
Functional complementation reveals that 9 of the 13 human
V-ATPase subunits can functionally substitute for their yeast
orthologs
Received for publication, October 9, 2018, and in revised form, March 27, 2019 Published, Papers in Press, April 5, 2019, DOI 10.1074/jbc.RA118.006192

Michiko Abe‡, Mayu Saito‡, Ayana Tsukahara‡, Shuka Shiokawa‡, Kazuma Ueno‡, Hiroki Shimamura‡,
Makoto Nagano‡, Junko Y. Toshima§1, and Jiro Toshima‡2

From the ‡Department of Biological Science and Technology, Tokyo University of Science, 6-3-1 Niijyuku, Katsushika-ku,
Tokyo 125-8585 and the §School of Health Science, Tokyo University of Technology, Ota-ku, Tokyo 144-8535, Japan

Edited by Phyllis I. Hanson

Vacuolar-type H�-ATPase (V-ATPase) is a highly conserved
proton pump responsible for acidification of intracellular
organelles and potential drug target. It is a multisubunit com-
plex comprising a cytoplasmic V1 domain responsible for ATP
hydrolysis and a membrane-embedded Vo domain that contrib-
utes to proton translocation across the membrane. Saccharomy-
ces cerevisiae V-ATPase is composed of 14 subunits, deletion of
any one of which results in well-defined growth defects. As the
structure of V-ATPase and the function of each subunit have
been well-characterized in yeast, this organism has been recog-
nized as a preferred model for studies of V-ATPases. In this
study, to assess the functional relatedness of the yeast and
human V-ATPase subunits, we investigated whether human
V-ATPase subunits can complement calcium- or pH-sensitive
growth, acidification of the vacuolar lumen, assembly of the
V-ATPase complex, and protein sorting in yeast mutants lack-
ing the equivalent yeast genes. These assessments revealed that
9 of the 13 human V-ATPase subunits can partially or fully com-
plement the function of the corresponding yeast subunits.
Importantly, sequence similarity was not necessarily correlated
with functional complementation. We also found that besides
all Vo domain subunits, the V1 F subunit is required for proper
assembly of the Vo domain at the endoplasmic reticulum. Fur-
thermore, the human H subunit fully restored the level of vacu-
olar acidification, but only partially rescued calcium-sensitive
growth, suggesting a specific role of the H subunit in V-ATPase
activity. These findings provide important insights into func-
tional homologies between yeast and human V-ATPases.

Vacuolar-type H�-ATPase (V-ATPase)3 is an evolutionally
conserved multisubunit complex responsible for acidification
of intracellular organelles such as the Golgi and the lysosome/

vacuole (1, 2). In mammalian cells, acidification of organelles in
the biosynthetic pathway (e.g. trans-Golgi compartment, pH
�6.0; secretory vesicle, pH �5.5) is thought to be essential for
post-transcriptional processing and trafficking of newly syn-
thesized proteins (3, 4). Similarly, in the endocytic pathway,
progressive acidification of organelles (e.g. early endosome, pH
�6.3; late endosome, pH �5.5; lysosome/vacuole, pH �4.7) is
important for trafficking and recycling of internalized mem-
brane proteins such as cell-surface receptors and transporters
(3, 5–7). In yeast, cytoplasmic pH has been shown to be �6.7,
whereas pH in the vacuole is reportedly �5.6, when cells are
grown in media with a pH of 5.5 (8 –12). In contrast, yeast
mutants lacking each of the V-ATPase subunits have alkalin-
ized vacuoles and acidified cytosol because of an inability to
transport protons from the cytosol to the vacuole (12). Similar
to mammalian cells, acidification of organelles in yeast is
required for the protein sorting and recycling pathways.

Previous studies have also suggested a role for V-ATPase in
various physiological processes, including sperm maturation,
urine acidification, and bone remodeling (13–15). Targeted
disruption of the c subunit of the murine Vo domain, which has
one gene copy in the mouse genome, causes complete loss of
V-ATPase function, which is embryonically lethal (16). In con-
trast, loss of a tissue-specific V-ATPase subunit, such as the a1,
a3, or B1 subunit, has been reported to cause human disease,
including osteoporosis, sensorineural deafness, distal renal
tubular acidosis, or diabetes (15, 17–19). Overexpression
and/or ectopic expression of V-ATPase is also reportedly asso-
ciated with numerous diseases, including cancer (20). For
instance, V-ATPases generate an acid microenvironment that
influences cancer progression, metastasis, and chemoresis-
tance (21, 22). V-ATPase has therefore been recognized as a
valuable drug target (21).

V-ATPase is expressed ubiquitously in various organisms,
and in most eukaryotic cells complete loss of V-ATPase func-
tion is lethal. However, the yeast Saccharomyces cerevisiae can
survive lacking functional V-ATPase and exhibits well-defined
conditionally lethal phenotypes, including sensitivity to ele-
vated pH and calcium concentrations, inability to grow on non-
fermentable carbon sources, and sensitivity to a variety of heavy
metals (23–25). Furthermore, in yeast, each subunit of V-AT-
Pase is encoded by a single gene, except for the VPH1 and STV1
genes, which encode two isoforms of a subunit (Vph1p and
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Stv1p) and target V-ATPase to the vacuole or the Golgi, respec-
tively (26, 27). These features make yeast a preferred model
organism for the study of V-ATPases.

V-ATPase comprises two functional domains: a cytoplasmic
V1 domain responsible for ATP hydrolysis, and the membrane-
embedded Vo domain that functions in proton translocation
across the membrane (2). The V1 domain contains eight differ-
ent subunits (A–H) with three copies of the catalytic A and B
subunits, three copies of the stator subunits E and G, and one
copy of the regulatory C and H subunits, whereas the Vo
domain contains at least five transmembrane subunits, includ-
ing a ring of proteolipid subunits (c and c� for mammals; c, c�,
and c� for yeast) that are adjacent to subunits a and e (2). The
structure of V-ATPase and the function of each of the subunits
have been well-characterized in S. cerevisiae (28, 29), and these
provide novel insights into human V-ATPase. Using the struc-
ture of yeast V-ATPase as a template, it is possible to build a
homology model of human V-ATPase. However, it is important
to determine the ability of the human subunits to functionally
replace their yeast equivalents.

In this study, we expressed human V-ATPase subunits in
yeast mutants lacking the equivalent subunits and examined
the level of functional conservation of each subunit. These
assessments revealed that the cytosolic subunits of human
V-ATPase, except for the B and G subunits, were able to com-
plement the function of the corresponding yeast subunits, but
the proteolipid subunits were mostly unable to do so. These
proteolipid subunits became mis-localized to the endoplasmic
reticulum (ER), indicating that assembly of the Vo domain at
the ER is deficient in these mutants. We also demonstrated that
the human H subunit largely complemented the vacuolar acid-
ification and localization of the V1 domain but only partially
rescued the growth of yeast lacking the native H subunit, sug-
gesting a specific role of the human H subunit in V-ATPase
activity.

Results

Complementation of yeast genes encoding V-ATPase subunits
with equivalent human genes

To investigate functional conservation between yeast and
human V-ATPase subunits, we replaced yeast genes with their
human equivalents (Fig. 1A). For expression of human genes,
we utilized two different promoters: one was the promoter of
yeast equivalent genes (native promoter), expressing human
genes at the same level as its equivalent yeast subunit (Fig. 1B),
and the other was the yeast triose-phosphate isomerase (TPI1)
gene promoter, which has constitutive and powerful promoter
activity that increases the expression to �3.8-fold compared
with the VMA1 promoter (Fig. 1B) (30). After expressing the
human gene in a mutant lacking the equivalent yeast gene, we
evaluated four cell phenotypes: 1) growth ability on media con-
taining a high-calcium concentration and elevated pH; 2) vac-
uolar acidification; 3) localization of the V1 and Vo subunits;
and 4) endocytic recycling of Wsc1–3GFP (Fig. 1A).

Yeast V-ATPase comprises 14 subunits, including a catalytic
V1 domain of peripherally associated proteins (Vma1p, 2p, 4p,
5p, 7p, 8p, 10p, and 13p) and a proton-translocating Vo domain

of integral membrane proteins (Vma3p, 6p, 9p, 11p, 16p, and
Vph1p) (see Fig. 7C and Table 1) (2, 31). Previous studies have
shown that cells lacking any of the ATPase subunit genes exhib-
ited an identical set of vma phenotypes, including sensitivity to
elevated pH and high extracellular Ca2� concentration (24).
Whereas in yeast all of the V-ATPase subunits are encoded by
single genes with the exception of the a subunit, six of the
V-ATPase subunits (subunits B, C, E, G, a, and d) have multiple
subunits in mammalian cells (2). In each case, one isoform is
expressed ubiquitously, whereas the other isoforms are often
expressed in a specific tissue (32). For this reason, we used ubiq-
uitously expressed isoforms in the following experiments. To
investigate functional conservation between the yeast and
human V-ATPase subunits, we expressed each human subunit
from the native promoter (Fig. 2A) or the TPI1 promoter (Fig.
2B) in cells lacking the equivalent yeast subunit. Before begin-
ning the complementation tests, we confirmed that expression
of each human V-ATPase subunit from the TPI1 promoter
does not affect the growth of WT yeast on media containing 100
mM CaCl2 or elevated pH (pH 7.0) (Fig. S1). Next, we examined
the growth ability of the strains after replacing the yeast V1
subunit genes with their human equivalents on these media.
Among strains expressing the human gene from the native pro-
moter, two strains expressing the human C1 (V1C1) or D (V1D)
subunit completely recovered their ability to grow in medium
containing 100 mM Ca2� concentration or elevated pH (Fig. 2A
and Table 1), suggesting functional conservation of these sub-
units between yeast and human. Two strains expressing the
human E2 (V1E2) or F (V1F) subunit showed partial growth
rescue when expressed from the native promoter (Fig. 2A and
Table 1), and they showed almost complete recovery when
expressed from the TPI1 promoter (Fig. 2B and Table 1), sug-
gesting that these human subunits partially complement the
functions of the yeast subunits. The strain expressing the
human H subunit(s) exhibited partial rescue of growth when
expression was from either the native or the TPI1 promoter
(Fig. 2, A and B, and Table 1).

We also examined the growth ability of strains in which the
yeast Vo subunit genes had been replaced with their human
equivalents. Among the five subunits, we found that only the
human d1 (VoD1) subunit rescued the ability to grow in
medium containing 100 mM Ca2� or elevated pH (Fig. 3, A and
B, and Table 1). Yeast has two genes, VPH1 and STV1, which
encode the a subunit (26, 27). A previous study has shown that
yeast lacking the VPH1 gene is able to grow in medium contain-
ing 100 mM Ca2� or elevated pH but is unable to survive in the
presence of 3.5 mM Zn2� (27). Accordingly, we examined the
growth ability of the strain expressing the human a1 subunit
(VoA2) on media containing 4 mM Zn2�. Expression of the
VoA2 subunit partially rescued the growth of vph1� cells only
when expressed from the TPI1 promoter (Fig. 3, A and B, and
Table 1), suggesting that the function of the a subunit is par-
tially conserved between yeast and human.

Complementation analysis based on the level of vacuolar
acidification

We next determined whether expression of the human
V-ATPase subunits could recover vacuolar acidification in
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Table 1
Functional complementation between yeast and human V-ATPase subunits
The following abbreviations are used: acid., acidification: local., localization: recycl., recycling; ND, not determined.

Yeast Human
Similarity/

identity
Growth Vacuolar acid. Vph1p local. Vma1p local. Wsc1p recycl.

(PVMA) (PTPI1) (PVMA) (PTPI1) (PVMA) (PTPI1) (PVMA) (PTPI1) (PVMA) (PTPI1)

%
V1 domain

A VMA1 V1A 45/37 � �/� � �/� �� �� � �/� ND ND
B VMA2 V1B2 78/71 � �/� � � �� �� � � ND ND
C VMA5 V1C1 53/35 �� �� � �� �� �� � �� ND ND
D VMA8 V1D 70/51 �� �� � �� �� �� � �� �� ��
E VMA4 V1E2 57/35 �/� �� � �� �� �� � �/� � �
F VMA7 V1F 64/50 �/� �� � �� � � �/� � ND ND
G VMA10 V1G1 53/36 � � � � �� �� � � ND ND
H VMA13 V1H 39/21 � � �� �� �� �� �/� �� ND ND

Vo domain
a VPH1 VoA2 53/36 � � � � ND ND �/� �/� ND ND
c VMA3 VoC 80/66 � �/� � �/� � � � �/� ND ND
c� VMA11 ND ND ND ND ND ND ND ND ND ND
c� VMA16 VoB 63/48 � � � � � � � � ND ND
d VMA6 VoD1 64/45 �� �� � �� �� �� � �� � �
e VMA9 VoE 38/20 � � � � � � � � ND ND

Figure 1. Overview of the experimental design for the complementation test. A, yeast mutants, in which gene encoding each V-ATPase subunit was
replaced with the KanMX marker, were obtained from GE Dharmacon. For expression of human genes, two different promoters, the promoter of yeast
equivalent genes (PVMA) and the yeast triose-phosphate isomerase gene promoter (PTPI1), were utilized. After expressing the human gene in a mutant lacking
the equivalent yeast gene, the following four cell phenotypes, 1) growth ability, 2) vacuolar acidification, 3) localization of the V1 and Vo subunits, and 4)
endocytic recycling of Wsc1–3GFP, were evaluated. B, immunoblots showing the expression of GFP-tagged Vma1p and its human equivalent subunit
(ATP6V1A) from the VMA1 gene or the TPI1 gene promoter in the vma1� mutants. 10 �g of whole-cell extracts from each strain were loaded per lane and
immunoblotted with an anti-GFP antibody or anti-glyceraldehyde-3-phosphate dehydrogenase antibody. The bar graphs represent the relative expression
levels of these proteins. Data show the mean � S.D. of three experiments. **, p value 	 0.01, one-way ANOVA with Tukey’s test. n.s., not statistically significant.

Functional complementation of yeast and human V-ATPase

J. Biol. Chem. (2019) 294(20) 8273–8285 8275



vma/vph1 mutants by observing the fluorescence of a pH-sen-
sitive GFP variant, pHluorin, whose fluorescence is quenched at
pH values below 6.0 (33). Previous studies have demonstrated
that the pHluorin-fused pheromone receptors Ste2p or Ste3p
can be used as effective quantitative reporters of vacuolar acid-
ification (8, 34). Although Ste2–pHluorin, which is constitu-
tively internalized and transported to the vacuole lumen, was
almost invisible in the vacuoles of WT cells (Fig. 4A), all of the
vma mutants, including vhp1�, exhibited strong fluorescence
in their vacuoles (Fig. 4, B and C, and Table 1). Consistent with
these growth phenotypes, expression of the V1C1, V1D, V1E2,
V1F, V1H, or VoD1 subunit in the vma mutant efficiently
restored vacuolar acidification, although V1C1, V1D, or VoD1
expressed from the native promoter did not have complete res-
toration function (Fig. 4, B and C, and Table 1). Quantitative
analysis revealed that, in the yeast strain whose V1 C subunit
(Vma5p) had been replaced by its human equivalent, the fluo-
rescence of Ste2–pHluorin decreased to �56.7 or �0.4%, when
expressed from the native or the TPI1 promoter, respectively

(Fig. 4D). In the strain whose V1 D subunit (Vma8p) had been
replaced, the fluorescence of Ste2–pHluorin decreased to
�40.4% (native promoter) and �1.4% (TPI1 promoter),
whereas replacement of the Vo d subunit resulted in a decrease
to �59.7% (native promoter) and �8.4% (TPI1 promoter).
Growth of these strains expressing human subunits from the
native promoter showed almost complete recovery, but vacuo-
lar acidification showed only partial recovery, suggesting that
evaluation of complementation using the fluorescence inten-
sity of Ste2–pHluorin is more accurate than that based on
growth phenotype.

Localization of the Vo/V1 domains in a yeast mutant
expressing the equivalent human gene

We next examined localization of the Vo subunit in the vma/
vph1 mutant expressing the human equivalent. As a marker of
the Vo domain, we used GFP-tagged Vph1p, which is trans-
ported from the Golgi to the vacuole via the VPS pathway (36).
GFP tag is inserted into the end of the VPH1 gene at its chro-

Figure 2. Growth complementation assays of yeast V-ATPase (V1 subunit) mutants by the equivalent human gene. A and B, growth assays of yeast
V-ATPase (V1 subunit) mutants expressing the human equivalent genes from the native promoter (A) or the TPI1 gene promoter (B). 10-Fold dilutions of
cells were spotted on YPD plates containing 0, 30, and 100 mM CaCl2 or pH 7.0. YPD plates were buffered with 50 mM KH2PO4 and 50 mM K2HPO4 and
incubated at 25 °C for 72 h. The white dashed line shows boundaries in the composite images. WT and mutant cells in a composite image were spotted
and grown on the same plate. After imaging the plate, images of cells spotted in a distant place were cropped separately and combined to create a
composite image.
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mosomal locus to place expression of Vma1–GFP under the
control of the native promoter (see “Experimental proce-
dures”). Previous studies reported that endogenous V-ATPase
is localized at the vacuolar membrane (27, 37), and GFP-tagged
Vph1p exhibits similar vacuolar membrane localization (38).
Consistent with these studies, we observed that GFP-tagged
Vph1p is localized to the vacuolar membrane in WT cells (Fig.
5A). We expected that Vph1–GFP would be localized at the
vacuolar membrane in the yeast V1 subunit mutants because
the Vo domain is assembled at the ER and Golgi, independently
of the V1 domain (2). As expected, we observed localization of
Vph1–GFP at the vacuolar membrane in all of the V1 subunit
mutants, except for the vma7� mutant in which Vph1p was
mis-localized at the ER labeled by the mCherry–HDEL ER
marker, which contains the tetrapeptide ER-targeting signal
(Fig. 5A and Fig. S2) (39). Quantitative analysis categorizing
Vph1–GFP localization as vacuolar membrane only, vacuolar
membrane and ER, or ER (including intravacuolar localization)
revealed that vma7� mutation causes complete mis-localiza-
tion of Vph1–GFP to the ER, whereas other V1 subunit mutants
exhibit normal vacuolar membrane localization (Fig. 5C).
Because Vma7p (ScF) is thought to be a subunit of the V1
domain, this result was surprising and suggested a role for the F
subunit in the assembly of the Vo domain. Consistent with the
growth phenotype, expression of the V1F subunit partially
restored the localization of Vph1–GFP to the vacuolar mem-
brane (Fig. 5, B and D).

A previous study reported that Vph1p becomes a short-lived
ER membrane protein and is rapidly degraded when the Vo

complex cannot be properly assembled due to the loss of
Vma3p or Vma12p (40). Consistent with this observation, we
found that in all strains lacking Vo subunits Vph1–GFP was
mis-localized to the ER (Fig. 5B). This indicates that each Vo
subunit is necessary for proper assembly of the Vo domain at
the ER and for subsequent transport to the vacuolar membrane.
We found that expression of VoB or VoE from the native or
the TPI1 promoter did not restore Vph1–GFP localization,
although VoC was able to partially restore localization when
expressed from the TPI1 promoter (Fig. 5, B and C). In addition
to the ER localization, we observed that Vph1–GFP is localized
at the vacuole in vma3�, vma7�, vma9�, and vma16� mutants
(Fig. 5, A and B), indicating that Vph1–GFP is degraded in these
strains, as reported previously (40). To confirm that each
human subunit is expressed in these strains, we tagged each
human subunit with GFP and observed the resulting localiza-
tion. A previous study showed that the C-terminal pHluorin
tagging of human VoC expresses as a functional subunit in
mouse hippocampal neuron (41). Because pHluorin is a GFP
variant, GFP fusion to the human VoC subunit appears to be
functional in human cell. When being expressed in the vma3�
mutant, GFP-tagged VoC was ectopically localized to the ER
and the vacuole (Fig. 5D), similar to Vph1–GFP. Although
the functionalities of GFP-tagged VoB and VoD have not
been reported in the human cell, GFP-tagged VoB and VoE
also showed similar localization to VoC–GFP (Fig. S2B).
Thus, these human subunits were translated and targeted to
the ER. To further confirm the expression and localization of
the human VoC subunit in yeast, we expressed the C-termi-

Figure 3. Growth complementation assays of yeast V-ATPase (Vo subunit) mutants by the equivalent human gene. A and B, growth assays of yeast
V-ATPase (Vo subunit) mutants expressing the human equivalent genes from the native promoter (A) or the TPI1 gene promoter (B). 10-Fold dilutions of cells
were spotted on YPD plates containing 0, 30, and 100 mM CaCl2 or 4 mM ZnCl2, pH 7.0, YPD plates were buffered with 50 mM KH2PO4 and 50 mM KH2PO4 and
incubated at 25 °C for 72 h.
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nally V5-epitope–tagged VoC in the vma3� mutant, because
it was reported that the V5-tagged VoC is functionally
expressed in human MDA–MB231 breast cancer cells (42).
Immunostaining of V5-tagged human VoC showed similar
fluorescent localization to VoC–GFP (Fig. 5E), and immuno-
blot analysis indicated the correct size of VoC is expressed in
the vma3� mutant (Fig. 5F). These results further suggest
that human VoC, VoB, and VoE were expressed in yeast but
were unable to complement the functions of each equivalent
yeast subunit. Importantly, in the vma6� mutant, expression
of the VoD1 subunit restored the localization of Vph1–GFP
almost completely upon expression from both the native and
the TPI1 promoter (Fig. 5, B and C), consistent with the
growth phenotypes (Fig. 2, A and B).

We also examined localization of the V1 domain by tagging
Vma1p, yeast subunit A, with GFP. A previous study had shown
that the V1 domain is assembled in the cytosol and then
becomes attached to the assembled Vo domain at the vacuolar
membrane. In WT cells, Vma1–GFP was localized at the vacu-
olar membrane (Fig. 6A), as reported previously (43), whereas it
was localized in the cytosol in all of the vma/vph1 mutants (Fig.
6, B and C). Among these mutants, those with deletion of
Vma5p (ScC) or Vma13p (ScH), both of which are stator sub-
units, showed partial localization of Vma1–GFP at the vacuolar
membrane, in addition to the cytosol (Fig. 6B). Consistent with
evaluation using Ste2–pHluorin, strains with replacement of
the V1C1, V1D, V1H, or VoD1 subunit showed partial recovery
of Vma1–GFP localization at the vacuolar membrane when
expressed from the native promoter and almost complete
recovery when expressed from the TPI1 promoter (Fig. 6, B and
D). Similarly, in the strains with replacement of the V1E2 or
V1F subunit, localization of Vma1–GFP was partially restored
(Fig. 6, B and D). In contrast, in the strains with replacement of
V1B2, V1G1, VoB, or VoE, the Vma1–GFP was mostly diffused
in the cytosol (Fig. 6, B–D), consistent with defective growth
and the level of vacuolar acidification.

Functional complementation between yeast and human
V-ATPase subunits for endocytic recycling of Wsc1p

We then investigated whether replacement of yeast subunits
with their human equivalents would be able to complement the
function of V-ATPase in the protein-recycling pathway. In our
previous study, we found that deletion of V-ATPase subunits
led to mis-localization of Wsc1p from the plasma membrane to
the vacuole (34). Wsc1p is a major cell wall sensor protein local-
ized at the polarized cell surface, and its localization is main-
tained by endocytosis and recycling from endosomes back to
the cell surface (44). For this purpose, we chose two V1 subunit-
replaced strains that exhibited different complementation lev-
els: one strain with replacement of the E subunit exhibits mod-

erate complementation, and the other with replacement of the
D subunit exhibits high complementation. We also chose one
strain with replacement of the Vo subunit (d subunit), which
exhibits high complementation. As reported previously, Wsc1p
was localized at the plasma membrane in WT cells, but it was
mis-localized to the vacuole in the vma4�, vma6�, or vma8�
mutant (Fig. 7A). Consistent with the results based on the fluo-
rescence intensity of Ste2–pHluorin, localization in the vma4�
mutant was slightly restored when expressed from the native
promoter and was mostly restored when expressed from the
TPI1 promoter (Fig. 7, A and B). Similarly, in the vma6� and
vma8� mutants, expression of each human subunit mostly or
almost completely led to recovery of Wsc1–3GFP localization
at the plasma membrane (Fig. 7, A and B). These results clearly
indicated that human subunits were able to complement the
physiological function of yeast V-ATPase subunits in the pro-
tein-recycling pathway.

Discussion

In this study, we evaluated functional complementation
between yeast and human subunits of V-ATPase in terms of 1)
growth ability on media containing a high-calcium concentra-
tion or elevated pH values; 2) vacuolar acidification; 3) localiza-
tion of the V1 and Vo subunits, and 4) endocytic recycling of
Wsc1–3GFP. Overall, our results were well-correlated with
growth ability, although evaluation in terms of vacuolar acidi-
fication or Vma1–GFP localization appeared to be more sensi-
tive. A previous study using yeast vma1 mutants showed that
mutant vma1– 40 possessing �25% of WT V-ATPase activity
was able to grow on media buffered to pH 7.5 (45). The vma5
mutants, which possess as little as 35% of WT V-ATPase activ-
ity, were also reported to be capable of growth on media con-
taining 60 mM CaCl2 (46). These observations, taken together
with our present results, indicate that although comparison of
growth ability is reliable and valid, it is not sufficiently precise
for evaluation of V-ATPase function. As a more sensitive
method for assessment of V-ATPase function in yeast, the lipo-
philic fluorescent amine quinacrine, which crosses membranes
in uncharged form and is retained in the vacuole upon proto-
nation, has been widely used (47). Quinacrine staining is the
simplest method for assessment of vacuolar acidity, but it
appears unsuitable for quantitative analysis because it is not
visible in vacuoles with increased pH values (47). In this study,
we therefore used the pHluorin-fused Ste2p as an effective
quantitative reporter of vacuolar acidification (8, 34). In con-
trast to quinacrine, super-ecliptic pHluorin displays a reversi-
ble excitation ratio change between pH 7.5 and 5.5, and it grad-
ually loses its fluorescence as the pH value is lowered (33).
Vacuolar pH in yeast has been shown to vary from �5 to 6.5 in
WT cells and �6.6 to 7.2 in the vma2� mutant depending on

Figure 4. Functional complementation of yeast V-ATPase subunit mutants by the equivalent human gene. A–C, localization and fluorescence of
Ste2–pHluorin in WT (A), yeast V-ATPase V1 subunit mutants (B), and Vo subunit mutants (C) expressing the human equivalent genes. Cells expressing
Ste2–pHluorin were grown to early logarithmic phase in YPD medium at 25 °C and observed by epifluorescence and differential interference contrast (DIC)
microscopy. The pHluorin is sensitive in pH and loses its fluorescence when transported to the acidic vacuole. D, relative intensities of Ste2–pHluorin at the
vacuole in yeast V-ATPase mutants. The fluorescence intensity of vacuoles in the vma mutants, including vhp1� was calculated by subtracting the average
cytosolic background signal from the fluorescence intensity of the individual vacuole. For the relative fluorescence intensity in mutants, the average fluores-
cence intensity of the vacuole in mutant cells was divided by the average fluorescence intensity of that in WT cells (n 
 50). The fluorescence intensities were
analyzed by using the program ImageJ Version 1.44. Data show the mean � standard deviation (S.D.). **, p value 	 0.001; ***, p value 	 0.0001, one-way ANOVA
with Tukey’s test. n.s., not statistically significant.
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growth conditions (12, 48), and therefore, pHluorin is suitable
for quantitative monitoring of vacuolar pH.

As an alternative method, we expressed GFP-tagged Vma1p
in each of the strains. In WT cells, GFP–Vma1p was localized at
the vacuolar membrane, whereas in a mutant lacking functional
V-ATPase, it was localized in the cytosol, suggesting that each
of the individual V-ATPase subunits is necessary for Vma1p
localization at the vacuole. Previous studies have revealed that
the V1 complex is assembled independently of the Vo complex
and then binds to the fully assembled Vo domain at the Golgi (1,
49, 50). Therefore, although Vma1–GFP showed cytosolic
localization in mutants lacking Vo subunits, Vma1p was able to
form a complex with other V1 subunits. Localization of Vma1–
GFP at the vacuolar membrane is mostly consistent with the
level of vacuolar acidification, suggesting that evaluation of
V-ATPase function in terms of Vma1–GFP localization is as
sensitive as evaluation using Ste2–pHluorin.

In addition to its role in the vacuolar membrane, V-
ATPase activity is necessary for several different steps of
intracellular vesicle transport. For example, acidification of
sorting endosomes by V-ATPase triggers uncoupling of
internalized ligand–receptor complexes and facilitates recy-
cling of unoccupied receptors back to the plasma membrane
(2). In addition, a recent study has demonstrated that
V-ATPase– dependent luminal acidification appears to be
critical for cargo sorting at early–to–late endosomes. Here,
we demonstrated that disruption of V-ATPase subunits
caused defects of Wsc1p trafficking from the endosome to
the plasma membrane (34), whereas expression of the V1H,
VoD1, or V1E2 subunit in each yeast mutant restored the
endocytic recycling of Wsc1p. This observation suggests
that V-ATPase– dependent luminal acidification in early–
to–late endosomes in vma mutants is also restored by
expression of equivalent human subunits.

ATP hydrolysis occurs at catalytic sites located at the inter-
face of the A and B subunits (Fig. 7C) (51, 52), three copies of
which are present per complex and are arranged in an alternat-
ing manner in a ring. In this study, we substituted the ScA or the
ScB subunit with each human equivalent, but neither was able
to complement the function. Sequence comparison between
ScB and V1B2 or ScA and V1A revealed that although the over-
all identity of the A subunit is only 37%, that of the B subunit is
significantly high (71%). Additionally, the ScA subunit contains
an extra 450 amino acids that form an extra �-sheet structure
(28, 53), compared with the V1A subunit, in the central region,
and therefore it seems reasonable that the V1A subunit would
not form a proper complex with the ScB subunit. Accordingly,
simultaneous substitution of the V1A and V1B2 subunits might

be able to complement the function of the yeast catalytic
domain.

Consistent with a previous study showing that overexpres-
sion of the V1H subunit complemented deletion of the H sub-
unit in yeast (54), we found that expression of the V1H subunit
from either the native or the TPI1 promoter largely comple-
mented the vacuolar acidification and localization of the V1
domain. However, we demonstrated that expression of the V1H
subunit, and even its overexpression, was unable to comple-
ment fully the growth of the vma13� mutant. One possible
explanation might be that regulation of V-ATPase activity is
disrupted when the ScH subunit is substituted by the V1H
subunit. The ScH subunit comprises two domains: the
N-terminal domain, which is required for activation of the
complex, and the C-terminal domain, which is required for
coupling of ATP hydrolysis to proton translocation (55). The
H subunit also inhibits MgATPase activity in membrane-
detached yeast V1 (56). The molecular mechanism by which
the H subunit silences MgATPase activity in free V1 is still
not well-understood, but a recent study has revealed that the
inhibitory interactions between the H subunit and the cata-
lytic core are mediated by a loop in the C-terminal region of
H (29). Interestingly, a chimeric H subunit construct con-
taining ScHNT and HsHct complemented the ScH deletion
phenotype, but it failed to silence MgATPase activity (29),
probably because the loop present in the ScH subunit is
absent in the V1H subunit. Additionally, this ScH subunit
loop mutant complemented the growth phenotype of the
strain with the H subunit deletion, but it did not silence
MgATPase activity. These observations indicate that the
nonconserved (yeast-specific) loop is essential for silencing
of isolated ScV1. Therefore, chimera yeast V-ATPase con-
taining the V1H subunit is highly activated, causing vacuolar
acidification, even though growth is not fully complemented.

Subunits of the human Vo domain, except for the d subunit,
were unable to complement their equivalent yeast subunits. We
demonstrated that all of the human c, c�, and e subunits were
mislocalized to the ER membrane. Because the Vo domain is
assembled at the ER membrane and then transported to the
Golgi, and then to the vacuolar membrane, our results suggest
that assembly or transport of the Vo domain at the ER is defec-
tive in these mutants. In the process of Vo assembly, several
assembly factors, such as Vma12p, Vma21p, Vma22p, and
Pkr1p, are known to be required (2). Vma21p promotes assem-
bly of the proteolipid subunits into a ring and binding of subunit
d to the cytoplasmic side of this ring, and Vma12p and Vma22p
interact transiently with subunit a and mediate its assembly
with the proteolipid ring (31). Human orthologs of these assem-

Figure 5. Localization of Vo subunit in yeast V-ATPase subunit mutants expressing the equivalent human gene. A and B, localization of Vph1–GFP in
yeast V-ATPase V1 subunit mutants (A) and Vo subunit mutants (B) expressing the human equivalent genes. Cells expressing Vph1–GFP and HDEL–mCherry
(mCH) were grown to early logarithmic phase in YPD medium at 25 °C and observed by epifluorescence and differential interference contrast (DIC) microscopy.
All images were taken with 1-s exposure time under the same conditions. C, quantification of localization of Vph1–GFP. Data show the mean of at least two
experiments, with �50 Vph1–GFP-labeled cells counted per experiment (green, vacuolar membrane (Vac); yellow, vacuolar membrane and endoplasmic
reticulum (Vac. and ER); red, ER including intravacuolar localization). D, localization of GFP-tagged human VoC protein. Cells expressing GFP-tagged protein and
HDEL–mCherry (mCH) were grown and observed as described above. E and F, localization and expression of V5-tagged human VoC protein in the vma3�
mutant. E, cells were grown to early logarithmic phase, fixed with paraformaldehyde, converted to spheroplasts, and stained with anti-V5 tag antibody.
V5-tagged proteins were subsequently visualized with Alexa Fluor 488-conjugated anti-mouse IgG. F, 10 �g of whole-cell extracts from each strain were loaded
per lane and immunoblotted with an anti-V5 tag antibody.
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bly factors, VMA21, TMEM199, and CCDC115, have been
identified (57, 58), and co-expression of these proteins with
human Vo subunits might be needed for proper assembly of the
chimeric Vo domain at the ER in yeast.

Experimental procedures

Yeast strains, growth conditions, and plasmids

The yeast strains used in this study are listed in Table S1. All
strains were grown in standard rich medium (YPD) or synthetic
medium (SM) supplemented with 2% glucose and appropriate
amino acids. PCR-based integration of GFP gene at the 3� end of
VMA1, VPH1, or WSC1 gene was used to generate strains
expressing a C-terminal GFP fusion protein under the control
of its native promoter (59). Expression plasmids containing the
promoter of the TPI1 gene or yeast V-ATPase subunit genes
were created as follows: 500-bp of STE2 3�UTR was amplified
by PCR with a forward primer containing EcoRI and BamHI
sites and a reverse primer containing XhoI site, and was cloned
into the EcoI and XhoI sites of pRS316 (pRS316 –STE2 3�UTR).
To create the expression plasmid containing the TPI1 gene pro-
moter, 412 bp of the TPI1 5� UTR was amplified by PCR with a
forward primer containing the SacI site and a reverse primer
containing the EcoRI site and was cloned into the SacI and
EcoRI sites of pRS316 –STE2 3�UTR (pRS316 –TPI1 5�UTR-
(EcoRI, BamHI)-STE2 3�UTR). To create the expression plas-

mids containing the yeast V-ATPase gene promoters, the
5�UTR fragments of the yeast V-ATPase subunit gene were
amplified by PCR with primers listed in Table S2 and were
cloned into SacI and EcoRI sites of pRS316 –STE2 3�UTR
(pRS316 –VMA 5�UTR-(EcoRI, BamHI)-STE2 3�UTR). Then,
gene fragments of human V-ATPase subunits were amplified
by PCR with primers listed in Table S2 and were cloned into
the EcoRI, BamHI, or EcoRI and BamHI-digested pRS316 –
TPI1 5�UTR-(EcoRI, BamHI)-STE2 3�UTR or pRS316 –
VMA 5�UTR-(EcoRI, BamHI)-STE2 3�UTR.

Fluorescence microscopy

Fluorescence microscopy was performed using an Olym-
pus IX81 microscope equipped with a �100/NA 1.40 (Olym-
pus) objective and an Orca-AG cooled CCD camera
(Hamamatsu), using Metamorph software (Universal Imag-
ing). Simultaneous imaging of red and green fluorescence
was performed using an Olympus IX81 microscope, as
described above, and an image splitter (Dual-View; Optical
Insights) that divided the red and green components of the
images with a 565-nm dichroic mirror and passed the red
component through a 630/50-nm filter and the green com-
ponent through a 530/30-nm filter. FM4-64 staining was
performed as described previously (35).

Figure 6. Localization of V1 subunit in yeast V-ATPase subunit mutants expressing the equivalent human gene. A–C, localization of Vma1–GFP or
Vma2–GFP in WT (A), yeast V-ATPase V1 subunit mutants (B), and Vo subunit mutants (C) expressing the human equivalent genes. Cells expressing
Vma1–GFP or Vma2–GFP were grown to early logarithmic phase in YPD medium at 25 °C and observed by epifluorescence and differential interference
contrast (DIC) microscopy. D, quantification of localization of Vma1–GFP or Vma2–GFP. Data show the mean of at least two experiments, with �50
Vph1–GFP-labeled cells counted per experiment (green, vacuolar membrane (Vac); yellow, vacuolar membrane and cytosol (Vac and Cyt); red, cytosol
(Cyt)).

Figure 7. Recycling of Wsc1–3GFP in yeast V-ATPase subunit mutants expressing the equivalent human gene. A, localization of Wsc1–3GFP in WT and
vma mutants. Cells expressing Wsc1–3GFP were grown to early logarithmic phase in YPD medium at 25 °C and observed by epifluorescence and differential
interference contrast (DIC) microscopy. B, quantification of the fluorescence intensity of Wsc1–3GFP at the vacuole in WT and mutant cells. The fluorescence
intensity of Wsc1–3GFP at the vacuole was calculated by subtracting average fluorescence intensity in the cytosol from that in the vacuole. For the relative
fluorescence intensity in mutants, the average fluorescence intensity in mutant cells was divided by the average fluorescence intensity in WT cells. Data show
the mean � S.D., with �50 cells counted for each strain. Different letters indicate significant difference at p 	 0.01 (one-way ANOVA with Tukey’s post-hoc test).
C, schematic representation of the subunit structure of yeast V-ATPase (2, 28). The subunits whose function were mostly complemented by the corresponding
human subunits are shown in green, partially complemented are shown in yellow, and slightly complemented are shown in orange. The subunits that were not
complemented are shown in gray.
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