3,5)P,, additional free V-ATPase V, domains may be
available to promote aberrant endosome—vacuole fusion. This role of
the Vy domain in membrane fusion is dependent on Vphl in yeast
and on orthologous isoforms in animal cells (Bayer et al., 2003;
Hiesinger et al., 2005; Peri and Niisslein-Volhard, 2008).
Unexpectedly, we show that Vphl is required for vacuolar
localization of the Ypt7 Rab GTPase, an essential controller of
vacuole membrane fusion (Stroupe et al., 2009). Studies using
mammalian cells (described below) demonstrated that the V-ATPase
can directly recruit small GTPase proteins or their cognate GDP/GTP
exchange factors (GEFs) to endosome or lysosome membranes.
Intriguingly, different isoforms of Vphl orthologs are involved in
this recruitment. For example, the early endosome-specific isoform
a2 (ATP6V0OA?2) subunit of the V, domain recruits ARNO, the GEF
of the small GTPase Arf6, to regulate endocytic trafficking in kidney
proximal tubule epithelial cells (Hurtado-Lurenzo et al., 2006).
Similarly, isoform a3 subunit of the V domain (TCIRG1), which

targets V-ATPases to the plasma membrane in osteoclasts, was
shown to function directly in the recruitment of Rab7 to secretory
lysosomes, which is important for V-ATPase trafficking to the
plasma membrane in these cells and for bone resorption (Matsumoto
etal., 2018). The nature of the interaction between the V-ATPase and
Ypt7 in yeast remains to be determined but might be part of a
mechanism to regulate membrane fusion events, endosome
maturation and/or maintain vacuole identity.

Similar to PI(3,5)P,, Doa4 functions at late endosomes and is
recruited through its interactions with the ESCRT-III complex that
mediates budding of ILVs (Luhtala and Odorizzi, 2004; Richter
et al., 2013; Buysse et al., 2020). At late endosomes, Doa4 recycles
ubiquitin from ILV cargos prior to ILV budding from the endosome
limiting membrane. Potentially as a means to control the timing
of ILV budding, Doa4 negatively regulates the ILV membrane
scission step that is catalyzed by ESCRT-III (Johnson et al., 2017;
Buysse et al., 2020). On the basis of our observations, it is possible
that Doa4 also delays ILV scission to support the efficient
sequestration of cargo proteins. Without this regulation, some ILV
cargos are sorted incorrectly, an inefficiency that can be rectified
by attenuating (vphlA) or severely inhibiting (ypt7A) endosome—
vacuole fusion. Because Doa4 negatively regulates ILV membrane
scission to ensure ubiquitin recycling, it is reasonable to hypothesize
that Doa4 also negatively regulates endosome—vacuole fusion; we
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will examine this in future studies. Collectively, our results
imply that Doa4 and PI(3,5)P, function prior to the V-ATPase at a
similar nexus between ILV cargo sorting and endosome—vacuole
fusion.

MATERIALS AND METHODS

Yeast strains, media and growth conditions

All yeast strains and plasmids used in this study are listed in Tables S1 and
S2. Genomic disruptions in yeast were constructed by using homologous
recombination of integration cassettes, as described by Longtine et al.
(1998) or Gauss et al. (2005). Each yeast strain was authenticated and tested
for contamination prior to experimental analysis. Yeast cells were grown at
26°C (unless stated otherwise) in YPD medium (1% yeast extract, 2%
peptone, 2% dextrose) or minimal synthetic medium (YNB) lacking the
appropriate nutrient for selection. Yeast strains containing URA3 or TRP1
plasmids were grown in YNB-Ura or YNB-Trp supplemented with 0.10%
(W/v) casamino acids. For plate-spotting assays, liquid cultures of yeast cells
were grown to mid-log phase (0.5 ODggq unit per ml), adjusted to 1 ODggq
unit per ml, serially diluted 10-fold and 5 pl of each dilution of cells was
spotted onto agar growth medium.

Fluorescence microscopy

Yeast cells were labeled with FM 4-64 (Life Technologies, Carlsbad, CA)
following a pulse-chase procedure that has been previously described
(Wilson et al., 2018). Briefly, 1 ml of mid-log-phase cells were suspended in
YPD medium containing 1.6 pM FM 4-64 for 20 min at 30°C, then placed
in 5 ml of YPD medium at 26°C for a 90 min chase period in the absence of
FM 4-64 prior to microscopy. Subsequently, cells were placed in a small
volume of minimal synthetic medium containing all required nutrients
(YNB-Complete). Samples were randomized and then subjected to blind
analysis by confocal fluorescence microscopy. GFP-Cpsl missorting was
determined visually by assessing the accumulation of GFP-Cpsl
colocalizing with the FM 4-64 dye that stains the vacuole membrane or
through a line scan analysis showing peak fluorescence intensity that aligns
with the fluorescence intensity peaks of the FM 4-64 dye. Representative
line scan analyses are shown for all GFP-Cpsl images. Confocal
fluorescence microscopy was performed using an inverted fluorescence
microscope (TE2000-U; Nikon, Melville, NY) equipped with a 100%/
numerical aperture 1.4 oil objective and a Yokogawa spinning disk confocal
system (CSU-Xm2; Nikon). Images were taken using a Photometrics
(Tucson, AZ) Cascade II EM-CCD camera, acquired with Metamorph
version 7.0 software (MDS Analytical Technologies, Sunnyvale, CA) and
analyzed using either ImageJ software (National Institutes of Health,
Bethesda, MD) or Photoshop CS5 (Adobe Systems, San Jose, CA).

Transmission electron microscopy

Thin-section transmission electron microscopy (TEM) was performed as
previously described by Richter et al. (2013). Yeast cultures were grown to
log-phase at 26°C, transferred to aluminum planchettes and high-pressure
frozen in a Wohlwend Compact 02 High Pressure Freezer. Samples
subsequently underwent freeze-substitution in 0.1% uranyl acetate and
0.25% glutaraldehyde within anhydrous acetone by using a Leica AFS
(Automated Freeze Substitution, Vienna, Austria) system. During the AFS
procedure, samples were washed with pure acetone and embedded in
Lowicryl HM20 resin (Polysciences, Warrington, PA). A Leica Ultra-
Microtome was used to cut serial thin sections of 80 nm, which were then
collected onto 1% formvar films adhered to rhodium-plated copper grids
(Electron Microscopy Sciences). A Phillips CM10 (Mahwah, NJ)
transmission electron microscope was used to image sections at 80 kV.
Images were processed using Imagel software or Photoshop CS5 and
graphics/statistical analyses were performed using Graphpad Prism
software.

Western blotting

Protein extracts from whole yeast cells were obtained by addition of 10% (v/
v) trichloroacetic acid to liquid cultures of log-phase yeast, incubation on ice
for 20 min and centrifugation at 16,100 g for 5 min at 4°C. Three times, the

precipitated pellet was resuspended by sonication into ice-cold acetone and
centrifuged again before being resuspended in Laemmli buffer. Glass beads
(0.5-mm) were then added to each sample and the precipitate was
mechanically disrupted by vortex agitation for 10 min before being boiled
at 95°C. Extracts were resolved by SDS-PAGE in 4-20% acrylamide (v/v)
Tris/glycine gradient gels (Bio-Rad Laboratories). Proteins were transferred
to nitrocellulose membranes and incubated with mouse monoclonal primary
antibodies reactive against yeast Pgkl (catalog no. 22C5D8; ThermoFisher
Scientific) or Ubiquitin (catalog no. 14-6078-82; ThermoFisher Scientific).
Primary antibodies were validated by western blot analysis of a deletion
strain extract (Pgk1) or of a wild-type yeast strain overexpressing ubiquitin
from a high-copy-number plasmid. Primary antibodies were detected by
using goat anti-mouse HRP-conjugated secondary antibody (catalog no. sc-
2005; Santa Cruz Biotechnology) that allowed for chemiluminescent
detection by film exposure.

LUCID assay

Quantitative analysis of firefly luciferase-Cpsl (FLuc-Cpsl) sorting into
MVBs by using the LUCiferase reporter of Intraluminal Deposition
(LUCID) assay was performed as described in Nickerson and Merz
(2015) using a dual luciferase assay system (Promega, Madison, WI). All
yeast strains analyzed were transformed with plasmid pDN316, grown to
early log phase and treated with cyclohexamide (50 pg/ml) for 20 min. Cells
(1.2 ODgy units) were passively lysed in 200 pl of 1x passive lysis buffer
(PLB) from the dual luciferase assay system (buffered to pH 7 with 100 mM
Tris-HCI pH 7.0) and vortexed with 0.5-mm glass beads. Firefly luciferase
and Renilla luciferase (RLuc) were analyzed sequentially using a
SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA).
To determine the relative sorting of FLuc-Cpsl, the signal from firefly
luciferase was normalized to the signal from Renilla luciferase. The FLuc-
Cpsl to RLuc ratios in all yeast strains were normalized to the isogenic
SEY6210 wild-type yeast strain. Graphing and statistical analyses were
performed using Graphpad Prism software.
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Fig. S1. Vnx1 dysfunction does not restore ILV cargo sorting in fab1A yeast
(A) Analysis of GFP-Cps1 localization in the indicated yeast strains stained with FM

4-64. Relative fluorescence intensities along the dashed lines are plotted in the graphs.

Scale bar, 2um. (B) Quantitation of missorted GFP-Cps1 within the strains imaged in
(A), shown as the mean percentage of the total. Error bars represent £s.e.m calculated
from three independent experiments (n=50). GFP-Cps1 missorting was determined
through either a visual or a line scan assessment of GFP-Cps1 accumulation on the
vacuole membrane stained with FM 4-64. The data for wild-type is the same as shown
in Figure 1.
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Fig. S2. Fab1 and Doa4 do not share a functional relationship

(A) Analysis of Doa4-GFP localization in the indicated yeast strains stained with FM
4-64. Arrowheads indicate aberrant endosome membranes that form in vps4A yeast
strains. Scale bar, 2um. (B) Cell growth assays of the indicated yeast strains grown
on minimal synthetic (YNB) agar medium without tryptophan at 26°C or 37°C for 3
days. All strains were transformed with a high-copy number plasmid (2u) that was
either empty (pES12) or had Cu2+-inducible Ub (YEp96). (C) Immunoblot of cell
extracts from the indicated strains detecting ubiquitin. Detection of Pgk1 provides a
loading control. (D) Quantitation of missorted GFP-Cps1 within doa4A cells
transformed with a low-copy number plasmid that was either empty (pRS416) or
contained a constitutively active allele of FAB1 (pFABT*).
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Table S1. Yeast strains used in this study.

Name Genotype Reference/Source
SEY6210 Mat-alpha leu2-3,112 ura3-52 his3A200 Robinson et al., 1988
trp1-A901 lys2-A801 suc2-A9
AMY1410 SEY6210; ypt7A::KANMX6 This study
DBY5 SEY6210; doa4A::HIS3 Richter et al., 2007
MBY3 SEY6210; vps4A:: TRP1 Babst et al., 1997
fab1A SEY6210; fab1A::HIS3 Gary et al., 1998
JGY134 SEY6210; vac7A::HIS3 Gary et al., 2002
JGY145 SEY6210; vac14A::TRP1 Rudge et al., 2004
DCBY1 SEY6210; vac7A::HIS3 vph1A::KANMX6 Wilson et al., 2018
DCBY3 SEY6210; vac14A::TRP1 vph1A::KANMX6 Wilson et al., 2018
GOY432 SEY6210; vph1A::KANMX6 Wilson et al., 2018
GOY434 SEY6210; fab1A::HIS3 vph1A::KANMX6 Wilson et al., 2018
ZWY27 SEY6210; vnx1A::KANMX6 Wilson et al., 2018
ZWY32 SEY6210; fab1A::HIS3 vnx1A::KANMX6 Wilson et al., 2018
ZWY36 SEY6210; stv1A::KANMX6 This study
ZWY43 SEY6210; fab1A::HIS3 stv1A::KANMX6 Wilson et al., 2018
ZWY65 SEY6210; fab1A::HIS3 vph1R73%Q Wilson et al., 2018
ZWY95 SEY6210; doa4A::HIS3 vph1A::KANMX6 This study
ZWY96 SEY6210; fab1A::HIS3 vps4A:: TRP1 This study

Table S2. Plasmids used in this study.

Plasmid Name Genotype Reference/Source
pRS416 URA3 Amp® CENIARSH4 Sikorski and Hieter, 1989
pCR142 URA3 Amp® (pRS426) DOA4-GFP Richter et al., 2013
pES12 TRP1 AmpR 2u Nikko et al., 2007

pfab1’ URA3 Amp® (pRS416) fab1’ Gary et al., 2002

pGO45 URA3 Amp® (pRS426) GFP-CPS1 Odorizzi et al., 1998
pRC1243 URA3 Amp® (pPRS416) GFP-YPT7 Russell et al., 2012
p1324 URA3 Amp® (pRS416) GFP-VPS21 Russell et al., 2012
GFP-Vps41 URA3 Amp® (pRS406) GFP-VPS41 LaGrassa and Ungermann, 2005
YEp96 TRP1 AmpR 2y Cu®*-inducible UBI4 Nikko et al., 2007
mCh-Pho8 LEU2 Amp® (pRS315) mCh-PHO8 Gift from Tom Stevens
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