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We have identified four genes (vha-5, vha-6, vha-7, and
unc-32) coding for vacuolar-type proton-translocating
ATPase (V-ATPase) subunit a in Caenorhabditis elegans,
the first example of four distinct isoforms in eukaryotes.
Their products had nine putative transmembrane re-
gions, exhibited 43–60% identity and 62–84% similarity
with the bovine subunit a1 isoform, and retained 11
amino acid residues essential for yeast V-ATPase activ-
ity (Leng, X. H., Manolson, M. F., and Forgac, M. (1998)
J. Biol. Chem. 273, 6717–6723). The similarities, together
with the results of immunoprecipitation, suggest that
these isoforms are components of V-ATPase. Transgenic
and immunofluorescence analyses revealed that these
genes were strongly expressed in distinct cells; vha-5
was strongly expressed in an H-shaped excretory cell,
vha-6 was strongly expressed in intestine, vha-7 was
strongly expressed in hypodermis, and unc-32 was
strongly expressed in nerve cells. Furthermore, the
vha-7 and unc-32 genes were also expressed in the uteri
of hermaphrodites. RNA interference analysis showed
that the double-stranded RNA for unc-32 caused embry-
onic lethality similar to that seen with other subunit
genes (vha-1, vha-4, and vha-11) (Oka, T., and Futai, M.
(2000) J. Biol. Chem. 275, 29556–29561). The progenies of
worms injected with the vha-5 or vha-6 double-stranded
RNA became died at a specific larval stage, whereas the
vha-7 double-stranded RNA showed no effect on devel-
opment. These results suggest that V-ATPases with
these isoforms generate acidic compartments essential
for worm development in a cell-specific manner.

Vacuolar-type proton-translocating ATPases (V-ATPases)1

are large complex enzymes consisting of at least 13 subunits
(1). The structure and catalytic mechanism of V-ATPases are
similar to those of FoF1-ATPases (2–4). They pump protons

across membranes coupled with ATP hydrolysis. Acidification
caused by V-ATPases is responsible for intracellular processes
such as activation of zymogen, release of ligands from recep-
tors, degradation of macromolecules, accumulation of neuro-
transmitters in secretory vesicles, and sorting of nascent
polypeptides (5, 6). These enzymes are also found in the plasma
membranes of osteoclasts (7), renal intercalated cells (8), and
epithelial cells of seminal ducts (9).

V-ATPases have a peripheral sector (V1) for ATP hydrolysis
and an integral sector (Vo) for proton translocation across
membranes. Vo consists of at least five different subunits (a, d,
c, c�, and c�). Subunits c, c�, and c� are often called proteolipids
and function mainly to form a proton pathway (4). Subunit d is
peripherally associated with other integral subunits (1). Sub-
unit a is the largest protein (116 kDa) among the V-ATPase
subunits and has been reported to have organelle- or cell-
specific isoforms responsible for cellular processes (7, 10–16).
In yeast, two a isoforms (Vph1p and Stv1p) have been found in
vacuolar and Golgi/endosomal membranes, respectively (10). In
mammals, three a isoforms (a1, a2, and a3) exhibit cell- and
tissue-specific expressions (7, 14). In particular, the a3 isoform
is highly expressed in osteoclasts and specifically localized in
their plasma membranes for bone resorption (7, 17). Further-
more, mutations of the a3 gene have been shown to cause
severe osteopetrosis (17–21). However, functions of the a1 and
a2 isoforms remain unclear.

We have focused on V-ATPase in Caenorhabditis elegans to
elucidate the functional roles of acidic compartments in devel-
opment and cellular processes. Analysis involving RNA inter-
ference indicated that V-ATPase is indispensable for early em-
bryogenesis of the worm (22). In this study, we identified four
genes (vha-5, vha-6, vha-7, and unc-32) for subunit a isoforms,
the first example of four distinct subunit a isoforms in higher
eukaryotes. These genes are expressed in a cell-specific manner
during worm development. The unc-32 gene is essential for
embryogenesis, and vha-5 and vha-6 are required for larval
development, whereas vha-7 is dispensable. The results sug-
gest that V-ATPases with these isoforms generate specific
acidic compartments required for development.

EXPERIMENTAL PROCEDURES

Maintenance of Worm Strains and Preparation of Total Lysate and
Membranes—The strain used in this study, wild-type Bristol N2, was
cultured and maintained as described previously (23). Transgenic
worms were obtained by microinjection with the selectable marker
gene, rol-6 (su1006) (24).

Mixed stage worms (5 g, wet weight) were suspended at 4 °C in 25 ml
of 10 mM HEPES-KOH (pH 7.4) containing 0.25 M sucrose, 10 mM KCl,
5 mM MgCl2, 1 mM EDTA, and 1 mM dithiothreitol. The suspension was
passed through a French Press (1200 kg/cm2), and the total lysate was
centrifuged at 10,000 � g for 15 min. The supernatant was further
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centrifuged at 100,000 � g for 30 min. The precipitate was suspended in
50 mM Tris-HCl (pH 7.5) and used for membrane fraction.

Sequencing of cDNA Clones—Four C. elegans expressed sequence tag
(EST) clones (yk458f4 (vha-5), yk17e5 (vha-6), yk287c7 (vha-7), and
yk42b11(unc-32)) were kindly provided by Y. Kohara and converted to
plasmids with a Rapid Excision Kit (Stratagene). The nucleotide se-
quences of the clones were determined with a Dye Terminator DNA
Sequencing Kit (Applied Biosystems). The nucleotide sequence data
reported in this paper will appear in the DDBJ, EMBL, and GenBankTM

data bases with the following accession numbers: (a) vha-5, AB055110,
(b) vha-6, AB055111, and (c) vha-7, AB055112. The sequence of the
unc-32 cDNA clone exactly matches that deposited by Pujol et al. (Ref.
25; accession number AF320901; GenBank/DDBJ/EMBL).

PCR Amplification of the 5�-terminal Regions—Total RNA extraction
and first-strand cDNA synthesis were carried out as described previ-
ously (26). PCR was performed under the following conditions: 30 s at
94 °C, 30 s at 61 °C, and 2 min at 68 °C for 30 cycles using SL primers
(SL1 or SL2, equivalent to the C. elegans spliced leader sequences) and
gene-specific primers (vha-5, 5�-CTCCAATTCGGTAAGAGTTCCCT-3�;
vha-6, 5�-AGAGGTGACATGCTCCAGAACA-3�; vha-7, 5�-TAGAACTC-
CGGCGACAAACCAT-3�; and unc-32, 5�-CGTTCTTATTGACCTCGC-
GAAG-3�). The resulting PCR products were cloned, and their se-
quences were determined.

Construction of GFP Reporter Plasmids—To create fusion plasmids
(vha-5::GFP, vha-7::GFP, and unc-32::GFP), genomic fragments includ-
ing the upstream region and a part of the exons of each gene were
subcloned from the corresponding cosmids into GFP reporter vectors
(27): the 3.0-kb BbvI fragment from F35H10 was cloned into pPD95.69
to create the vha-5::GFP plasmid (pHJ-V5P01), the 10-kb BamHI frag-
ment from C26H9 was cloned into pPD95.67 to create the vha-7::GFP
plasmid (pHJ-V7P01), and the 2.0-kb SacII/XhoI fragment from ZK637
was cloned into pPD95.69 to create the unc-32::GFP plasmid
(pHJU32P01). The 2.9-kb MluI/EciI fragment was amplified by PCR
from C. elegans genomic DNA and cloned into pPD95.67 to create the
vha-6::GFP plasmid (pHJ-V6P03).

Double-stranded RNA Preparation for RNA Interference—A specific
segment of each cDNA was subcloned to prepare double-stranded RNA
(dsRNA): a 1.1-kb cDNA fragment (Met-1 to Asn-371) was subcloned to
prepare vha-5 dsRNA, a 1.0-kb fragment (Glu-69 to Trp-405) was sub-
cloned to prepare vha-6 dsRNA, a 1.0-kb fragment (Ser-134 to Tyr-449)
was subcloned to prepare vha-7 dsRNA, and a 1.2-kb fragment (Gly-2 to
Ala-405) was subcloned to prepare unc-32 dsRNA. In vitro transcription
and dsRNA injection were carried out as described previously (22).

Preparation of Antibodies against VHA-5, VHA-6, and UNC-32 and
Immunostaining—A 510-bp (Met-1 to Val-170 of VHA-5), 350-bp
(Glu-69 to Leu-180 of VHA-6), and 485-bp (Leu-80 to Val-240 of UNC-
32) cDNA fragment was inserted into pGEX6P-2, pGEX5X-1, and
pGEX4T-3 (Amersham Pharmacia Biotech), respectively. The recombi-
nant proteins expressed in Escherichia coli were used to immunize
rabbits, and the antisera were affinity-purified using the same recom-
binant proteins. Immunoblot analysis was carried out as described
previously (22). Immunostaining of embryos (22) and larval and adult
worms (28) was carried out as described previously. Fluorescence im-
ages were acquired with a LSM 510 confocal microscope (Carl Zeiss).

RESULTS

Identification of Four Isoforms of C. elegans V-ATPase Sub-
unit a—We found that four putative genes (C26H9A.1,
F35H10.4, VW02B12L.1, and ZK637.8) homologous to the bo-

vine V-ATPase subunit a1 gene were present in the C. elegans
genome (29). We determined the DNA sequences of the corre-
sponding EST clones and found that they lacked the spliced
leaders (SL1 or SL2) that are attached to the 5� end of almost
all trans-spliced transcripts (30).

Using spliced leader and gene-specific primers, reverse tran-
scription-PCR was carried out to obtain the 5�-terminal regions
of the cDNA clones. All amplified products had the SL1 se-
quence exclusively, implying that the corresponding genes are
localized upstream of polycistronic units because SL1 is not
found in the downstream genes of the units (30, 31).

By combining the EST clones and PCR products, the entire
cDNA sequences of these genes were determined. The cDNAs
corresponding to C26H9A.1, F35H10.4, VW02B12L.1, and
ZK637.8 comprised 3518, 2764, 2719, and 3158 bp (not includ-
ing polyadenylation), respectively. Because these cDNAs exhib-
ited high similarity with the mammalian counterparts, the
corresponding genes were named vha-5 (F35H10.4), vha-6
(VW02B12L.1), vha-7 (C26H9A.1), and vha-8 (ZK637.8) coding
for C. elegans subunit a isoforms (vha, vacuolar-type H�-
ATPase). Pujol et al. (25) reported recently that unc-32 muta-
tions were found in the coding region of ZK637.8. Therefore, we
named the corresponding gene unc-32.

Sequence comparison of these cDNAs with the C. elegans
genome showed that these genes had different numbers of
exons (vha-5, 5 exons; vha-6, 6 exons; vha-7, 22 exons; and
unc-32, 10 exons; Fig. 1), indicating that gene duplication was
not enough to generate these isoform genes.

Amino Acid Sequence Comparison of C. elegans V-ATPase
Subunit a Isoforms with Other Sources—cDNA analysis indi-
cated that the vha-5, vha-6, vha-7, and unc-32 genes coded for
isoforms with 873, 865, 966, and 894 amino acid residues,
respectively (Fig. 2). Unexpectedly, VHA-7 (966 amino acids)
was larger than the other isoforms and subunit a of different
origins (7, 10–13, 15, 16). Forty-seven amino acid residues
(Met-1 to Ser-47) seemed to have been additionally attached to
the amino-terminal region of the ancestral protein (Fig. 2). The
C. elegans isoforms exhibited 34.0–48.9% overall sequence
identity with nine highly conserved transmembrane segments
in their carboxyl-terminal halves (Fig. 2, I-IX). These isoforms
also exhibited 43.4–60.4% identity with bovine subunit a1,
with UNC-32 showing the highest identity (60.4%) (Table I).
VHA-5, VHA-6, VHA-7, and UNC-32 are 62%, 78%, 78%, and
84% similar to bovine a1, respectively, as estimated by DNAS-
TAR. Mutational analysis of yeast subunit a (Vph1p) revealed
11 amino acid residues important for activity, assembly, or
intracellular sorting (32). These residues were completely con-
served in the C. elegans isoforms (Fig. 2, boxes), supporting
their functioning as V-ATPase subunit a.

RNA Interference of the vha-5, vha-6, vha-7, and unc-32
Genes—It is of interest to determine whether or not the four

FIG. 1. Gene structures of the vha-5,
vha-6, vha-7, and unc-32 genes. The
vha-5, vha-6, vha-7, and unc-32 genes
were mapped to chromosome IV, II, IV,
and III, respectively. Closed and open
boxes represent the coding and untrans-
lated regions of these isoform genes, re-
spectively. Arrows indicate the length and
direction of the transcripts. The genomic
fragment containing the indicated up-
stream region of each gene was fused with
the GFP gene to examine expression
(plasmid pHJ-V5P01, vha-5; plasmid
pHJ-V6P03, vha-6; plasmid pHJ-V7P01,
vha-7; and plasmid pHJ32P01, unc-32).
Other putative genes and the directions
for their transcription are also indicated
by shaded boxes and arrows, respectively.
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subunit a isoforms are expressed in the same cells and which
isoforms are important for worm development. We addressed
these questions by means of RNA interference, a powerful tool
for silencing gene expression (33). We introduced dsRNAs of
the isoform genes into adult worms to disrupt the expression of
the corresponding genes in progenies. Introduction of unc-32
dsRNA arrested almost all progenies at an embryonic stage
(�100 cells) (Table II), indicating that the unc-32 gene is re-
quired for a specific process during embryogenesis.

The progenies of worms injected with vha-5 dsRNA were able
to develop normally up to the larval 2 (L2) stage, but most of
them died at this stage (Table II). In contrast, the progenies of
worms injected with vha-6 dsRNA remained at the L1 stage for
several days and finally died without further development. On
the other hand, vha-7 dsRNA had no effect on the development,
morphology, or behavior of the resulting progenies or the in-

jected worms (Table II; data not shown). These findings indi-
cate that V-ATPases with these subunit a isoforms may have
critical functions at distinct developmental stages.

Cell-specific Expression of V-ATPase Subunit a Isoforms in
C. elegans—We visualized the expression of these genes using
GFP reporter genes. The genomic organization around these
genes supports the argument that a promoter region for a
polycistronic unit is present in front of the corresponding gene
(Fig. 1). Based on this observation, the upstream region and a
part of the exons for each isoform were inserted in front of the
GFP gene.

In transgenic worms carrying the vha-5::GFP construct, a
fluorescent signal was strongly detected in an H-shaped excre-

FIG. 2. Multiple alignment of C. el-
egans subunit a isoforms. The amino
acid sequences of the vha-5 (VHA-5),
vha-6 (VHA-6), vha-7 (VHA-7), and
unc-32 (UNC-32) gene products were
aligned for maximal homology. Putative
transmembrane domains (I-IX) were de-
fined by hydropathy analysis. Shaded
boxes represent amino acid residues con-
served in all four proteins. Open boxes
indicate amino acid residues essential for
the activity, assembly, or intracellular
sorting of yeast V-ATPase (32).

TABLE I
Amino acid sequence comparison of the four C. elegans and bovine

subunit a proteins
The amino acid sequences of the four C. elegans gene products

(VHA-5, VHA-6, VHA-7, and UNC-32) and that of bovine subunit a (Bov
a) (12) were aligned for maximal homology. Sequence identities (%) are
shown.

Subunit a VHA-5 VHA-6 VHA-7 UNC-32

VHA-5
VHA-6 47.7
VHA-7 51.5 47.9
UNC-32 52.5 54.5 48.5
Bov a 48.8 49.4 43.4 60.4

TABLE II
RNA interference with the four a isoform genes

Each dsRNA (0.2 mg/ml) was injected into hermaphrodites. To ex-
clude prefertilized eggs, the injected worms were transferred to new
plates at 8 h after injection. They were incubated for an additional 16 h
and then eggs were collected. Progenies (embryos and larvae (L1, L2, or
L3)) were identified and counted at 48 or 72 h after injection, and
developmental arrest was scored.

dsRNA Injected
worms

Progeny Developmental
arrest (%)48 h (embryo/L1) 72 h (L1/L2/L3)

vha-5 14 5/268 5/248a/29 87.9
vha-6 13 3/277 202a/10/0 95.3
vha-7 13 5/379 2/10/352 3.3
unc-32 12 402a/3 N.D.b 98.8

a Almost all progenies had finally died at the indicated developmental
stages.

b N.D., not determined.
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tory cell (white arrowheads) and the pharynx (open arrow-
heads) at the L2 (Fig. 3, A and B) and adult (Fig. 3, C and D)
stages. The H-shaped excretory cells strongly express genes for
the 16-kDa proteolipid (vha-1, vha-2, and vha-3), the 23-kDa
proteolipid (vha-4), and C (vha-11) subunits of V-ATPase (22,
26, 34). In addition to these cells, the vha-5::GFP fusion was
found in hypodermal cells around the vulvae of adult worms
(Fig. 3C, arrow).

The vha-6::GFP transgenic worms showed signals exclu-
sively in their intestinal cells between the L1 (Fig. 3, E and F)
and adult (Fig. 3, G and H) stages. The vha-7::GFP construct
was highly expressed in hypodermal cells (Fig. 3, I, arrow-
heads, and J) and the uterus (Fig. 3, K and L). In transgenic L1
larvae (Fig. 3, M and N), the unc-32::GFP signals were predom-
inantly observed in their nerve ring and ventral nerve cord,
consistent with the report that the unc-32 (e189) mutation
causes uncoordinated movement (35). In the transgenic adult
worms, the signal was detected in vulvae and spermathecal-
uterine valves (Fig. 3, O and P). Weak signals were also de-
tected in the pharynx (Fig. 3, O and P). These results indicated
that subunit a isoform genes are expressed specifically in dis-
tinct cells and that their expression patterns do not overlap.

Immunodetection of the vha-5 and vha-6 Gene Products—
Reporter gene analysis revealed that the four isoforms were
expressed in distinctly different cells. Thus, it became of inter-
est to determine their intracellular localization during devel-

opment. Of these genes, the vha-5 and vha-6 genes were essen-
tial for larval development, whereas the unc-32 (Table II),
proteolipid, and C subunit genes (22) were required for embry-
ogenesis. We focused on VHA-5 and VHA-6 because analysis of
their locations may provide clues with regard to acidic compart-
ments or cells required for larval development. Affinity-puri-
fied antibodies against VHA-5 clearly recognized a single band
(106 kDa) for a lysate of a mixed-stage population (Fig. 4A, lane
1). Anti-VHA-6 antibodies bound specifically to a 100-kDa band
exhibiting slight smearing (� 106 kDa) (Fig. 4A, lane 2). These
molecular masses were larger than the calculated molecular
weights (99,311, VHA-5; 98,538, VHA-6), suggesting that VHA-5
and VHA-6 were posttranslationally modified. Because bovine
subunit a is known to be an N-linked glycosylated protein (36),
the two isoforms may also be N-linked glycosylated.

Immunoprecipitation of a Isoforms with Other V-ATPase
Subunits—The membrane fraction of a mixed-stage population
was incubated with octylglucoside, the solubilized fraction was
treated with antibodies against each isoform, and 12% poly-
acrylamide gel electrophoresis was performed on the immuno-
precipitate in the presence of sodium dodecyl sulfate. As shown
by immunoblot (Fig. 4B), the immunoprecipitate obtained with
antibodies against VHA-5, VHA-6, and UNC-32 contained sub-
unit C of the membrane extrinsic V1 sector. These results,
together with high similarities to the bovine a1 isoform, sug-
gest that the VHA-5, VHA-6, and UNC-32 isoforms were as-

FIG. 3. Expression of the GFP reporter gene in transgenic worms. Transgenic worms carrying different expression plasmids were fixed
with 4% paraformaldehyde in phosphate-buffered saline. Fluorescence confocal (A, C, E, G, I, K, M, and O) and merged images with phase contrast
(B, D, F, H, J, L, N, and P) were acquired. A�D, L2 (A and B) and adult (C and D) worms carrying the vha-5::GFP plasmid (pHJ-V5P01). The GFP
signal was detectable in an H-shaped excretory cell (A and C, white arrowheads) and in the pharynx (A and C, open arrowheads). In adult worms,
the GFP fusion gene was also expressed in the hypodermis around the vulva (C, arrow). E�H, L1 (E and F) and adult (G and H) worms harboring
the vha-6::GFP plasmid (pHJ-V6P03). The vha-6::GFP fusion gene was expressed exclusively in intestinal cells (E and G, arrowheads). I�L, L1
(I and J) and adult (K and L) worms carrying the vha-7::GFP plasmid (pHJ-V7P01). The vha-7 promoter region was highly active in hypodermal
cells. Nuclei (I, arrowheads) of the hypodermal cells were clearly detectable because the GFP fusion had a nuclear localization signal. The GFP
signal was also detectable in the uteri of adult worms but not in embryos. M�P, L1 (M and N) and adult (O and P) worms harboring the
unc-32::GFP plasmid (pHJ-U32P01). In L1 larvae, the unc-32::GFP gene was highly expressed in the nerve ring (M, arrow) and the ventral nerve
cord (M, arrowhead). The signal was clearly observed in the spermathecal-uterine valve, which is located between the uterus and the spermatheca
(O, arrowhead). Ph, pharynx; EC, H-shaped excretory cell canal; Vu, vulva; In, intestine; Hy, hypodermal cell; Ut, uterus; NR, nerve ring; VNC,
ventral nerve cord; SUV, spermathecal-uterine valve; Sp, spermatheca. Scale bars, 50 �m.
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sembled with other V-ATPase subunits. Thus, immunohisto-
chemical studies using the antibodies may indicate the location
of V-ATPases with individual isoforms.

Localization of VHA-5 in Embryos, Larvae, and Adults—
VHA-5 was detectable in a dot-like compartment in every em-
bryonic cell (Fig. 5, A, B, and E, arrowheads). The compartment
was found exclusively around the nucleus and observed during
embryogenesis (4-cell stage, Fig. 5A; 8-cell stage, Fig. 5, B and
C; and �100-cell stage, Fig. 5, E and F). A cup-shaped structure
was often observed around nuclei instead of the dot-like com-
partment (Fig. 5D, arrows). On the other hand, VHA-5 expres-
sion changed dramatically at the larval stage (Fig. 5G) and
became dominant in an H-shaped excretory cell (Fig. 5, H and
I), consistent with the results for transgenic worms carrying
the vha-5::GFP fusion gene. VHA-5 expression was not ob-
served in the pharynx, where the vha-5::GFP reporter was
active, indicating that the expression may be due to an in-
creased copy number of the reporter plasmid.

Distribution of VHA-6 in Embryos and the Intestine—VHA-6
was preferentially localized in dot-like structures in P2 cells of
4-cell stage embryos (Fig. 6, A, arrow, and B). Only single cells
continued to express VHA-6 during further development (Fig.
6C, arrows). After the cleavage stage (� 300 cells), when intes-
tinal cells appear, VHA-6 was detected in two distinct cell types
(Fig. 6D, arrows). These two cell types were aligned on both
lateral sides at the comma stage (Fig. 6E, arrows). The expres-

sion pattern of VHA-6 was similar to the cell-specific distribu-
tion of P granules, which are passed onto a germ line cell
lineage from P2 cells (37).

After the comma stage in embryos, expression of VHA-6
changed. In 2-fold embryos, VHA-6 was limited to the intestine
(Fig. 6F, arrowheads). Such intestinal expression was also ob-
served in larvae (L1, Fig. 6G; L3, Fig. 6H) and adults (data not
shown). The C. elegans intestine comprises a tube formed from
20 cells with microvilli on their apical surface (38). VHA-6 was
clearly detectable on the apical surface of intestinal cells, form-
ing two lines along the worm body (Fig. 6, G and I, arrow-
heads). Furthermore, VHA-6 was clearly found at the junction
between the pharynx and the intestine (Fig. 6, H and I, ar-
rows). These results indicate that VHA-6 on the apical surface
of intestinal cells may function by taking up nutrients through
microvilli.

DISCUSSION

We have identified four genes (vha-5, vha-6, vha-7, and unc-
32) encoding subunit a isoforms of C. elegans V-ATPase. These
gene products exhibit high identity and completely retain 11
amino acid residues essential for the activity, assembly, or
intracellular sorting of yeast V-ATPase (32). We have found no
homologues in the C. elegans genome except for these genes.
These results indicate that this is the first example of four
distinct isoforms of V-ATPase subunit a being identified in
higher eukaryotes. Pujol et al. (25) reported that the unc-32
gene gives rise to six different transcripts through alternative
splicing. However, no alternatively spliced transcript for vha-5,
vha-6, or vha-7 has been found in the EST data base.2 Subunit
a isoforms have been identified in human (11–13), mouse (7,
14), cow (15), chicken (16), and yeast (10). We recently found a
fourth isoform (a4) of mouse subunit a, similar to the case of C.
elegans,3 implying that at least four a isoforms are required in
higher eukaryotic cells.

Transgenic analysis involving the GFP reporter gene showed
that the four isoforms were expressed in a cell-specific manner.
The vha-5, vha-6, vha-7, and unc-32 promoters were highly
active in the H-shaped excretory cells, intestine, hypodermis,
and nerve cells, respectively. It is noteworthy that the vha-7
and unc-32 genes were strongly expressed in the uteri of her-
maphrodites. Thus, the two gene products may have maternal
roles in embryonic development.

VHA-5 was expressed predominantly in H-shaped excretory
cells in adult worms. The excretory cells are thought to function
in osmoregulation and the excretion of toxic and metabolic
waste (39–42). We found that the cells preferentially express
the genes for the 16-kDa proteolipid (vha-1, vha-2, and vha-3),
the 23-kDa proteolipid (vha-4), and the C (vha-11) subunits of
V-ATPase (22, 26, 34). These findings suggest that VHA-5 may
be a critical isoform of V-ATPase with regard to its function in
the H-shaped excretory cells. Furthermore, RNA interference
analysis of the vha-5 gene showed that the progenies of worms
injected with vha-5 dsRNA died specifically at the L2 stage.
These results imply that further development of L2 larvae
requires excretory functions driven by V-ATPase with the
VHA-5 isoform.

V-ATPases localized on plasma membranes are known to
generate an acidic environment outside the cells. They are
found in osteoclasts (7), renal intercalated cells (8), epithelial
cells of seminal ducts (9), and the bladder (43). Toyomura et al.
(7) have clearly shown that the mouse subunit a3 isoform plays
important roles in determining the V-ATPase localization in
the plasma membrane. We have shown that VHA-6 is distrib-

2 T. Oka and M. Futai, unpublished data.
3 T. Oka and M. Futai, manuscript in preparation.

FIG. 4. Association of subunit a isoform with V1 subunit. A,
immunoblot of VHA-5 and VHA-6. C. elegans total lysate (30 �g) of a
mixed-stage population was subjected to polyacrylamide-gel electro-
phoresis and blotted onto a nitrocellulose membrane. The membrane
was incubated with affinity-purified antibodies against VHA-5 (lane 1)
or VHA-6 (lane 2). Immunodetection was carried out using alkaline
phosphatase-conjugated antibodies, 5-bromo-4-chloro-3-indolyl phos-
phate, and 4-nitro blue tetrazolium chloride. VHA-5 and VHA-6 were
recognized as 106-kDa and 100–106-kDa bands, respectively. B, asso-
ciation of VHA-5, VHA-6, and UNC-32 with the V1 subunit of V-
ATPase. Membranes (500 �g of protein) of a mixed-stage population
were incubated at 4 °C for 2 h in 50 mM Tris-HCl (pH 7.5), 1 mM EDTA,
2% octylglucoside, and 200 mM NaCl. The solubilized fraction (100 �g of
protein) was incubated for 1 h with antibodies against VHA-5, VHA-6,
or UNC-32. The immunoprecipitate was subjected to 12% polyacryl-
amide gel electrophoresis and blotted onto a nitrocellulose paper. The
position of C subunit is indicated by an arrowhead. The paper was
incubated with antibodies against C subunit. The solubilized fraction
precipitated with antibodies against C subunit (C subunit) and treated
with preimmune IgG (IgG) are shown as controls. The other immuno-
precipitation method was as described previously (4).
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uted specifically on the apical surface of intestinal cells in
larval and adult worms. The amino-terminal region (1–140
amino acid residues) of VHA-6 was sufficient for localization on
the apical surface (data not shown). We speculate that VHA-6
is a key subunit for the sorting of V-ATPase to the plasma
membrane to acidify the intestinal lumen.

RNA interference analysis showed that vha-6 dsRNA ar-

rested larval development at the L1 stage. The L1 larvae did
not die immediately but remained alive for up to a week. This
phenotype is similar to that of L1 larvae starved after hatching.
The L1 larvae of the vha-6 dsRNA-injected worms took up a
fluorescence dye, DiO, into their intestinal lumen (data not
shown), indicating that vha-6 dsRNA did not affect the food
intake ability of the worms. Thus, it is reasonable to assume

FIG. 5. Immunostaining of VHA-5.
Embryos at different cleavage stages (A, 4
cells; B, 8 cells; D, 16 cells; and E, �100
cells) and adult worms (G and H) were
fixed and then incubated with the affini-
ty-purified antibodies against VHA-5.
A�F, in embryos, VHA-5 was signifi-
cantly observed on a dot-like compart-
ment (A, B, and E, arrowheads) in every
cell. Cup-shaped structures (D, arrows)
were often detectable instead of dot-like
structures (focused on the three fluores-
cent cells). C and F are phase-contrast
images of B and E, respectively. The dark
area in each cell in embryos represents
the nucleus (E, open arrowhead). G�I, in
adult worms, VHA-5 was strongly ex-
pressed in an H-shaped excretory cell and
was detectable in its cell body (G, arrow-
heads) and canals (H, arrow). I is a phase-
contrast image of H. Scale bars, 20 �m (A,
B, D, and E) or 50 �m (G and H).

FIG. 6. Immunostaining of VHA-6.
Embryos at different cleavage stages (A, 4
cells; C, 4 and 32 cells; and D, �200 cells),
ones at the comma stage (E), 2-fold em-
bryos (F), L1 larvae (G), and adult worms
(H and I) were fixed and then incubated
with the affinity-purified anti-VHA-6 an-
tibodies. A–C, in early embryos, VHA-6
was clearly detectable on dot-like struc-
tures (arrows) in a germ line cell lineage.
B is a phase-contrast image of A: ABa,
ABp, EMS, and P2 cells were identified by
their morphology. D, after the cleavage
stage (�200 cells), VHA-6 was expressed
in two kinds of cells (arrows). E, at the
comma stage, the two types of cells highly
expressing VHA-6 (arrows) were aligned
on both lateral sides. F, in 2-fold embryos,
VHA-6 was strongly observed on the lu-
minal sides (arrowheads) of the intestine.
G, in L1 larvae, VHA-6 was strongly ex-
pressed on the apical surface of intestinal
cells (arrowhead). H and I, in addition to
intestinal cells, VHA-6 was also detecta-
ble at the junction between the pharynx
and the intestine (arrows) of adult worms.
I is a higher magnification of H. Dashed
lines indicate the edges of the worm body.
The area denoted by an asterisk repre-
sents the intestinal lumen of the worm.
Scale bars, 20 �m (A, C, D, E, and F) or 50
�m (G–I).
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that defective proton transport into the intestinal lumen due to
the lack of VHA-6 arrested worm development at the L1 stage.
These results suggest that luminal proton transport by V-
ATPase with the VHA-6 isoform may be essential for the di-
gestion of food or uptake through microvilli. In this regard,
V-ATPase localized on the plasma membrane in the larval
midgut of the tobacco hornworm, Manduca sexta, is important
to generate a proton gradient (44).

In contrast to the intestinal expression during postembry-
onic development, VHA-6 was found predominantly in P2 cells
in 4-cell embryos. The expression continued to a germ line cell
lineage (P3, P4, Z2, and Z3 cells) until the comma stage. Intro-
duction of vha-6 dsRNA abolished this embryonic expression
(data not shown). Although Z2 and Z3 cells finally proliferate to
germ cells (45), VHA-6 was not observed in the gonads or
spermathecia of adult worms. It should be noted that the ex-
pression of VHA-5 and VHA-6 changed dramatically between
the embryonic and larval stages. As described above, expres-
sion of VHA-6 was observed in germ line cells during the
embryonic stage but was observed in intestinal cells in larvae
and adults. This suggests the requirement of different acidic
compartments during development.
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Addendum—During preparation of this manuscript, Pujol et al. (25)
reported that the unc-32 mutations have been mapped within an open
reading frame of the ZK637.8 gene, which we originally named vha-8.
They have deposited the cDNA sequences of six alternatively spliced
transcripts of the unc-32 gene in the DNA data bases. We have used the
name unc-32 throughout this study. Pujol et al. (25) showed the pres-
ence of subunit a isoform transcripts by in situ hybridization, which is
essentially consistent with our results with regard to GFP fusion genes
and immunostaining.

REFERENCES

1. Graham, L. A., Powell, B., and Stevens, T. H. (2000) J. Exp. Biol. 203, 61–70
2. Boekema, E. J., van Breemen, J. F. L., Brisson, A., Ubbink-Kok, T., Konings,

W. N., and Lolkema, J. S. (1999) Nature 401, 37–38
3. Futai, M., Oka, T., Sun-Wada, G.-H., Moriyama, Y., Kanazawa, H., and Wada,

Y. (2000) J. Exp. Biol. 203, 107–116
4. Powell, B., Graham, L. A., and Stevens, T. H. (2000) J. Biol. Chem. 275,

23654–23660
5. Anraku, Y. (1996) in Handbook of Biological Physics (Konings, W. N., Kaback,

H. R., and Lolkema, J. S., eds) Vol. 2, pp. 93–109, Elsevier Science Publish-
ing Co., Inc., New York

6. Nelson, N., and Harvey, W. R. (1999) Physiol. Rev. 79, 361–385
7. Toyomura, T., Oka, T., Yamaguchi, C., Wada, Y., and Futai, M. (2000) J. Biol.

Chem. 275, 8760–8765
8. Brown, D., and Breton, S. (2000) J. Exp. Biol. 203, 137–145

9. Breton, S., Smith, P. J. S., Lui, B., and Brown, D. (1996) Nat. Med. 2, 470–472
10. Manolson, M. F., Wu, B., Proteau, D., Taillon, B. E., Roberts, B. T., Hoyt, M. A.,

and Jones, E. W. (1994) J. Biol. Chem. 269, 14064–14074
11. Lee, C., Ghoshal, K., and Beaman, K. D. (1990) Mol. Immunol. 27, 1137–1144
12. Peng, S. B., Crider, B. P., Xie, X. S., and Stone, D. K. (1994) J. Biol. Chem. 269,

17262–17266
13. Li, Y. P., Chen, W., and Stashenko, P. (1996) Biochem. Biophys. Res. Commun.

218, 813–821
14. Nishi, T., and Forgac, M. (2000) J. Biol. Chem. 275, 6824–6830
15. Peng, S. B., Li, X., Crider, B. P., Zhou, Z., Andersen, P., Tsai, S. J., Xie, X. S.,

and Stone, D. K. (1999) J. Biol. Chem. 274, 2549–2555
16. Mattsson, J. P., Li, X., Peng, S. B., Nilsson, F., Andersen, P., Lundberg, L. G.,

Stone, D. K., and Keeling, D. J. (2000) Eur. J. Biochem. 267, 4115–4126
17. Frattini, A., Orchard, P. J., Sobacchi, C., Giliani, S., Abinun, M., Mattsson,

J. P., Keeling, D. J., Andersson, A.-K., Wallbrandt, P., Zecca, L.,
Notarangelo, L. D., Vezzoni, P., and Villa, A. (2000) Nat. Genet. 25, 343–346

18. Li, Y. P., Chen, W., Liang, Y., Li, E., and Stashenko, P. (1999) Nat. Genet. 23,
447–451

19. Brady, K. P., Dushkin, H., Förnzzler, D., Koike, T., Magner, F., Her, H.,
Gullans, S., Segre, G. V., Green, R. M., and Beier, D. R. (1999) Genomics 58,
254–261

20. Kornak, U., Schulz, A., Friedrich, W., Uhlhaas, S., Kremens, B., Voit, T.,
Hasan, C., Bode, U., Jentsch, T. J., and Kubisch, C. (2000) Hum. Mol. Genet.
9, 2059–2063

21. Scimeca, J.-C., Franchi, A., Trojanl, C., Parrinello, H., Grosgeorge, J., Robert,
C., Jaillon, O., Poirier, C., Gaudray, P., and Carle, G. F. (2000) Bone (NY)
26, 207–213

22. Oka, T., and Fuati, M. (2000) J. Biol. Chem. 275, 29556–29561
23. Sulston, J., and Hodgkin, J. (1988) in The Nematode Caenorhabditis elegans

(Wood, W. B., ed), pp. 587–606, Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY

24. Mello, C. C., Kramer, J. M., Stinchcomb, D., and Ambros, V. (1991) EMBO J.
10, 3959–3970

25. Pujol, N., Bonnerot, C., Ewbank, J. J., Kohara, Y., and Thierry-Mieg, D. (2001)
J. Biol. Chem. 276, 11913–11921

26. Oka, T., Yamamoto, R., and Futai, M. (1997) J. Biol. Chem. 272, 24387–24392
27. Fire, A., Harrison, S., and Dixon, D. (1990) Gene (Amst.) 93, 189–198
28. Finney, M., and Ruvkun, G. (1990) Cell 63, 895–905
29. The C. elegans Sequencing Consortium. (1998) Science 282, 2012–2018
30. Zorio, D. A. R., Cheng, N. N., Blumenthal, T., and Spieth, J. (1994) Nature 372,

270–272
31. Spieth, J., Brooke, G., Kuersten, S., Lea, K., and Blumenthal, T. (1993) Cell 73,

521–532
32. Leng, X. H., Manolson, M. F., and Forgac, M. (1998) J. Biol. Chem. 273,

6717–6723
33. Fire, A., Xu, S., Montgomery, M. K., Kostas, S. A., Driver, S. E., and Mello,

C. C. (1998) Nature 391, 806–811
34. Oka, T., Yamamoto, R., and Futai, M. (1998) J. Biol. Chem. 273, 22570–22576
35. Brenner, S. (1974) Genetics 77, 71–94
36. Apps, D. K., Percy, J. M., and Perez-Castineira, J. R. (1989) Biochem. J. 263,

81–88
37. Hird, S. N., Pauisen, J. E., and Strome, S. (1996) Development (Camb.) 122,

1303–1312
38. White, J. (1998) in The Nematode Caenorhabditis elegans (Wood, W. B., ed),

pp. 81–122, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY
39. Nelson, F. K., Albert, P. S., and Riddle, D. L. (1983) J. Ultrastruct. Res. 82,

156–171
40. Nelson, F. K., and Riddle, D. L. (1984) J. Exp. Zool. 231, 45–56
41. Hedgecock, E. M., Culotti, J. G., and Hall, D. H. (1990) Neuron 4, 61–85
42. Broeks, A., Janssen, H. W. R. M., Calafat, J., and Plasterk, R. H. A. (1995)

EMBO J. 14, 1858–1866
43. Tomochika, K., Shinoda, S., Kumon, H., Mori, M., Moriyama, Y., and Futai, M.

(1997) FEBS Lett. 404, 61–64
44. Castagna, M., Shayakul, C., Trotti, D., Sacchi, V. F., Harvey, W. R., and

Hediger, M. A. (1998) Proc. Natl. Acad. Sci. U. S. A. 95, 5395–5400
45. Schedl, T. (1997) in Caenorhabditis elegans II (Riddle, D. L., Blumenthal, T.,

Meyer, B. J., and Priess, J. R., eds), pp. 241–270, Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY

Four Subunit a Isoforms of C. elegans V-ATPase 33085

 by guest on July 27, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Toshihiko Oka, Takao Toyomura, Kenta Honjo, Yoh Wada and Masamitsu Futai
CELL-SPECIFIC EXPRESSION DURING DEVELOPMENT

-ATPase:+ Vacuolar HCaenorhabditis elegans Isoforms ofaFour Subunit 

doi: 10.1074/jbc.M101652200 originally published online July 5, 2001
2001, 276:33079-33085.J. Biol. Chem. 

  
 10.1074/jbc.M101652200Access the most updated version of this article at doi: 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/276/35/33079.full.html#ref-list-1

This article cites 42 references, 19 of which can be accessed free at

 by guest on July 27, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/lookup/doi/10.1074/jbc.M101652200
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;276/35/33079&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/276/35/33079
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=276/35/33079&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/276/35/33079
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/276/35/33079.full.html#ref-list-1
http://www.jbc.org/

