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Accessory subunit Ac45 controls the V-ATPase in the regulated secretory pathway
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Plasma membrane protrusions
V-ATPase) is crucial for multiple processes within the eukaryotic cell, including
membrane transport and neurotransmitter secretion. How the V-ATPase is regulated, e.g. by an accessory
subunit, remains elusive. Here we explored the role of the neuroendocrine V-ATPase accessory subunit Ac45
via its transgenic expression specifically in the Xenopus intermediate pituitary melanotrope cell model. The
Ac45-transgene product did not affect the levels of the prohormone proopiomelanocortin nor of V-ATPase
subunits, but rather caused an accumulation of the V-ATPase at the plasma membrane. Furthermore, a higher
abundance of secretory granules, protrusions of the plasma membrane and an increased Ca2+-dependent
secretion efficiency were observed in the Ac45-transgenic cells. We conclude that in neuroendocrine cells
Ac45 guides the V-ATPase through the secretory pathway, thereby regulating the V-ATPase-mediated process
of Ca2+-dependent peptide secretion.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
The vacuolar (H+)-ATPase (V-ATPase) is a multi-subunit enzyme
complex that resides in the plasma membrane and in membranes of
various subcellular compartments, such as endosomes, lysosomes and
secretory vesicles. The V-ATPase is of crucial importance for a variety of
cell-biological events that depend on active proton transport across a
membrane to establish organelle acidification or to generate a
transmembrane electrical potential, thereby affecting processes such
as embryonic left–right patterning, osteoclastic bone resorption,
intracellularmembrane transport, endosomal receptor–ligand dissocia-
tion, lysosomal hydrolysis, receptor-mediated endocytosis, intracellular
protein targeting, prohormone sorting and processing, and neurotrans-
mitter uptake [1–4]. Intriguingly, recent data suggest a role for the V-
ATPase in membrane fusion during exocytotic secretion as well [5–8].

V-ATPases are present in virtually all eukaryotic cells, but their
molecular composition and subcellular localizations differ between
organisms and cell types (reviewed in [9]). The enzyme consists of two
domains, the peripheral V1-domain responsible for ATP hydrolysis and
the integral V0-domain which takes care of the proton transport over
the membrane [3]. At present, surprisingly little is known about the
targeting and regulation of the V-ATPase. Although V1–V0 association/
dissociation is thought to be a universal mechanism for regulating V-
ATPase activity [9], other regulatory mechanisms have been proposed,
such as an interaction of the V-ATPase complex with an accessory
1 24 3615317.
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subunit [10,11]. The type I transmembrane glycoprotein Ac45 is such a
V-ATPase accessory subunit. The neuronal- and neuroendocrine-
enriched Ac45 protein was first isolated from bovine chromaffin
granules by its co-purificationwith the V0-sector of the pump ([10,12],
reviewed in [13]). Subsequently, analysis of the V0-complex [14] and a
recent co-immunoprecipitation study in transfected COS-7 cells [4]
confirmed the association of Ac45 with the V0-subunits of the
membrane sector.

In Xenopus laevis intermediate pituitary melanotrope cells, Ac45
has been found to be coordinately expressed with the prohormone
proopiomelanocortin (POMC) [15]. In the early secretory pathway of
these cells, the Ac45 protein is proteolytically processed to a C-
terminal cleavage product that corresponds to the mammalian Ac45
protein isolated from secretory granules [16,17]. The neuroendocrine
Xenopus melanotrope cells can be activated in vivo to produce large
amounts of POMC simply by placing the animal on a black back-
ground. POMC is cleaved by prohomone convertases (PCs) to a
number of bioactive peptides, including α-melanophore stimulating
hormone (α-MSH) that is released into the bloodstream, causing
dispersion of the skin melanophores [18]. In contrast to cultured
neuroendocrine cell lines, the Xenopus melanotropes are strictly
regulated cells with the prohormone and other regulated secretory
proteins sorted efficiently into secretory granules [19]. Peptide release
from the melanotrope cells occurs exclusively via the regulated
secretory pathwaywith the secondmessenger Ca2+as the driving force
for α-MSH release [20–22].

Although Ac45 has been identified more than a decade ago, its role
is still elusive. In view of its coordinated expression with POMC, we
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have proposed a role for Ac45 in the regulated secretory pathway
[15,16]. In a first attempt to study its function, we previously disrupted
the Ac45 gene in themouse but unfortunately blastocyst development
was severely affected, resulting in early embryonic lethality [23]. To
explore the function of Ac45 in an in vivo context and in awell-defined
model system, we now combined the unique features of the Xenopus
melanotrope cell with the technique of stable Xenopus transgenesis
[24,25]. We used a Xenopus POMC-gene promoter fragment [26] to
target transgene expression of intact Ac45 or cleaved Ac45 specifically
to the melanotrope cells. This cell-specific transgenic approach
enabled us to examine the melanotrope cells with the regulatory
input from the hypothalamic neurons being unaffected. Here we
describe the effects of excess Ac45 on the functioning of the regulated
secretory pathway in the melanotrope cells. The results of our study
are most consistent with a role for Ac45 in V-ATPase routing and in
this way controlling the V-ATPase in the regulated secretory pathway.

2. Material and methods

2.1. Animals

Xenopus laevis were reared in the Xenopus facility of the
Department of Molecular Animal Physiology (Central Animal Facility,
Radboud University Nijmegen). Experimental animals were adapted
to a black background for 3 up to 8 weeks with a light/dark cycle of
12 h. All animal experiments were carried out in accordance with the
European Communities Council Directive 86/609/EEC for animal
welfare, and permits GGO 98-143 and RBD0166(H10) to generate
and house transgenic Xenopus laevis.

2.2. Generation of Xenopus laevis stably transgenic for intact-Ac45 or
cleaved-Ac45 fused to GFP

Since the C-tail of the Xenopus Ac45 protein contains putative
targeting signals [27] and to avoid any possible trafficking defect, GFP
was fused to the N-terminus of Ac45. To translocate the fusion
proteins over the ER membrane, the Xenopus Ac45 signal peptide
(SP) sequence was placed in front of GFP. To generate DNA encoding
intact-Ac45 or cleaved-Ac45, the Xenopus Ac45 ORF (clone X1311-4
[16], lacking the signal peptide) was amplified by PCR (High Fidelity
PCR Mix; MBI Fermentas), using forward primer 5′-gggggaattccag-
caagtgcccgtgctg-3′ and reverse primer 5′-ggggtctagattactctgtctgggg-
cacagc-3′, or forward primer 5′-gggggaattccctatgccaagctatcctcc-3′
and reverse primer 5′-ggggtctagattactctgtctggggcacagc-3′, respec-
tively. The EcoRI/XbaI-digested intact-Ac45 or cleaved-Ac45 PCR
products were subcloned into the pPOMC(A)2+-SP-GFP vector [28]
resulting in the constructs pPOMC(A)2+-GFP/intact-Ac45 and pPOMC
(A)2+-GFP/cleaved-Ac45, respectively. To generate transgenic Xenopus
laevis, 125 ng of purified SalI/NotI linear DNA fragments from pPOMC
(A)2+-GFP/intact-Ac45 and pPOMC(A)2+-GFP/cleaved-Ac45 containing
the SV40-polyA signal were used for stable Xenopus transgenesis
[26]. Several transgenesis rounds yielded transgenic F0 Xenopus
embryos with various transgene expression levels in the pituitary as
was judged by direct screening of the living embryos under a
fluorescence microscope (Leica MZ FLIII). To generate F1 offspring,
testes of transgenic F0 Xenopus males were used to fertilize in vitro
wild-type Xenopus eggs resulting in transgenic lines #452 and #465
expressing GFP/intact-Ac45, and lines #533 and #604 expressing
GFP/cleaved-Ac45 specifically in the intermediate pituitary melano-
trope cells.

2.3. Antibodies

The rabbit polyclonal antibody raised against the C-terminal region
of Xenopus Ac45 (1311-C) has been described previously [16]. A rabbit
polyclonal antibody raised against GFP was kindly provided by Dr. B.
Wieringa [29], and against POMC (ST62) [30], V-ATPase subunit V1A
(ST170) and subunit V1E (ST173) [31] by Dr. S. Tanaka (Shizuoka
University, Japan). Monoclonal anti-tubulin antibody E7 has been
described previously [32]. The rabbit antiserum against Xenopus V-
ATPase subunit V0a (ST205) was raised against a synthetic peptide
comprising 14 amino acid residues located in the cytoplasmic domain
of Xenopus V0a with an additional cysteine at the N-terminus
(CMQTNQTPPTYNKTN). The rabbit antiserum against Xenopus V0d
(ST200) was raised against a synthetic peptide comprising 13 amino
acid residues located in the N-terminal part of Xenopus V-ATPase
subunit V0d with an additional cysteine at the N-terminus
(CVSVIDDKLKEKMV).

2.4. Cryosectioning and immunohistochemistry

Brain-pituitary preparations were dissected from juvenile trans-
genic frogs and fixed in 4% paraformaldehyde in PBS. After
cryoprotection in 10% sucrose-PBS, sagittal 20 μm cryosections were
mounted on poly-L-lysine-coated slides and dried for 2 h at 45 °C.

For immunohistochemistry, sections were rinsed for 30 min in
50 μM Tris-buffered saline (pH 7.6) containing 150 μM NaCl and 0.1%
Triton X-100 (TBS-TX). To prevent nonspecific binding, blocking was
performed with 0.5% BSA in TBS-TX. Sections were incubated with
anti-POMC (ST62, 1: 2000) or anti-V-ATPase subunit V1A (ST170,
1:500) antibodies for 16 h at 37 °C in TBS-TX containing 0.5% BSA. After
rinsing the slides with TBS-TX, a second antibody, Goat-anti-Rabbit-
Alexa Fluor 568 (Molecular Probes, Eugene, Oregon, USA) at a dilution
of 1:100, was applied and sections were incubated for 1 h at 37 °C.
Following an additional washing step, the sections were mounted in
Mowiol (Sigma) containing 2.5% sodium azide and coverslipped.
Immunofluorescence was viewed under a Leica DMRA fluorescence
microscope and a Biorad MRC 1024 confocal laser scanning
microscope.

2.5. Isolation of Xenopus intermediate pituitary melanotrope cells and
Western blot analysis

Since the neural lobe contains substantial amounts of the Ac45
protein, we performed Western blot analysis on lysates of melano-
trope cells isolated from neurointermediate lobes (NILs) to study the
endogenous Ac45 protein level. The melanotrope cells were isolated
from Xenopus NILs essentially as described previously [16], washed
with XL15 medium, collected by centrifugation and lysed in lysis
buffer (50 mM HEPES pH 7.4, 140 mM NaCl, 0.1% Triton X-100, 1%
Tween 20, 2% CHAPS, 1 mg/ml deoxycholate, 1 μM phenylmethylsul-
fonyl fluoride (PMSF), 0.1 mg/ml soy bean trypsin inhibitor). Total
protein content of the cell lysates was measured using the Micro
BCA™ Protein Assay kit (Pierce, Rockford) according to the manufac-
turer's prescription. 10 μg of protein lysate was incubated in the
presence or absence of N-glycosidase F (Roche Diagnostics, Man-
nheim) before loading on 10% SDS-PAGE. Western blots were
incubated with an anti-Ac45 antibody (anti-X1311-C, 1:5000), an
anti-GFP antibody (1:5000), anti-V-ATPase subunit V1A, V1E, V0a and
V0d antibodies (1:2000, ST170, ST173, ST205 and ST205, respectively),
anti-POMC (1:10000, ST62) or anti-tubulin (1:100, monoclonal anti-
body E7) and secondary peroxidase-conjugated Goat-anti-rabbit
antibody followed by chemoluminescence. Signals were detected
and quantified using a BioImaging systemwith Labworks 4.0 software
(UVP BioImaging systems, Cambridge, UK). For confocal laser scanning
microscopy (CLSM) and patch-clamp experiments, the isolated
melanotrope cells were cultured on cover slips.

2.6. Metabolic cell labeling and immunoprecipitations

For radioactive labeling of newly synthesized proteins, freshly
isolated Xenopus NILs were pre-incubated for 10 min in Ringer's
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medium containing 0.3 mg/ml BSA (Ringer's/BSA), then incubated
in Ringer's/BSA containing 1.7 mCi/ml Tran35S label (MP Biomedi-
cals) for indicated time periods and subsequently chased in
Ringer's/BSA or Xenopus L15 medium supplemented with 0.5 mM
L-methionine. Lobes were lysed in 100 μl lysis buffer without
CHAPS, and lysates were cleared by centrifugation (13,000 g, 7 min)
and directly analysed by SDS-PAGE. For immunoprecipitations,
lysates were supplemented with 0.08% SDS and incubated with
the anti-GFP (1:500) or the anti-Ac45 (anti-X1311-C, 1:500).
Immune complexes were precipitated with protein-A Sepharose
(Amersham Pharmacia Biotech), analyzed by SDS-PAGE and visua-
lized by fluorography.

2.7. Cm measurements

Membrane capacitance (Cm) measurements were performed in
the whole-cell configuration of the patch-clamp technique using a
computer-based patch-clamp amplifier (EPC-9) controlled by Pulse
software, V. 8.63 (HEKA, Lambrecht/Pfalz, Germany) [33]. Data were
filtered by a Bessel filter set at 12.9 kHz. Patch pipettes were pulled
from Wiretrol II glass capillaries (Drummond Scientific, Broomall, PA,
USA) using a PP-83 pipette puller (Narishige Scientific Instrument
Laboratories, Tokyo, Japan), and had a resistance between 3 and 5 MΩ
after polishing. The external solution contained 93 mM TEACl, 5 mM
CsCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM glucose and 15 mM HEPES,
adjusted to pH 7.4 with TEAOH. The internal solution contained
112 mM CsCl, 1.8 mM MgCl2, 2 mM MgATP, 0.1 mM EGTA and 10 mM
HEPES, adjusted to pH 7.2 with CsOH. The sampling rate of Ca2+-
currents was 2500 Hz. Cmwas measured in the ‘sine+dc’ mode of the
lock-in extension of the Pulse software, based on the Lindau–Neher
algorithm [34] using an 800-Hz, 40-mV peak-to-peak sinusoid
stimulus. After the whole-cell configuration was established, Cm
was recorded and cancelled by the automatic capacitance compensa-
tion of the EPC-9. The procedure was repeated every 60 s (Cslow-
update of the EPC-9 amplifier) to prevent saturation of the lock-in
signal [34]. In order to avoid any possible artifacts in the Cm trace
induced by themembrane conductance, the first 50ms of the Cm trace
were not taken into account.

2.8. (Immuno)Electron microscopy

Xenopus NILs were freshly dissected, fixed, osmicated, dehy-
drated and embedded in Epon 812. Ultra-thin sections were cut,
double-contrasted with uranyl acetate/lead citrate and photo-
graphed using a transmission microscope (JEOL1010). For freeze
substitution and low-temperature embedding, the tissue was rapidly
frozen by a Leica electron microscopy (EM) High-Pressure Freezing
system (Leica Microsystems) followed by freeze substitution. The
tissue was then immersed in acetone containing 0.5% uranyl acetate
as fixing agent at −90 °C. The temperature was raised stepwise to
−45 °C and the tissue was then infiltrated with Lowicryl HM20. Thin
sections were cut and mounted on one-hole nickel grids coated
with a formvar film.

For postembedding immunohistochemistry, ultra-thin Lowicryl
sections were washed for 10 min in phosphate buffered saline (PBS,
pH 7.4) containing 0.1% sodium borohydride and 50 mM glycine,
and for 10 min in PBS containing 0.5% BSA and 0.1% cold fish skin
gelatine (PBG). For immunolabeling, sections were incubated
overnight at 4 °C in drops of PBG containing anti-GFP (1:500),
anti-POMC (ST62; 1:15000) or anti-V-ATPase subunit V1A, V1E, V0a
and V0d antibodies (ST170, ST173, ST205 and ST200, respectively;
1:50). Sections were washed for 20 min in PBG, incubated with
protein-A-labeled 10 nm gold markers, washed in PBS and
postfixed with 2.5% glutaraldehyde in PB for 5 min to minimize
loss of gold label during the contrasting steps. After washing with
distilled water, sections were contrasted in uranyl acetate and
studied using a Jeol transmission electron microscopy (TEM) 1010
electron microscope.

2.9. Statistics

Data are presented as means±SEM. Statistical evaluation was
performed using an unpaired Student's t-test.

3. Results

3.1. Generation of stable transgenic Xenopus laevis expressing a GFP/
intact-Ac45 or GFP/cleaved-Ac45 fusion protein specifically in the
intermediate pituitary melanotrope cells

In vivo, intact Xenopus Ac45 (~62 kDa) is proteolytically processed
to an ~40 kDa cleaved C-terminal fragment [16,17]; the mammalian
~45-kDa Ac45 protein that was originally isolated from secretory
granules corresponds to the cleaved C-terminal fragment [10]. To
study the function of Ac45, we generated stable transgenic Xenopus
laevis lines expressing intact or cleaved Xenopus Ac45 fused to the
green fluorescent protein GFP. A Xenopus POMC-gene promoter
fragment [26] was used to drive transgene expression specifically to
the intermediate pituitary melanotrope cells (Fig. 1A). Fluorescence
was exclusively detected in the intermediate pituitary from develop-
mental stage-40 onwards and no difference was observed between
transgenic and wild-type tadpoles regarding the development of the
pituitaries. Embryos were further cultured and stage-45 living
embryos could be readily screened for fluorescent protein expression
in the pituitary by direct visual inspection under a fluorescence
microscope (Fig. 1B). In vitro fertilization with sperm derived from
testes of transgenic Xenopusmales resulted in two independent stable
transgenic Xenopus F1 lines expressing GFP/intact-Ac45 (lines #452
and #465) and two independent stable transgenic F1 lines expressing
GFP/cleaved-Ac45 (lines #533 and #604).

Direct fluorescence microscopy on cryosections of pituitaries of
adult transgenic F1 animals clearly showed that the transgene
expression was exclusively in the intermediate pituitary melanotrope
cells, shown by co-localization with the main melanotrope secretory
cargo protein POMC (Fig. 1C). CLSM and EM revealed that in both
#452- and #465-transgenic melanotrope cells the GFP/intact-Ac45
transgene product was localized mainly to the ER, indicating that the
protein was not efficiently transported through the secretory path-
way. In contrast, in both #533- and #604-transgenic cells the GFP/
cleaved-Ac45 transgene product was localized primarily to the
plasma membrane of the melanotrope cells (Fig. 1D). Immuno-EM
using an anti-GFP antibody confirmed the absence of GFP/intact-Ac45
and the presence of GFP/cleaved-Ac45 at the plasma membrane (Fig.
1E). Lines #452 and #533 were selected for the further analysis of
melanotrope cells expressing GFP/intact-Ac45- and GFP/cleaved-
Ac45, respectively.

To study the steady-state transgenic protein expression levels, we
isolated both the neurointermediate lobe (NIL) and the anterior lobe
(AL) of the pituitary. Western blot analysis of the NIL lysates from
wild-type animals using an anti-Ac45-C antibody showed an ~40-kDa
product representing the endogenous Ac45 protein (Fig. 2A). In the
GFP/intact-Ac45 transgenic NIL lysates, an ~90-kDa protein corre-
sponding to the GFP/intact-Ac45 transgene fusion product was
detected by both an anti-GFP and the anti-Ac45-C antibody. Only a
minor portion of this product was cleaved to an ~50-kDa protein
representing the N-terminal part of GFP/intact-Ac45. The GFP/
cleaved-Ac45 transgene product was found as an ~70-kDa product.
No transgene products were found in the lysates of the AL, illustrating
the melanotrope cell specificity of the POMC-gene promoter fragment
(Fig. 2A).

To study the biosynthesis of the transgene products, we
performed metabolic cell labeling experiments in combination with



Fig. 1. Generation of transgenic Xenopus laevis with expression of GFP/intact-Ac45 or GFP/cleaved-Ac45 specifically in the intermediate pituitary melanotrope cells. (A) Schematic
representation of the linear injection fragments used to generate transgenic Xenopus: pPOMC(A)2+-SP-GFP/intact-Ac45 (tg-i) and pPOMC(A)2+-SP-GFP/cleaved-Ac45 (tg-c) with the
POMC-gene A promoter fragment (pPOMC), the regions encoding the GFP/intact-Ac45 or GFP/cleaved-Ac45 fusion protein and the SV40 polyadenylation signal (SV40 pA). SP: signal
peptide; CS: cleavage site; TM: transmembrane region. (B) Transgenic stage-45 Xenopus tadpoles from lines #452 and #465 expressing GFP/intact-Ac45 and lines #533 and #604
expressing GFP/cleaved-Ac45 specifically in the intermediate pituitary (white arrow). E: eye; G: gut. (C) Sagittal brain-pituitary cryosections of wild-type (wt), GFP/intact-Ac45-
transgenic (tg-i) and GFP/cleaved-Ac45-transgenic (tg-c) Xenopus. Transgene expression (green) was detected by direct fluorescence microscopy and endogenous POMC expression
(red) by immunostainingwith an anti-POMC antibody. All imagesweremergedwith bright-field captures, allowing visualization of themorphology of the pituitaries. NL: neural lobe,
IL: intermediate lobe, AL: anterior lobe. (D) Direct CLSM on live melanotrope cells isolated from intermediate lobes expressing GFP/intact-Ac45 (#452) or GFP/cleaved-Ac45 (#533).
The intact-Ac45 transgene product was localizedmainly to the ER, whereas the cleaved-Ac45 transgene product was localizedmainly to the plasmamembrane. Note that in the active
melanotrope cells the ER is situated near the plasma membrane [43]. Bar equals 5 μm. (E) Immunogold labeling of ultra-thin sections of transgenic melanotrope cells with the anti-
GFP antibody in combination with 10-nm protein-A gold showing the absence of GFP/intact-Ac45 (tg-i, #452) and the presence of GFP/cleaved-Ac45 (tg-c, #533) at the plasma
membrane. Arrows indicate the plasma membrane of the cells. Bars equal 10 0 nm.
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immunoprecipitations using the anti-GFP or the anti-Ac45-C antibody.
Analysis of the NILs transgenic for GFP/intact-Ac45 revealed the
biosynthesis of an ~90-kDa newly synthesized GFP/-intact Ac45 fusion
protein, whereas labeling of the GFP/cleaved-Ac45 transgenic NILs
showed an ~70 kDa newly synthesized GFP/cleaved-Ac45 product (Fig.
2B). These newly synthesized proteins were recognized by both
antibodies and corresponded to the major steady-state transgene
products (Fig. 2A). Following a 30-min pulse and 8-h chase period only
a minor portion of the 90-kDa newly synthesized GFP/intact-Ac45
fusionproteinwas cleaved (data not shown), suggesting that the rate of
endoproteolytic processing of the intact Ac45-transgene product was
low. Although the presence of the low amount of cleaved-Ac45
transgene productmay be due to an insufficient availability of the Ac45
endoprotease, the cleavage rate of endogenous Ac45 has been found to
be remarkably low as well [17].

Together, the microscopy, Western blot and biosynthetic studies
revealed that the GFP/intact-Ac45 fusion protein was inefficiently
transported and poorly cleaved, whereas the GFP/cleaved-Ac45
transgene product was efficiently transported to the plasma mem-
brane. For our functional studies, we decided to focus on the
transgenic line expressing the GFP/cleaved-Ac45 transgene product
(hereafter referred to as the Ac45-transgene product), because this
product corresponds to the predominant form of endogenous Ac45
(cleaved Ac45) that is also transported to the late stages of the
secretory pathway [10].

3.2. Excess Ac45 displaces endogenous Ac45 but does not affect the levels
of POMC and V-ATPase subunits A and E

Western blot analysis using the anti-Ac45-C antibody revealed that
in the transgenic melanotrope cells the amount of the Ac45-transgene
product was ~10-fold higher than the endogenous Ac45 protein level
in wild-type cells, whereas the transgenic cells were devoid of
endogenous Ac45 (Fig. 3A). Using anti-V-ATPase V1A and V1E subunit
antibodies, similar steady-state expression levels for these V-ATPase
subunits were found in wild-type and the Ac45-transgenic cells (Fig.
3B). Antibodies raised against synthetic peptides corresponding to
regions within Xenopus V-ATPase subunits V0a and V0d did not
recognize the endogenous V-ATPase subunits. In the wild-type and
transgenic cells, similar steady-state levels of the main melanotrope
cargo protein POMC were detected (Fig. 3C). We conclude that in the
transgenic melanotrope cells the exogenous Ac45 effectively displaced
endogenous Ac45 but did not affect the expression level of the
endogenous V-ATPase nor of POMC.



Fig. 3. Excess Ac45 displaces the endogenous Ac45 protein but does not affect the
expression levels of the endogenous V-ATPase subunits V1A and V1E, and of POMC in
the transgenic Xenopus melanotrope cells. (A) Western blot analysis of total proteins
(10 μg) isolated from wild-type and Ac45-transgenic melanotrope cells using the anti-
Ac45-C antibody. Since the Ac45 protein is more readily detected when deglycosylated,
proteins were treated without (−) or with (+) N-glycosidase-F prior to Western blotting.
Deglycosylated proteins are indicated with an asterisk. Note that the transgenic
melanotrope cells are devoid of endogenous Ac45. (B) Western blot analysis of total
proteins (20 μg) isolated from wild-type and Ac45-transgenic melanotrope cells using
antibodies directed against the V-ATPase subunit V1A, the V-ATPase subunit V1E and
tubulin. The anti-V-ATPase E antibody recognizes two forms of the V-ATPase subunit E
[31]. (C) Western blot analysis of the protein equivalent of 0.5 wild-type and 0.5 Ac45-
transgenic NIL using an anti-POMC and an anti-tubulin antibody.

Fig. 2. Expression of the GFP/intact-Ac45 and GFP/cleaved-Ac45 transgene products in the Xenopus intermediate pituitary melanotrope cells. (A) Western blot analysis of GFP/intact-
Ac45 (i) and GFP/cleaved-Ac45 (c) fusion protein expression in the neurointermediate lobe (NIL) and the anterior lobe (AL) of wild-type (wt) and transgenic (tg) Xenopus using an
anti-Ac45-C or an anti-GFP antibody. The ~28 kDa protein detected by the anti-GFP, but not the anti-Ac45-C, antibody presumably represents the stable GFPmoiety of trimmed fusion
protein. (B) Analysis of newly synthesized proteins produced in NILs fromwt and Ac45-transgenic Xenopus. NILs were pulse labeled for 2 h and 10% of the total NIL lysates was directly
analyzed (lanes 1–3), whereas the remainder was immunoprecipitated using the anti-Ac45-C (lanes 4–6) or the anti-GFP (lanes 7–9) antibody and proteins were visualized by
autoradiography.
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3.3. Excess Ac45 affects the subcellular localization of the endogenous
V-ATPase

We next wondered about the subcellular localization of the Ac45-
transgene product and of the endogenous V-ATPase. Direct CLSM on
cryosections of the Ac45-transgenic NIL showed the presence of the
transgene product at the plasma membrane (Fig. 4E and K), in line
with our observation in cultured transgenic melanotrope cells (Fig.
1D), whereas no fluorescence was observed in the wild-type
melanotrope cells (Fig. 4B and H). To localize the endogenous V-
ATPase, cryosections of wild-type and Ac45-transgenic NILs were
immuno-stained with the anti-V-ATPase subunit V1A antibody. In the
wild-type cells, the V-ATPase subunit V1Awas localized to cytoplasmic
structures and not at the plasma membrane (Fig. 4A). In contrast, in
the Ac45-transgenic cells virtually no cytoplasmic staining was
observed and V1A was detected at the plasma membrane (Fig. 4D),
largely co-localizing with the Ac45-transgene product (Fig. 4F). Thus,
the localization of the V-ATPase subunit V1A was clearly different in
the wild-type and Ac45-transgenic cells. The localization of the main
melanotrope cargo protein POMC was comparable in the wild-type
and transgenic cells (Fig. 4G–L).

We then studied the localization of the Ac45-transgene product
and the endogenous V-ATPase by immuno-EM. Using an anti-GFP
antibody, the Ac45-transgene product was found to be localized to
Golgi structures (Fig. 5B), secretory granules (Fig. 5C) and, in line
with our confocal fluorescence microscopy data (Figs. 1D and 4E, K),
predominantly at the plasma membrane and preferentially in
microvilli (Fig. 5A) that were induced in the transgenic cells (see
below). Application of the anti-V-ATPase subunit V1A, V1E, V0a and
V0d antibodies revealed that in wild-type cells the V-ATPase
subunits were mainly localized in the cytoplasm and partially
associated with vesicular structures, whereas virtually no label was
found at the plasma membrane (Fig. 5D–G). In contrast, in the
Ac45-transgenic melanotrope cells most of the label was observed
in the microvillar structures at the plasma membrane and thus the



Fig. 4. Excess Ac45 affects the localization of the endogenous V-ATPase but does not affect POMC localization. Immunohistochemistry on sagittal brain-pituitary cryosections of wild-
type (wt) Xenopus using anti-V-ATPase V1A subunit antibodies revealed a punctuate cytoplasmic staining with no signal at the plasma membrane of the melanotrope cells (A),
whereas in the Ac45-transgenic (tg) cells the localization of V-ATPase V1A was predominantly at the plasma membrane (D), co-localizing with the Ac45-transgene product (F).
Sagittal brain-pituitary cryosections of wt and tg Xenopus showed direct GFP fluorescence solely in the Ac45-transgenic cells and localized at the plasma membrane of the
melanotrope cells (compare B, H with E, K). Immunohistochemistry with anti-POMC antibodies revealed similar granular POMC localization in both wt and tg cells (compare G and J)
and no co-localization of POMC with the Ac45-transgene product was found (L).
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endogenous V-ATPase subunits V1A, V1E, V0a and V0d were
colocalized with the Ac45-transgene product at the surface of the
transgenic cells (Fig. 5H–K).

From our immunofluorescence and immuno-EM data, we conclude
that excess Ac45 shifted the majority of the endogenous V-ATPase
towards the plasma membrane.

3.4. Excess Ac45 increases the number of dense-core secretory granules
and affects plasma membrane morphology

We then performed TEM to study any morphological changes in
the Ac45-transgenic melanotrope cells. Whereas the ultrastructure of
a number of secretory pathway compartments, such as ER, Golgi and
the immature dense-core secretory granules, was not affected in the
transgenic cells (Fig. 6C, E), the number of immature dense-core
granules per cell planewas significantly increased compared to that in
wild-type cells (wt: 27.9±3.4/100 μm2 cytoplasmic area, n=10, tg:
60.4±7.7/100 μm2 cytoplasmic area, n=10, pb0.01). Immuno-EM
using an anti-POMC antibody [30], revealed that in the Ac45-
transgenic cells all immature secretory granules contained the
prohormone (Fig. 6G). Furthermore, the Ac45-transgenic intermediate
pituitaries were characterized by intercellular spaces that were not
observed in thewild-type pituitaries (Fig. 6A, B). Moreover, in contrast
to wild-type cells, the transgenic cells contained elaborate microvillar
extensions of the plasmamembrane that reached into the intercellular
spaces (Fig. 6D, F). Together, our EM study showed that the



Fig. 5. Excess Ac45 shifts the localization of the endogenous V-ATPase to microvillar plasma membrane structures in the transgenic Xenopus melanotrope cells. (A–C) Immunogold
labeling of ultra-thin sections of Ac45-transgenic (tg) melanotrope cells with the anti-GFP antibody in combination with 10-nm protein-A gold. Immunoreactivity was found in the
microvillar extensions of the plasma membrane (A), the Golgi (B) and secretory granules (C). (D–K) Immunogold labeling of ultra-thin sections of wild-type (wt) and tg melanotrope
cells using anti-V-ATPase subunit V1A, V1E, V0a and V0d antibodies in combination with 10-nm protein-A gold. In wt cells, the label was mainly found in the ER and the
cytoplasm (D–G), whereas in the tg cells the antibodies reacted with the microvillar extensions of the plasma membrane (H–K). Arrows indicate the plasma membrane of the wt
cells. Bars equal 100 nm.
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ultrastructure of the Ac45-transgenic melanotrope cells was char-
acterized by an increased number of immature, POMC-containing
dense-core secretory granules and protrusions of the plasma
membrane.

3.5. Excess Ac45 increases the secretion efficiency of the
melanotrope cells

Since, as for other regulated secretory cells, in melanotrope cells
the Ca2+-influx is directly coupled to the efficiency of exocytosis
[33,35], we decided to study the direct relationship between Ca2+-
influx and peptide secretion efficiency in the Ac45-transgenic cells.
For this purpose, we determined the change in membrane capacitance
(DCm) as a result of Ca2+-charge (QCa) upon induced membrane
depolarizations in the whole-cell voltage-clamp patch-clamp mode.
The wild-type (wt) and Ac45-transgenic (tg) melanotrope cells
displayed comparable initial membrane capacitances (wt: 12.5±
0.91 pF, n=10 vs tg: 10.9±0.75 pF, n=13) and similar Ca2+-charges
during a 50-ms depolarization from a DC holding potential of −80 mV
to 0 mV (wt: 8.4±1.2 pC, n=10 vs tg: 8.1±1.1 C, n=13). Following such
a single depolarizing pulse, the membrane capacitances of the wild-
type and Ac45-transgenic cells increased as a result of vesicle fusion
with the plasmamembrane (Fig. 7A). In order to normalize for cellular
variability in QCa, we calculated the secretion efficiency (DCm/QCa) in
which the increase in membrane capacitance is directly correlated
with the induced Ca2+-charges [33]. Remarkably, following the single-
pulse protocol the wild-type cells displayed a DCm/QCa of 3.4±0.32 fF/
pC (n=10), whereas the Ac45-transgenic melanotrope cells showed a
significantly (2-fold) higher secretion efficiency (6.8±0.63 fF/pC,
n=13, pb0.001, Fig. 7A). We next applied a double-pulse protocol in
which two 50-ms depolarizations were applied with a 200-ms
interval. In wild-type melanotrope cells, this double-pulse protocol
resulted in a larger increase of the membrane capacitance when
compared to that following a single pulse, which was mainly
determined by the occurrence of a slow, ~1 s-long increase in
membrane capacitance after the second pulse. In the Ac45-transgenic
cells, the double-pulse-induced increase in membrane capacitance
was greatly enhanced compared to that in the wild-type cells, again
largely due to the slow increase after the second pulse (Fig. 7B). The
calculated secretion efficiency of the wild-type cells was 4.4±0.38 fF/
pC (n=10), whereas the Ac45-transgenic cells showed a 3.4-fold
(pb0.001) higher DCm/QCa (14.9±2.3 fF/pC, n=13) (Fig. 7B). We then
determined the constitutive, Ca2+-influx-independent secretion by
measuring changes in membrane capacitance during a 30-s period in
which no membrane depolarization was given. The Ca2+-independent
increase in membrane capacitance was found to be similar in both cell
lines: 83.3±2.2 fF/min in wild-type cells and 83.1±1.3 fF/min in Ac45-
transgenic cells. Taken together, these results indicate that excess



Fig. 6. The ultrastructure of the Ac45-transgenic Xenopusmelanotrope cells is affected. Electron micrographs of intermediate pituitaries fromwild-type (wt, A) and Ac45-transgenic
(tg, B) animals. Intercellular spaces in the Ac45-transgenic intermediate pituitary are indicated with an asterisk. Bars equal 10 μm. (C–F) Electron micrographs of wt and tg
melanotrope cells showing intracellular organelles such as nucleus (n), endoplasmic reticulum (ER), Golgi apparatus (g), secretory granules (sg) and plasma membrane (indicated
with a dotted line). Microvillar extensions of the plasma membrane of tg melanotrope cells reaching into the intercellular spaces (F). Bars equal 1 μm. (G) Immunogold labeling of
ultra-thin sections of the tg melanotrope cells with the anti-POMC antibody in combination with 10-nm protein-A gold. Immunoreactivity is restricted to the dense-core secretory
granules (see arrows). Bar equals 200 nm.
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Ac45 did not affect Ca2+-independent exocytosis but rather increased
the Ca2+-dependent secretion efficiency of the transgenic Xenopus
melanotrope cells.

4. Discussion

In this study, we explored the role of the intact and cleaved form of
the type I transmembrane V-ATPase accessory subunit Ac45 in the
strictly regulated Xenopus intermediate pituitary melanotrope cells.
For this purpose, we employed stable Xenopus laevis transgenesis and
used a Xenopus POMC-gene promoter fragment to drive Ac45-
transgene expression specifically to the melanotrope cells. The rate
of cleavage of the intact Ac45-transgene product was low, in line with
the relatively low cleavage rate of endogenous Ac45 [17]. This intact
Ac45-transgene product was localized mainly to the ER of the
transgenic cells. In contrast, the cleaved Ac45-transgene product
was predominantly situated at protrusions of the plasma membrane,
indicating that it was efficiently transported through the secretory
pathway. EM studies showed that intact-Ac45 expressing melano-
trope cells (line #452) were indistinguishable from wild-type
melanotrope cells and no protrusions were induced at the plasma
membrane of these transgenic cells and no intercellular spaces were
found between the transgenic cells (data not shown). Thus, cleavage of
the Ac45 protein is apparently a prerequisite for its transport from ER
to plasmamembrane and the induction of themicrovillar structures at
the plasma membrane. Furthermore, the cleaved form represents the
naturally occurring Ac45 associated with the V-ATPase in the late
secretory pathway [10] We therefore focused on the analysis of the
transgenic melanotrope cells expressing the cleaved Ac45-transgene
product.

Our transgenic approach resulted in an ~10-fold steady-state
excess of cleaved Ac45. The level of the newly synthesized
endogenous Ac45 protein produced in the transgenic melanotrope
cells was not affected (our unpublished observation), but the excess of
Ac45 effectively displaced the endogenous Ac45 protein. The
mechanism underlying the apparent removal of the endogenous
Ac45 protein is at present unclear. Such a displacement event is
however not unique since in transgenic Xenopus melanotrope cells
expressing a p24δ2-GFP or a p24α3-GFP fusion protein all members of
the endogenous type I transmembrane p24 protein family of putative
ER-to-Golgi cargo receptors were effectively displaced by the
transgene product as well [36,37]. Interestingly, whereas the trans-
genic manipulation did not affect the expression levels of POMC and
the V-ATPase V1 subunits A and E, the excess of Ac45 caused a shift in



Fig. 7. The secretion efficiency is increased in the Ac45-transgenic Xenopusmelanotrope
cells. (A) Left: a single 50-ms depolarizing pulse (Vh) on wild-type (wt) and Ac45-
transgenic (tg) melanotrope cells in the whole-cell voltage-clamp patch-clamp mode
resulted in a Ca2+-current (ICa). Prior to, and up to 1 s after the depolarizing pulse the
membrane capacitance (Cm) was measured. Right: Quantification of the secretion
efficiency (DCm/QCa) of the wild-type (n=10) and the Ac45-transgenic (n=13)
melanotrope cells following the single-pulse protocol. (B) Left: Two 50-ms depolarizing
pulses were applied with a 200-ms interval, resulting in two similar Ca2+-currents and a
further raise in membrane capacitance. Right: quantification of the secretion efficiency
(DCm/QCa) of the wild-type (n=10) and the Ac45-transgenic (n=13) melanotrope cells
following the double-pulse protocol. Shown are the means±SEM. Significant differ-
ences are indicated by ⁎⁎⁎ (pb0.001).
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the subcellular localization of the V-ATPase, namely preferentially to
microvillar plasma membrane structures that were induced in the
transgenic cells. The fact that the protrusions contained the majority
of both the Ac45-transgene product and the V-ATPase V1 and V0

subunits indicated that the excess of Ac45 led to an efficient trafficking
of the V-ATPase to the plasma membrane (with V1 presumably piggy
backing on the V0 sector), apparently surpassing the capacity of V-
ATPase endocytosis. It is at present unclear whether the excess of Ac45
also affected the endocytotic process.

We then examined the effect of excess Ac45 and of the resulting
predominant localization of the V-ATPase system at the plasma
membrane on the functioning of the transgenic Xenopus melanotrope
cells. At the ultrastructural level we found a significantly higher
number of immature secretory granules in the Ac45-transgenic
melanotrope cells. Thus, excess Ac45 apparently provided an
attractive microenvironment for the formation of immature secretory
granules, a process that is known to be favored by a low pH in the TGN
[38,39]. Furthermore, we performed patch-clamp experiments in the
whole-cell voltage-clamp mode to study in an effective way the
secretion efficiency of the transgenic melanotrope cells (the direct link
between influx of Ca2+and exocytosis). The observed significantly
higher secretion efficiency in the transgenic cells was for a large part
due to an increase in the slow secretory phase that lasted up to ~1 s
after the depolarization. This phase is commonly associated with
secretory granules that are either positioned more distant from the
Ca2+-channels, or are not docked and primed yet at the start of the
Ca2+-influx [40–42]. Interestingly, the effect of excess Ac45 was
restricted to altering Ca2+-dependent secretion because the drift in
membrane capacitance, reflecting Ca2+-independent exocytosis, was
unaffected. We conclude that in the Ac45-transgenic cells only the
regulated exocytotic machinery had been changed. Since we observed
an increased number of secretory granules in the Ac45-transgenic
cells, the augmented Ca2+-dependent secretion is presumably the
result of the presence of a larger pool of releasable granules. The
notion of an increased rate of Ca2+-dependent secretion is supported
by our EM analyses that revealed, apart from the higher abundance of
immature secretory granules, extensive protrusions of the plasma
membrane, reflectingmore efficient and accelerated exocytotic events
in the Ac45-transgenic cells.

Collectively, our results indicated that Ac45 efficiently recruited
the V-ATPase to the regulated secretory pathway, thereby acting as a
modulator of the V-ATPase-mediated process of Ca2+-dependent
regulated peptide secretion. Intriguingly, such a neuroendocrine role
for Ac45 is in line with the results of a very recent study showing that
in the ruffled apical membranes of active osteoclasts Ac45 is also
involved in a V-ATPase-mediated process, namely bone resorption [4].
In conclusion, our transgenic approach in a physiological context has
provided for the first time functional data regarding the role of the V-
ATPase accessory subunit Ac45 in neuroendocrine cells and the
control of the V-ATPase in the regulated secretory pathway.
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