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Abstract

Background: Vacuolar-type proton pumps help maintain acid–base homeostasis either within intracellular
compartments or at specialised plasma membranes. In mammals they are made up of 13 subunits, which form two
functional domains. A number of the subunits have variants that display tissue restricted expression patterns such
that in specialised cell types they replace the generic subunits at some sub-cellular locations. The tissue restricted
a4 subunit has previously been reported at the plasma membrane in the kidney, inner ear, olfactory epithelium and
male reproductive tract.

Results: In this study novel locations of the a4 subunit were investigated using an Atp6v0a4 knockout mouse line
in which a LacZ reporter cassette replaced part of the gene. The presence of a4 in the olfactory epithelium was
further investigated and the additional presence of C2 and d2 subunits identified. The a4 subunit was found in the
uterus of pregnant animals and a4 was identified along with d2 and C2 in the embryonic visceral yolk sac. In the
male reproductive tract a4 was seen in the novel locations of the prostatic alveoli and the ampullary glands as well
as the previously reported epididymis and vas deferens.

Conclusions: The identification of novel locations for the a4 subunit and other tissue-restricted subunits increases
the range of unique subunit combinations making up the proton pump. These studies suggest additional roles of
the proton pump, indicating a further range of homologue-specific functions for tissue-restricted subunits.
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Background
The vacuolar type proton pump, or H+ATPase, is re-
sponsible for ATP dependent proton movement across
membranes of intracellular organelles such as lysosomes
where maintenance of pH is important for organelle
function. In higher organisms such pumps are also
found at the plasma membranes of specialised epithelial
cells such as those of the kidney, inner ear, and male re-
productive tract [1–3].
The pump consists of two functional domains: a V1

domain made up of subunits A-H where ATP hydrolysis
provides energy for proton movement, and a membrane-
anchored V0 domain containing subunits a-e where pro-
ton translocation takes place. The domains couple by an
interface of subunits from both domains forming a
central stalk with three peripheral stalks providing

structural support [4]. The full pump complex functions
by a rotor–stator mechanism where energy release from
ATP hydrolysis causes rotation of the central stalk which
in turn causes rotation of the V0 proteolipid ring which
facilitates proton translocation [5].
In higher organisms a number of the subunits in both

the V1 and V0 domains have multiple homologues
encoded by different genes that have different expression
patterns throughout the body. Specific subunit homo-
logues are found at the plasma membrane in specialised
cells such as some kidney tubular epithelial cells (inter-
calated cells), narrow and clear cells of the epididymis,
and in the ruffled boarder of osteoclasts; these subunits
are referred to as ‘tissue-restricted’. While there is a high
degree of sequence and structural similarity between the
subunit homologues, substitution between them does
not always occur. The different combinations of subunits
found in specialised locations are hypothesised to allow
regulation of trafficking and activity [6].
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The a-subunit is the largest in the V0 grouping and
contains an N-terminal hydrophilic cytosolic domain, a
central hydrophobic transmembrane region that crosses
the membrane 6–8 times, and a small cytosolic C-
terminal tail [7–9]. The central domain permits proton
transport in conjunction with the c subunit proteolipid
ring [10]. Four homologues of the a-subunit have been
identified in mammals, which have differential tissue ex-
pression [11, 12]. a1 is expressed ubiquitously and a2 is
expressed both in endosomes and in acrosomes of elon-
gated spermatids [13]. a3 is found in Sertoli cells of the
testis, osteoclasts, extra-retinal tissue of the eye and
endocrine cells such as pancreatic β-cells [12–15] and a4
is found in the α-intercalated cells of the kidney, the
inner ear, the male reproductive tract and eye [11, 14,
16, 17]. Defects in various a subunits have been associ-
ated with human disease; the a2 subunit with cutis laxa,
[18] the a3 subunit with infantile malignant osteopetro-
sis [19] and defects in the B1 and a4 subunits with distal
renal tubular acidosis (dRTA) [3, 20].
In an effort to understand more fully the importance

of the a4 subunit and its role in dRTA, an a4 knockout
mouse was successfully created using β-galactosidase as
a reporter for the null gene. This model closely mirrors
the human disease, with mice having a metabolic acid-
osis, hyperchloremia and hypokalemia but display earlier
onset hearing loss [21]. During the characterization of
this strain, it was noticed that a4 expression appeared to
be wider than previously reported and the investigation

into these novel locations forms the backdrop to this
study.

Results and discussion
Olfactory system
β-galactosidase (β-gal) staining and immunostaining in
embryonic Atp6v0a4+/− olfactory epithelium
Previous work examining whole-mount cleared embryos
revealed that β-gal activity, which is driven by the a4
promoter in this model, was present in the nasal cavity
from e12.5 onwards [21]. In the present study, section-
ing of e16.5 embryonic heads revealed β-gal activity in a
layer of cells lining the full length of the nasal cavity.
Moving anterior to posterior along the cavity the stain-
ing becomes more specific to cells in the location of the
future olfactory epithelium (OE) (Fig. 1a). Small
amounts of β-gal activity were also seen in the vomero-
nasal organ (VNO) of 3 out of 3 samples examined.
However, immunostaining of the OE and VNOs showed
that neither the tissue restricted a4 nor B1 subunit pro-
tein could be detected at this stage of development,
highlighting that promotor activity does not always
equate to detectable protein expression. In contrast, the
ubiquitously expressed F subunit was present in small
amounts (not shown).

Immunostaining in postnatal olfactory epithelium
In the nasal cavity of p5 and p30 Atp6v0a4+/+ (+/+) ani-
mals, a4 immunostaining was absent from the squamous

Fig. 1 Coronal section of posterior nasal cavity (NC) and vomeronasal organ (VNO) at e16.5 stained for β-gal activity and eosin. The dotted line
indicates the approximate location of the future olfactory epithelium (a). Apical membrane localisation of the a4 subunit in the OE in p5 animals
and its absence in the RE (b). Apical membrane localisation of the F subunit in the OE of p5 animals (c). High powered images of OE showing apical and
basolateral staining (arrow heads) of the B1 and a4 subunits at p5 and the F subunit at p30 respectively (d–f). The B1 and F subunit is maintained in an
apical membrane location in −/− animals (g, h). Scale bars: 20 μm. Western blot analysis of total protein lysates from the OE of −/− and +/+ adult
animals (40 μg) and total mouse kidney lysate (MKT) (20 μg) against various subunits of the proton pump (i). Sizes (kDa) are marked on the left
with arrows marking the bands of interest on the right
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or respiratory epithelium (RE) but was present apically
in OE (Fig. 1b) as previously observed [21]. Similar
staining patterns were seen for the ubiquitous F subunit
and tissue restricted B1 (Fig. 1c, d respectively). In
addition, basolateral staining was seen in a subset of
cells in the OE for B1, a4 and F subunits (white arrow
heads Fig. 1d, e and f respectively) at both ages. These
observations are consistent with published data of B1
and A subunit immunostaining [22] where positive
staining was seen in a subpopulation of cells that were
not olfactory sensory cilia. These cells were thought to
be type II microvillar cells [22, 23], which may have a
function as supporting cell precursors or modified sen-
sory neurons [23]. In Atp6v0a4−/− (−/−) animals of the
same age, the staining in the OE for the B1 and F sub-
units was similar (Fig. 1g, h). The a subunit is essential
for assembly of the V0 domain, which is in turn required
for attachment to the V1 domain to form a functional
pump [24, 25] suggesting that in this tissue, other a-
subunit(s) are able to substitute for a4 and allow the
pump to be assembled and trafficked to the membrane
correctly. However, it was not possible to stain for the
other a subunits due to lack of suitable a subunit anti-
bodies. In VNO of p5 +/+ mice, a4, B1 and F were
stained indicating existence of H+ATPases containing
tissue-specific subunits in this location (Additional file 1:
Figure S1A, B, and D respectively). Surprisingly however,
in the −/− mice, B1 staining was absent in the VNO,
although the F subunit was present (Additional file 1:
Figure S1C and E respectively) and it is unclear why a4
ablation would affect B1 expression in this region.

Western blot analysis of expression of other tissue restricted
subunits in olfactory epithelium
Protein lysates of adult OE were prepared from +/+
and −/− animals and analysed on western blots using
several different antibodies. In addition to the tissue-
restricted a4 and B1 subunits, C2, d2, and G3 subunits
were also found (Fig. 1i), but their location could not
be confirmed on tissue sections as the antibodies are
not suitable for immunohistochemistry.

The female reproductive tract
In humans, cervical mucus has a distinct ionic compos-
ition over the menstrual cycle [26] with a variable but
acidic pH. How this acidification is achieved and regu-
lated is unclear, with theories for both vaginal bacteria
cohabitation [27] and proton secretion by vaginal epithe-
lial cells [28] being advanced. In this study, the vaginal/
cervical canal of +/− adult female mice had positive β-gal
staining in cells of the stratified squamous epithelium that
lines the cervical canal (Additional file 2: Figure S2A, B)
suggesting expression of the a4 subunit. However, although
RT-PCR showed that the a4 subunit was expressed, protein

was not detected by immunostaining (Additional file 2:
Figure S2C) or by western blot even though the ubiqui-
tous D subunit was present. Immunostaining showed the
presence, but no apical enrichment, of the ubiquitous F
subunit (Additional file 2: Figure S2D) in the vagina/cervix
suggesting that epithelial plasma membrane H+ATPases
do not play a role in the acidification of the murine
vaginal/cervical lumen.
Lysates from uteri of pregnant and non-pregnant ani-

mals subjected to western blot analysis showed the pres-
ence of the proton pump in all samples, detected by using
the ubiquitous α-D subunit antibody which is a reliable
control for western blots. However, differences between
non-pregnant and pregnant uteri were observed. In the
Atp6v0a4+/− (+/−) non pregnant uterus, β-gal staining but
not mature a4 protein was detected in the endometrial
glands (Additional file 2: Figure S2E, F), which have been
implicated in fetal nutrition [29], but neither were present
in the uterine luminal lining. In contrast, in pregnant ani-
mals the a4 subunit was detected luminally with β-gal
staining (Fig. 2 g, h) and also by western blot of lysates
(Fig. 2a). These data suggest that changes in the uterine
lining lead to changes in the proton pump subunit expres-
sion and assembly in this tissue, and support previous re-
ports that expression of Atp6v0a4 is upregulated along
the full length of the uterine luminal epithelium [30]. This
underscores the importance of ion transport in implant-
ation and early pregnancy.
The visceral yolk sac (VYS) is a barrier that surrounds

the developing conceptus and functions to absorb nutri-
ents from the uterine compartment, process these
macromolecules and transport them to the embryo. Nu-
trients including amino acids are taken up by the tro-
phoectoderm, endocytosed by the VYS [31, 32] and from
there transferred directly to the embryonic gut [29]. Im-
munostaining revealed that both the a4 and F subunits
were present in cells of the VYS of +/+ embryos, with a4
being apical but F having a more diffuse staining pattern
as expected from its wider expression (Fig. 2b, c respect-
ively). In −/− embryos, a4 was predictably not present
but the staining pattern of F remained similar to that
seen in +/+ embryos (Fig. 2d, e respectively). Analysis of
both +/+ and −/− embryo VYS lysates showed in
addition to the a4 subunit, the d2 and C2 subunits were
also present, but B1 was absent. The ubiquitous subunit
D again provided a positive control (Fig. 2f ). RT-PCR
from VYS cDNA showed that no G3 or E2 was detected
in this tissue type (Additional file 3: Figure S3).
The placental syncytiotrophoblast has been shown to

be a location of proton pumps that are thought to facili-
tate exchange of ions, nutrients and catabolic products
between mother and fetus [33]. Placental tissues were
harvested between day e15.5 and e17.5 and β-gal activity
was seen apically in maternal uterine tissues which
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surround the placenta, but there was no evidence of
staining in any of the distinct layers of the placental disk
itself such as the labyrinthine layer, spongiotrophoblast
layer or maternal decidual cells (Fig. 2 g, h). a4 protein
was also undetectable in placenta total protein; in con-
trast C2 protein (Fig. 2i), which has previously been
shown to be present in the human placenta at RNA level
[34], was found.

Adult male reproductive tract
The presence of the proton pump in the male repro-
ductive tract is well established, with non-generic sub-
units B1, C2, G3, a4, and d2 being reported in the
epididymis and vas deferens of rats and mice [2, 17, 35].
In this study, β-gal staining of the whole adult male
reproductive tract showed the secretory glands of the

preputial glands, which are sebaceous exocrine glands
located subcutaneously above the penis, were darkly
stained, but the a4 protein itself was not observed
(Additional file 4: Figure S4A-C). Seminal vesicles did
not show any β-gal staining - similarly the ubiquitous
E1 subunit has been reported to be barely detectable
by western blot [36]. This is consistent with the absence of
large-scale acidification of this segment of the tract, which
is relatively alkaline reflecting its role in sperm capacita-
tion. The prostate, although displaying positive β-gal stain-
ing, showed no detectable a4 protein when the tissue was
subjected to immunostaining (Additional file 4: Figure
S4D–F). Transverse sections of genitourinary tract showed
rare cells in the paired ampullary glands and prostatic
glands having apical a4 and B1 staining (Fig. 3a, b). While
these sparse cells are likely to have an acid secreting role,

Fig. 2 Female reproductive tract. Western blot of uterus lysates for the a4 and D subunits (a). Panels show uterus from +/+ non-pregnant mice
(lanes 1–3), +/− uterus from around +/+ embryos (lanes 4, 6), +/− uterus from around −/− embryos (lanes 5, 7) (40 μg) and total mouse kidney
(MKT) (20 μg). Sections of VYS stained for a4 (green) and F (red) from +/+ embryos (b, c) and −/− embryos (d, e). Lysates from VYS of −/− and
+/+ embryos (40 μg) and total mouse kidney (MKT) (20 μg) probed with antibodies against various subunits of the proton pump (f). β-gal (arrow
heads) and H + E counterstained radial section of placenta (g) from an e16.5 +/− embryo showing the labyrinthine layer (L), spongiotrophoblast
layer (S) or maternal decidual cells (M). High powered image of β-gal/H + E stained maternal tissue (h). Western blot of placenta lysates from +/+
embryos, −/− embryos (40 μg) and total mouse kidney (20 μg) blotted with α-a4 and α-C2 (i). All scale bars: 20 μm
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the low number again suggests that there is no large-scale
acidification in this segment.

The epididymis
The epididymis is the most acidic part of the reproductive
tract, with the presence of the proton pump implicated in
the maturation of spermatozoa [37]. Immunostaining of
epididymides of +/+ mice at p14 and p21 revealed the
presence of a4 apically in clear cells, which conforms with
previous work showing the appearance of the H+ATPase
two weeks after birth [38]. To investigate the impact of a4
ablation on pump localisation, epididymides from p14 and
p21 +/+ and −/− animals were compared. In +/+ animals
a4 and B1 were both seen apically in the narrow/clear cells
(Fig. 3c–f ) and in −/− animals B1 subunit staining was
also observed apically (Fig. 3 h, j), indicating that absence
of the a4 subunit does not affect proton pump localisation
at either age. Although it has been hypothesised that dis-
ruptions in H+ATPase activity could affect male fertility
due to defective acidification [39, 40], Atp6v1b1−/− and
Atp6v0a4−/− males are both fertile [21, 41]. Thus, due to
the high number of pumps that are observed, and their
preserved apical location in the epididymis, it seems likely
that a4 activity here is retained by subunit substitution.

Conclusions
In this study, tissue restricted subunits were identified
for the first time in VYS and a model of the pump at

this site and in the OE is proposed (Fig. 4a, b) and the
expression patterns of these tissue-restricted homo-
logues and others in mice is summarised in Table 1. It
has been proposed that the VNO is involved in the de-
tection of non-volatile odorants, which include phero-
mones [42]. The absence of the B1 and a4 subunits in
the VNO of −/− animals would likely lead to the inhib-
ition of odours due to the mucus lining of the duct not
having the correct physiological pH, which would result
in poor odour absorption and therefore receptor activa-
tion. Indeed both Atp6v1B1−/− and Atp6v0a4−/− animals
have been shown to be hypo-osmic [21, 22], but it was
unclear whether this was due to changes in the OE,
VNO or both. This study suggests that the murine VNO
is the more important segment of the nasal cavity. The
reason for the subtle differences in pump subunit com-
binations is not fully understood, but are thought to ac-
count for differences in pump targeting and localisation.
The differences in subunit composition could also have
implications for regulation of pump assembly and inser-
tion into membranes, and also for the regulatory path-
ways that control these processes. Dysfunction in some
tissue specific pump subunits has been shown to cause
a variety of diseases, some of which have been recapitu-
lated in various animal models [14, 21, 41, 43, 44], and a
comprehensive knowledge of the subunit combinations
may allow for targeted up or down regulation of specific
pumps in such disorders.

Fig. 3 Male reproductive tract. Apical attenuation of the a4 subunit (a) and apical attenuation accompanied by intracellular staining for the B1
subunit (b) in cells of the ampullary gland. Immunostaining in the epididymis of p14 (c, d, g, h) and p21 animals (e, f, i, j) showed the a4 subunit
was apically expressed in +/+ animals (c, e) and absent in −/− animals (g, i). However the B1 subunit’s apical location is similar in both +/+ (d, f)
and −/− animals (h, J) at both ages. Scale bars: 20 μm
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Methods
Generation and maintenance of Atp6v0a4-deficient mice
Mice generated and genotyped as described previously
[21] were housed and reared under standard conditions.
All procedures were performed in accordance with
the UK Home Office Animals Scientific Procedures
Act (1986).

Preparation of cDNA
Tissues dissected from newly-deceased animals were
stored in RNAlater (Qiagen); RNA was then prepared
using an RNeasy mini plus kit (Qiagen) and cDNA made
using a SuperScript VILO cDNA Synthesis Kit (Invitro-
gen) according to manufacturer’s instructions. Reverse
transcription reactions performed in the absence of

Fig. 4 Cartoon of the H+ATPase found in visceral yolk sac (a) and olfactory epithelium (b). The subunits are labelled with capitals for the V1
domain and lower case for the V0 domain. Differences between the locations are shaded.The schematic is based on the proposed structure of
yeast V-ATPases [48] with the third EG dimer not shown

Table 1 Summary of reported H+ATPase subunit variants in mouse tissues

Subunit B C E G a d e

Number of genes 2 2 2 3 4 2 2

Generic Subunit B2 C1 E1 G1 a1 d1 e1

Kidney B1 C2 G3 a4 d2

Epididymis B1 a4

Acrosome of sperm E2 a2

Ampullary gland and prostatic alveoli B1* a4*

Inner ear B1 a4

Nasal Epithelium B1 C2* G3* a4 d2*

Bone a3 d2

Eye a2, a3, a4

Lung C2 d2

Placenta C2* a2

VYS C2* a4* d2*

Uterus a4*

Entries underlined represent protein and RNA evidence, normal entries represent protein evidence and italic entries; RNA evidence. Entries marked with an
asterisk are results from this study
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SuperScript III Enzyme provided a negative control.
cDNA was amplified using primers for a4 [17], G3 [45]
and E2 (CCTTCCAATGCTGCTGGAGG and CTCTGC
AGTTTAGCCCAGGC, these primers lie in Exon 2 and
the 3’-untranslated region respectively, the product does
not span any introns) with β-actin as a control to con-
firm successful reverse transcription.

Western blot analysis
Mouse kidney total protein lysate were prepared as de-
scribed previously [3]. 40 μg of each lysate were sepa-
rated by SDS/PAGE followed by western blot analysis.
Primary antibodies used to probe the blots were α-a4
(RA2922, [3]), α-B1 (G-H Sun-Wada [46]), α-D (Santa
Cruz sc-21215), α-C2 (raised in chicken against amino
acids 9–27 of ATP6V1C2), α-G3 (Abnova H00127124-
A01) and/or α-d2 (SK20, [47]) subunits of H+ATPase.

β-galactosidase staining
Fresh mouse postmortem tissues were washed with 0.1 M
phosphate buffer (pH 7.3) containing 2 mM MgCl2,
0.01 % Nonidet P-40, 0.02 % sodium deoxycholate and
stained for β-galalactosidase (β-gal) as described previ-
ously [21] then stored in PBS/4 % formaldehyde before
being embedded and sectioned.

Histologic analysis and immunofluorescence
Fresh mouse postmortem tissues fixed in neutral buffer
formalin or β-galactosidase stained and then fixed were
paraffin-embedded and sectioned to 5 μm. Adult heads
were decalcified prior to embedding and sectioning in
neutral EDTA [0.34 M EDTA, 0.33 M NaOH, pH 7.06]
until soft. After deparaffinization and rehydration through
graded ethanol, sections were stained with either H + E,
eosin alone or antibody. For immunolocalization, sections
were subjected to citrate buffer [10 mM sodium tricitrate,
0.44 mM HCl, 0.05 % Tween-20] antigen retrieval before
applying α-a4 (1:1000), α-B1 (1:2000) or α-F (1:500)
overnight at 4 °C. Sections were examined using a
Zeiss Axioskop2 microscope (for H + E/eosin/β-gal
staining) or a Zeiss LMS 510 confocal microscope (for
immunostaining).

Additional files

Additional file 1: Figure S1. Immunostaining in the vomeronasal
organ (VNO). High powered images of a4, B1 and F staining in the VNO
of p5 +/+ animals (A, B, D respectively) compared to B1 and F staining
in −/− animals (C and E respectively). Scale bars: 20 μm. (DOCX 183 kb)

Additional file 2: Figure S2. a4 expression in the female reproductive
tract. Schematic of the female murine reproductive tract; each ovary (1) is
attached to a uterine horn (2) which are joined at the fundus to form a Y
shape. From the fundus the cervix (3) leads down to the vagina (4). (A).
β-gal activity was present in the stratified squamous epithelium of the
cervical canal (B, black arrowheads) but immunostaining showed a4 was

not detected (C) and F had no apical attenuation (D). β-gal activity was
detected in the endometrial glands of the non-pregnant uterus (E, white
arrowheads) but not observed in the uterine lumen (E, black arrow head);
when the uterine glands were immunostained a4 protein was not detectable
(F, white arrow heads). Scale bars: 20 μm. (DOCX 1596 kb)

Additional file 3: Figure S3. RT-PCR amplification of the G3 and E2
subunit isoforms from mouse visceral yolk sac. PCR amplification of cDNA
from 3 visceral yolk sac samples (+) with respective RT- controls (−),
negative PCR control (C-) and positive PCR control of genomic DNA (for
actin and E2) or kidney cDNA (G3) (C+). (DOCX 40 kb)

Additional file 4: Figure S4. H+ATPase expression in the male
reproductive tract. (A) Coronal section of the preputial gland showing
β-gal activity in the secretory glands, immunostaining do not detect any
a4 protein (B) and the F subunit (C) had no apical attenuation. The lateral
prostate displayed β-gal activity but the a4 protein was not detected by
immunostaining (E) and the F subunit was intracellular. Scale bars: 20 μm.
(DOCX 1264 kb)

Abbreviations
β-gal, β-galactosidase; dRTA, distal renal tubular acidosis; OE, olfactory epithelium;
VNO, vomeronasal organ; VYS: visceral yolk sac

Acknowledgements
We thank Ge-Hong Sun-Wada for B1 antisera.

Funding
This work was funded by the Wellcome Trust (award 088489/Z/09/Z to
FEKF and Strategic award 100140/Z/12/Z to the Cambridge Institute for
Medical Research).

Availability of data and materials
All relevant information is included in the manuscript and supplemental
Figures.

Authors’ contributions
ZJG carried out the study, FEKF conceived the study and ZJG and FEKF
wrote the manuscript. Both authors approved the final version.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable. The studies were performed under Home Office Project
Licence 80/2407 and according to ARRIVE guidelines.

Received: 10 February 2016 Accepted: 27 June 2016

References
1. Nelson RD, Guo XL, Masood K, Brown D, Kalkbrenner M, Gluck S. Selectively

amplified expression of an isoform of the vacuolar H(+)-ATPase 56-kilodalton
subunit in renal intercalated cells. Proc Natl Acad Sci U S A. 1992;89(8):3541–5.

2. Pietrement C, Sun-Wada GH, Silva ND, McKee M, Marshansky V, Brown D,
Futai M, Breton S. Distinct expression patterns of different subunit isoforms
of the V-ATPase in the rat epididymis. Biol Reprod. 2006;74(1):185–94.

3. Smith AN, Skaug J, Choate KA, Nayir A, Bakkaloglu A, Ozen S, Hulton SA,
Sanjad SA, Al-Sabban EA, Lifton RP, et al. Mutations in ATP6N1B, encoding a
new kidney vacuolar proton pump 116-kD subunit, cause recessive distal
renal tubular acidosis with preserved hearing. Nat Genet. 2000;26(1):71–5.

4. Kitagawa N, Mazon H, Heck AJ, Wilkens S. Stoichiometry of the peripheral
stalk subunits E and G of yeast V1-ATPase determined by mass
spectrometry. J Biol Chem. 2008;283(6):3329–37.

5. Kawasaki-Nishi S, Nishi T, Forgac M. Proton translocation driven by ATP
hydrolysis in V-ATPases. FEBS Lett. 2003;545(1):76–85.

6. Marshansky V, Rubinstein JL, Gruber G. Eukaryotic V-ATPase: Novel structural
findings and functional insights. Biochim Biophys Acta. 2014;1837(6):857-79.

Golder and Karet Frankl BMC Cell Biology  (2016) 17:27 Page 7 of 8

dx.doi.org/10.1186/s12860-016-0106-8
dx.doi.org/10.1186/s12860-016-0106-8
dx.doi.org/10.1186/s12860-016-0106-8
dx.doi.org/10.1186/s12860-016-0106-8


7. Perin MS, Fried VA, Stone DK, Xie XS, Sudhof TC. Structure of the 116-kDa
polypeptide of the clathrin-coated vesicle/synaptic vesicle proton pump.
J Biol Chem. 1991;266(6):3877–81.

8. Toei M, Toei S, Forgac M. Definition of membrane topology and
identification of residues important for transport in subunit a of the
vacuolar ATPase. J Biol Chem. 2011;286(40):35176–86.

9. Benlekbir S, Bueler SA, Rubinstein JL. Structure of the vacuolar-type ATPase
from Saccharomyces cerevisiae at 11-A resolution. Nat Struct Mol Biol.
2012;19(12):1356–62.

10. Vik SB, Long JC, Wada T, Zhang D. A model for the structure of subunit a of
the Escherichia coli ATP synthase and its role in proton translocation.
Biochim Biophys Acta. 2000;1458(2–3):457–66.

11. Oka T, Murata Y, Namba M, Yoshimizu T, Toyomura T, Yamamoto A,
Sun-Wada GH, Hamasaki N, Wada Y, Futai M. a4, a unique kidney-specific
isoform of mouse vacuolar H + −ATPase subunit a. J Biol Chem.
2001;276(43):40050–4.

12. Toyomura T, Oka T, Yamaguchi C, Wada Y, Futai M. Three subunit a isoforms
of mouse vacuolar H(+)-ATPase. Preferential expression of the a3 isoform
during osteoclast differentiation. J Biol Chem. 2000;275(12):8760–5.

13. Sun-Wada GH, Imai-Senga Y, Yamamoto A, Murata Y, Hirata T, Wada Y, Futai
M. A proton pump ATPase with testis-specific E1-subunit isoform required
for acrosome acidification. J Biol Chem. 2002;277(20):18098–105.

14. Kawamura N, Tabata H, Sun-Wada GH, Wada Y. Optic nerve compression
and retinal degeneration in Tcirg1 mutant mice lacking the vacuolar-type
H-ATPase a3 subunit. PLoS One. 2010;5(8):e12086.

15. Sun-Wada GH, Tabata H, Kawamura N, Futai M, Wada Y. Differential
expression of a subunit isoforms of the vacuolar-type proton pump ATPase
in mouse endocrine tissues. Cell Tissue Res. 2007;329(2):239–48.

16. Stover EH, Borthwick KJ, Bavalia C, Eady N, Fritz DM, Rungroj N, Giersch AB,
Morton CC, Axon PR, Akil I, et al. Novel ATP6V1B1 and ATP6V0A4 mutations
in autosomal recessive distal renal tubular acidosis with new evidence for
hearing loss. J Med Genet. 2002;39(11):796–803.

17. Smith AN, Finberg KE, Wagner CA, Lifton RP, Devonald MA, Su Y,
Karet FE. Molecular cloning and characterization of Atp6n1b: a novel
fourth murine vacuolar H + −ATPase a-subunit gene. J Biol Chem.
2001;276(45):42382–8.

18. Kornak U, Reynders E, Dimopoulou A, van Reeuwijk J, Fischer B, Rajab A,
Budde B, Nurnberg P, Foulquier F, Lefeber D, et al. Impaired glycosylation
and cutis laxa caused by mutations in the vesicular H + −ATPase subunit
ATP6V0A2. Nat Genet. 2008;40(1):32–4.

19. Kornak U, Schulz A, Friedrich W, Uhlhaas S, Kremens B, Voit T, Hasan C,
Bode U, Jentsch TJ, Kubisch C. Mutations in the a3 subunit of the vacuolar
H(+)-ATPase cause infantile malignant osteopetrosis. Hum Mol Genet.
2000;9(13):2059–63.

20. Karet FE, Finberg KE, Nelson RD, Nayir A, Mocan H, Sanjad SA, Rodriguez-
Soriano J, Santos F, Cremers CW, Di Pietro A, et al. Mutations in the gene
encoding B1 subunit of H + −ATPase cause renal tubular acidosis with
sensorineural deafness. Nat Genet. 1999;21(1):84–90.

21. Norgett EE, Golder ZJ, Lorente-Canovas B, Ingham N, Steel KP, Frankl FE.
Atp6v0a4 knockout mouse is a model of distal renal tubular acidosis with
hearing loss, with additional extrarenal phenotype. Proc Natl Acad Sci U S
A. 2012;109(34):13775–80.

22. Paunescu TG, Rodriguez S, Benz E, McKee M, Tyszkowski R, Albers MW,
Brown D. Loss of the V-ATPase B1 Subunit Isoform Expressed in
Non-Neuronal Cells of the Mouse Olfactory Epithelium Impairs Olfactory
Function. PLoS One. 2012;7(9):e45395.

23. Asan E, Drenckhahn D. Immunocytochemical characterization of two types
of microvillar cells in rodent olfactory epithelium. Histochem Cell Biol.
2005;123(2):157–68.

24. Leng XH, Manolson MF, Forgac M. Function of the COOH-terminal domain
of Vph1p in activity and assembly of the yeast V-ATPase. J Biol Chem.
1998;273(12):6717–23.

25. Ediger B, Melman SD, Pappas Jr DL, Finch M, Applen J, Parra KJ. The tether
connecting cytosolic (N terminus) and membrane (C terminus) domains of
yeast V-ATPase subunit a (Vph1) is required for assembly of V0 subunit d.
J Biol Chem. 2009;284(29):19522–32.

26. Wagner G, Levin RJ. Electrolytes in vaginal fluid during the menstrual cycle
of coitally active and inactive women. J Reprod Fertil. 1980;60(1):17–27.

27. Boskey ER, Telsch KM, Whaley KJ, Moench TR, Cone RA. Acid production by
vaginal flora in vitro is consistent with the rate and extent of vaginal
acidification. Infect Immun. 1999;67(10):5170–5.

28. Gorodeski GI, Hopfer U, Liu CC, Margles E. Estrogen acidifies vaginal pH by
up-regulation of proton secretion via the apical membrane of vaginal-
ectocervical epithelial cells. Endocrinology. 2005;146(2):816–24.

29. Burton GJ, Watson AL, Hempstock J, Skepper JN, Jauniaux E. Uterine glands
provide histiotrophic nutrition for the human fetus during the first trimester
of pregnancy. J Clin Endocrinol Metab. 2002;87(6):2954–9.

30. Xiao S, Diao H, Zhao F, Li R, He N, Ye X. Differential Gene Expression Profiling of
Mouse Uterine Luminal Epithelium During Periimplantation. Reprod Sci. 2014;
21(3):351-62.

31. Zohn IE, Sarkar AA. The visceral yolk sac endoderm provides for absorption
of nutrients to the embryo during neurulation. Birth Defects Res A Clin Mol
Teratol. 2010;88(8):593–600.

32. Beckman DA, Brent RL, Lloyd JB. Sources of amino acids for protein
synthesis during early organogenesis in the rat. 4. Mechanisms before
envelopment of the embryo by the yolk sac. Placenta. 1996;17(8):635–41.

33. Simon BJ, Kulanthaivel P, Burckhardt G, Ramamoorthy S, Leibach FH,
Ganapathy V. Characterization of an ATP-driven H+ pump in human placental
brush-border membrane vesicles. Biochem J. 1992;287(Pt 2):423–30.

34. Smith AN, Borthwick KJ, Karet FE. Molecular cloning and characterization of
novel tissue-specific isoforms of the human vacuolar H(+)-ATPase C, G and
d subunits, and their evaluation in autosomal recessive distal renal tubular
acidosis. Gene. 2002;297(1–2):169–77.

35. Brown D, Lui B, Gluck S, Sabolic I. A plasma membrane proton ATPase in
specialized cells of rat epididymis. Am J Physiol. 1992;263(4 Pt 1):C913–6.

36. Herak-Kramberger CM, Breton S, Brown D, Kraus O, Sabolic I. Distribution of
the vacuolar H+ atpase along the rat and human male reproductive tract.
Biol Reprod. 2001;64(6):1699–707.

37. Da Silva N, Shum WW, El-Annan J, Paunescu TG, McKee M, Smith PJ, Brown
D, Breton S. Relocalization of the V-ATPase B2 subunit to the apical
membrane of epididymal clear cells of mice deficient in the B1 subunit. Am
J Physiol Cell Physiol. 2007;293(1):C199–210.

38. Breton S, Tyszkowski R, Sabolic I, Brown D. Postnatal development of
H+ ATPase (proton-pump)-rich cells in rat epididymis. Histochem Cell Biol.
1999;111(2):97–105.

39. Breton S, Smith PJ, Lui B, Brown D. Acidification of the male reproductive
tract by a proton pumping (H+)-ATPase. Nat Med. 1996;2(4):470–2.

40. Brown D, Smith PJ, Breton S. Role of V-ATPase-rich cells in acidification of
the male reproductive tract. J Exp Biol. 1997;200(Pt 2):257–62.

41. Finberg KE, Wagner CA, Bailey MA, Paunescu TG, Breton S, Brown D, Giebisch G,
Geibel JP, Lifton RP. The B1-subunit of the H(+) ATPase is required for maximal
urinary acidification. Proc Natl Acad Sci U S A. 2005;102(38):13616–21.

42. Pankevich DE, Baum MJ, Cherry JA. Olfactory sex discrimination persists,
whereas the preference for urinary odorants from estrous females disappears
in male mice after vomeronasal organ removal. J Neurosci. 2004;24(42):9451–7.

43. Hennings JC, Picard N, Huebner AK, Stauber T, Maier H, Brown D, Jentsch TJ,
Vargas-Poussou R, Eladari D, Hubner CA. A mouse model for distal renal
tubular acidosis reveals a previously unrecognized role of the V-ATPase a4
subunit in the proximal tubule. EMBO Mol Med. 2012;4(10):1057–71.

44. Lee SH, Rho J, Jeong D, Sul JY, Kim T, Kim N, Kang JS, Miyamoto T, Suda T,
Lee SK, et al. v-ATPase V0 subunit d2-deficient mice exhibit impaired osteoclast
fusion and increased bone formation. Nat Med. 2006;12(12):1403–9.

45. Norgett EE, Borthwick KJ, Al-Lamki RS, Su Y, Smith AN, Karet FE. V1 and V0
domains of the human H + −ATPase are linked by an interaction between
the G and a subunits. J Biol Chem. 2007;282(19):14421–7.

46. Sun-Wada GH, Murata Y, Namba M, Yamamoto A, Wada Y, Futai M. Mouse
proton pump ATPase C subunit isoforms (C2-a and C2-b) specifically
expressed in kidney and lung. J Biol Chem. 2003;278(45):44843–51.

47. Smith AN, Jouret F, Bord S, Borthwick KJ, Al-Lamki RS, Wagner CA, Ireland
DC, Cormier-Daire V, Frattini A, Villa A, et al. Vacuolar H + −ATPase d2
subunit: molecular characterization, developmental regulation, and
localization to specialized proton pumps in kidney and bone. J Am Soc
Nephrol. 2005;16(5):1245–56.

48. Oot RA, Wilkens S. Domain characterization and interaction of the yeast
vacuolar ATPase subunit C with the peripheral stator stalk subunits E and G.
J Biol Chem. 2010;285(32):24654–64.

Golder and Karet Frankl BMC Cell Biology  (2016) 17:27 Page 8 of 8


	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Olfactory system
	β-galactosidase (β-gal) staining and immunostaining in embryonic Atp6v0a4+/− olfactory epithelium
	Immunostaining in postnatal olfactory epithelium
	Western blot analysis of expression of other tissue restricted subunits in olfactory epithelium

	The female reproductive tract
	Adult male reproductive tract
	The epididymis


	Conclusions
	Methods
	Generation and maintenance of Atp6v0a4-deficient mice
	Preparation of cDNA
	Western blot analysis
	β-galactosidase staining
	Histologic analysis and immunofluorescence

	Additional files
	show [aa]
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	References

