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Eukaryotic cells have developed an array of endomembrane systems that have differ-
entiated to carry out various functions. They are involved in the pathways of endocytosis
and exocytosis, and have an acidic lumenal pH ranging from 4.5 to 6.5. This review
describes recent studies on the animal cell organelles and how they relate to the well
studied systems of yeast. We focus mainly on (i) the primary proton pump (vacuolar type
H+-ATPase) and other factors that establish acidic pH, and (ii) functions of the organelles
as related to lumenal acidity.
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Membrane bound organelles involved in endo- and exocytic
pathways are highly differentiated (1-4). They include
endoplasmic reticulum, Golgi, secretory vesicles, synaptic
vesicles, endosomes, coated vesicles, and lysosomes (Fig.
1). These single membrane organelles are cytoplasmic
compartments different in function and lumenal contents.
Basic but unanswered questions are: (a) by what mecha-
nism are these diverse organelles formed, and (b) how are
the unique lumenal contents of different organelles estab-
lished. To answer these questions, we must first establish
an understanding of the mechanisms of acidification and the
roles of the acidic organellar interiors.

The vacuolar type proton pump (V-ATPase) is primarily
responsible for lumenal acidification. In combination with
the V-ATPase, ion channels and transporters, whose
distribution varies depending on the organelle, establish
the pH gradient and positive-inside membrane potential.
The resultant electrochemical proton gradient provides the
driving force for accumulation of hormones or transmitters
into secretory granules or synaptic vesicles, whereas the
acidic pH is essential for many organellar-specific functions
such as recycling of receptors during receptor-mediated
endocytosis, processing preproteins, and providing the
optimal pH for lumenal enzymes.

In this article, we briefly summarize recent studies on
animal cells aiming to understand the function of these
diverse organelles. We refer to the results derived from
studies of yeast vacuoles {4-6) in some detail because they
provide the basis for understanding higher eukaryotes.
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This article is not meant to be comprehensive and studies
on V-ATPases and acidic organelles not discussed here can
be found in excellent recent reviews (4-10).

Factors establishing acidic lumenal pH
The V-ATPase is a primary proton pump found ubi-

quitously in various single membrane organelles of animal,
plant, and fungal cells (3-6). In this section we discuss
properties of the enzyme including genetics, structure,
inhibitors, and kinetics. Other factors that contribute to
establishing the organelle-specific lumenal pH are also
discussed.

Structure of the V-ATPase. The V-ATPase represents
one of the three major families of ion translocating
ATPases (V-, F-, and P-type) (11). V- and F-type ATPases
share similar structures and mechanisms and are different
from P-type ATPases which form a phosphorylated enzyme
intermediate of a specific aspartate residue. The V-ATPase
has been purified from Saccharomyces cerevisiae (5, 6,12),
Neurospora crassa (7), bovine adrenal chromaflin granules
(13), and coated vesicles (14). The enzyme has a compli-
cated multi-subunit structure similar to F-type ATPase
(F0F, or ATP synthase) and can be similarly divided into
two sectors referred to Vo and Vi in analogy to Fo and F,
(Fig. 2): Vo is the intrinsic membrane sector which
mediates the proton pathway and V, is the peripheral
membrane sector containing the catalytic domains. When
studied by electron microscopy, the V! sector appears as a
ball and stalk structure similar to F! but of slightly larger
size (15, 16).

Distinct phenotypes of yeast lacking V-ATPase have
been useful for identifying genes encoding protein subunits
(4-6). Phenotypes include negative growth at pH 7.5 on
non-respiratory carbon sources, failure to accumulate red
pigment in an ade2 cell, and sensitivity to calcium ion.
Genetic studies indicate that V, and Vo sectors consist of six
(69, 60, 54, 42, 32, and 27 kDa) and four (100, 13, 17, and
23 kDa) different subunits, respectively. Two more sub-
units are located at the interface between Vo and V,.
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Fig. 1. The acidic inside single membrane
organelles in animal cells. Extracellular acid-
ification by plasma membrane V-ATPase is also
shown.

Fig. 2. A model of the V-ATPase proton pump. Subunit organi-
zation of the catalytic V! and membranous Vo. V, and Vo are
designated by analogy to the F] and Fo sectors of F-type ATPases.
Rotation of a core of subunits as a part of catalysis and transport is
indicated by the arrow.

Mammalian enzymes have similarly complicated subunit
structures, although unlike the yeast complex, not all have
been unambiguously defined. Currently known V, subunits
are A (72 kDa), B (57 kDa), C (41 kDa) (32), D (34 kDa);
interface subunits E (33 kDa), F (14 kDa), and G (15 kDa);
and Vo subunits are a (100-115 kDa), c" (23 kDa), d (32-
41 kDa), and c (16 kDa) (4, 13, 14, 17). Pairwise compari-
sons of plant and fungal sequences for subunits A or B show
60-70% identity (7, 18-21), indicating that this class of
ATPase is evolutionary well conserved (17). Detailed dis-
cussions on structure, function, and assembly of aubunits
are found in a recent review from Stevens and Forgac (4).

The Vi catalytic subunit A shares about 25% sequence
identity with the /? and a subunits of F-type ATPase (7).
Catalytic residues identified in the Fi/? subunit are con-
served in subunit A such as those found in the P-loop
(phosphate binding loop or glycine-rich sequence, Gly-X-X-
X-X-Gly-Lys-Thr) and Gly-Glu-Arg-X-X-Glu (GERXXE)
sequences (22, 23). Based on the conserved nature of these
sequences, it was predicted that the lysine in the P-loop and
the glutamate in the GERXXE sequence are catalytically
important residues of the V-ATPase. This notion was
confirmed by mutagenesis studies of the yeast enzyme (24).
Structural predictions suggested that V, subunit D may be
the counterpart of the F] y subunit (25), the core of the otifk
hexamer (26). Other subunits of Fi and V] do not exhibit
statistically significant identities, but some of them contain
structurally related domains. For example, V! subunit G is
related to the hydrophilic domain of the b subunit of Fo

suggesting that they have similar functions (27). In gen-
eral, overall structural similarity suggests that the V- and
F-type ATPases utilize the same mechanisms for ATP
hydrolysis and proton translocation.

The Vo sector consists of at least five different subunits.
The cDNA encoding the c subunit (16 kDa proteolipid) has
been cloned from bovine (28), mouse (29), yeast (30, 31),
and Caenorhabditis elegans (32). The sequences of each
half of the Vo c subunit are homologous to Fo c subunit
suggesting that the two proteins evolved from the same
ancestral protein and that the Vo gene is a tandem repeat of
the single Fo subunit gene (18, 28). Exon/intron organiza-
tion of the human gene supports this view (33). The Vo c
subunit has four hydrophobic transmembrane segments (I,
II, El, IV) which are presumably a helices. Directed
mutagenesis of the yeast gene suggests that a glutamate in
the middle of domain IV is critical for proton translocation
(34). Yeast Vo has another subunit (Ppalp, Vmal6p, or 23
kDa subunit) whose sequence can be aligned with other Vo

c subunits except that an additional 50 amino terminal
residues are present which result in a fifth transmembrane
segment (35). In this case, mutagenesis studies suggest
that the essential glutamate for transport is located in
domain III. Recently, a similar five transmembrane seg-
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ment subunit c sharing 52% identity has been identified in
C. elegans (32).

ATPase activity and inhibitors. The catalytic mecha-
nisms of both V- and F-type ATPases are highly coopera-
tive. It is well known that the rate of product release by F]
when all three sites participate in cooperative catalysis is
108-fold faster than that of a single site (22, 23). A similar
mechanism has been suggested for V-ATPase (36). Esti-
mated maximal turnover numbers for both enzymes are
approximately the same. Consistent with this suggestion,
bovine V-ATPase activity does not show simple Michaelis-
Menten kinetics with respect to ATP concentration.
Instead, there were three apparent K^a ranging from
micromolar to millimolar (37). The turnover rate for a
single site was lO^fold lower than the maximal velocity
and was similar to the rate estimated from the velocity of
steady state hydrolysis from the lowest iCn (5 //M).

Several inhibitors and protein modifying reagents have
been used to study properties of the enzyme and its
functions. Early studies showed that V-ATPase is sensitive
to AT-ethyLmaleimide (NEM) but most P- and F-type
ATPases are not (3, 11). NEM was shown to modify a
cysteine residue in the P-loop (GXXXCGKT) of V-ATPase
subunit A (38). F-type ATPase and archae bacterial
V-ATPases (39-41) (also called A-type ATPase, Ref. 41)
lack this cysteine, consistent with their insensitivity to
NEM. Interestingly, Escherichia coli Ft ATPase can be
made NEM sensitive by introducing a cysteine into the
P-loop (GGAGVGKT-*GGAGCGKT) of the 0 subunit
(42). Omeprazole is a potent inhibitor of the gastric P-type
ATPase which reacts to cysteine residues exposed to the
acidic apical surface of the parietal cell (43). The acid
activated form of this compound also inhibits V-ATPase
possibly by binding to the P-loop cysteine residue (44).
Lipophilic cations, known to inhibit F-type ATPase by
binding to the highly conserved yS subunit DELSEED loop
region (45), also bound to subunit A of V-ATPase and
inhibited its activity (46). The aligned region of the V-
ATPase is D/S/A-X-L-S/A-E/D-X-D/E.

Reversible oxidation of the P-loop cysteines may play an
important role in regulating organelle acidification. The
P-loop cysteine (Cys-254) of the bovine coated vesicle
V-ATPase forms a disulfide bond with Cys-532 of the same
subunit and results in inactivation of the enzyme (47). A
regulatory role for oxidation of this cysteine was further
suggested by genetic analysis in yeast. A cys4 null allele in
cysteine biosynthesis leads to low intracellular concentra-
tion of reduced glutathione and causes the loss of vacuolar
acidification (48). Furthermore, the effects of cys4 were
suppressed by a mutation in the A subunit P-loop (Cys-261
to valine). These observations are compelling evidence that
V-ATPase can be regulated by the redox-state of the
catalytic subunit.

As first observed with the N. crassa enzyme (49), V-
ATPase is almost completely inhibited by stoichiometric
binding of bafilomycin A^ The K, was less than 10~8 M,
whereas 10"4 M was required to achieve 60-80% inhibition
of a P-type ATPase and 1 mM did not affect F-type ATPase.
The inhibition of the V-ATPase was protected by the
addition of Vo sector (37) or isolated a (100 kDa) subunit
(50), suggesting that bafilomycin A, inhibits the enzyme by
binding to the Vo a subunit. Structurally related concana-
mycins (concanolide, concanamycin A and C) are better

inhibitors than bafilomycins (Al, D, or 21-O-acetyl bafilo-
mycin) (51). Concanamycin B also inhibited V-ATPase, and
its aglycon was 10 times more inhibitory. Significantly, its
non-cyclic derivative was at least 103-fold less effective
(52). These antibiotics, especially the bafilomycins, have
been useful for analyzing the roles of acidic pH in vacuolar
system organelles (see below).

Similar to F-type ATPase, dicyclohexylcarbodiimide
(DCCD) potently inhibits V-ATPase by binding to the c
subunit (53, 54). Bafilomycin Ax had no effect on the
binding of radioactive DCCD to the c subunit (37) suggest-
ing that the binding sites for DCCD and bafilomycin A, are
different.

Heterogeneity of V-ATPase subunits. Multiple iso-
forms of some of the V-ATPase subunits have been iden-
tified. Two cDNAs (bovine and human) coding for homol-
ogous but distinct B subunits have been cloned (55). They
share 84% identity in their amino acid sequences, but one is
expressed exclusively in the kidney while the other is
widespread. From human genomic DNA, we have identified
four genes coding for the c subunit but found that three of
them were pseudogenes (33). At this time, the number of
functional c subunit genes in mammals is still unclear.

Yeast genes encoding all V-ATPase subunits as well as
those required for complex assembly have been identified
(4-6). Two genes (VMA3, VMA11) code for the c subunit.
The proteins are 56% identical in amino acid sequence but
they do not represent genetic redundancy. Both gene
products are essential for the V-ATPase activity indicating
that they are subunits of the same vacuolar enzyme (31).
Yeast also has two genes, VPH1 and STV1, coding for
isoforms of Vo a subunit (56). Vphlp and Stvlp are located
in distinct compartments, probably vacuoles and endo-
somes, respectively. The mechanism for specific localiza-
tion is currently not understood.

We found three C. elegans genes coding for the c subunit
and detected the corresponding transcripts. Two of them
(vha-1 and vha-2) form an operon on chromosome EH (32),
and the third gene vha-3 is in a cluster with the subunit C
gene on chromosome IV (Oka, T., Yamamoto, R., and Futai,
M., J. Biol. Chem., in press). The product of vhal is 66%
identical to those of vha-2 or vha-3, and 61% identical to
VMA3 of S. cerevisiae. vha-2 and vha-3, whose nucleotide
sequences are 85% identical, are predicted to produce
identical proteins. To test whether these subunits are
differentially expressed, we constructed transgenic worms
carrying the control regions of these genes upstream of the
green fluorescent protein (GFP) open reading frame, vha-1
and vha-2 were expressed similarly in most cells of the
larvae (LI), and were expressed most highly in the H-
shaped excretory cells in adults (Fig. 3). These results
suggested that V-ATPase genes are strongly transcribed at
specific stages in different cells. In contrast to three genes
for the c subunit, we found only one gene (vha-4 in
chromosome II) encoding the C. elegans 23 kDa proteolipid
subunit (32).

Because multiple isoforms of some V-ATPase subunits
have been identified, it is tempting to speculate that the
different V-ATPases result in different internal pH in the
various organelles. Further work, including identification of
multiple isoforms for the c and a subunits, is required to
answer this question.
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Fig. 3. Specific expression of V-ATPase subunit genes in the
H-shaped excretory cell of adult Caenorhabditis elegans.
Control regions of the c and B subunit genes were inserted upstream
of the GFP (green fluorescent protein) coding region, and introduced
into the C. elegans gonad (32). (A) The distribution of GFP fluores-
cence indicates specific expression of c subunit in the H shaped cell
and rectum. (B) The head of a worm harboring the B subunit: :GFP
fusion expression plasmid. Note the fluorescence indicating the
H-shaped cell.

Factors establishing organellar specific pH: Don-
nan-type equilibrium, ion channels, and transporters.
Proton transport by V-ATPase is not the sole mechanism
for establishing and maintaining ion gradients and mem-
brane potentials across organelle membranes. Other fac-
tors include proton or ion movement through membranes
and negatively charged molecules in the lumen. Under-
standing such factors are still at an early stage. A typical
acidic organelle, the lysosomes, are able to maintain an
acidic pH at least for two days in the absence of ATP (57).
This result suggests that a Donnan-type equilibrium is
formed with negatively charged molecules and protons.

Presence of Cl" transporting system(s) in yeast vacuolar
membrane was suggested from the kinetics of ATP-depen-
dent acidification monitored by fluorescent dyes (58). Cl"
dissipates the membrane potential formed by the V-
ATPase and is necessary for formation of a pH gradient.
Moreover, radioactive chloride was taken up into vacuolar
membrane vesicles upon ATP hydrolysis in a manner that
was sensitive to the protonophore CCCP. Kinetic analysis
suggests that two different Cl" transport systems are
present in the membrane. Furthermore, electrophysiologi-

cal studies suggested that the yeast vacuole has at least one
cation channel that is regulated by membrane potential and
calcium (59).

Similarly, presence of Cl" ion is required for forming a
proton gradient in synaptic vesicles for shunting the
membrane potential (60). ATP hydrolysis was still ob-
served without Cl" or electrical short circuiting although
net proton transport into these vesicles was not observed.
These results indicate that proton transport by V-ATPase
is regulated by membrane potential (62) but the ATPase
activity itself is not. This implies that ATPase activity in
the vesicles is not obligatorily coupled with proton trans-
port. In this regard, Nelson proposed "a proton slip"
mechanism that prevents over-acidification of organellar
lumens (9). Chromaffin granule V-ATPase hydrolytic rates
were also found to be regulated by anions (61, 62).

Cl" channel activity in coated vesicles was suggested by
radioactive Cl" uptake (63) and confirmed by reconstitu-
tion of the activity from purified channel protein (64).
Regulation of Cl" channel activity by phosphorylation/
dephosphorylation in vesicles from proximal tubule and
coated vesicles was shown (63, 65). Redhead et al. showed
recently that p64, a Cl" channel protein from bovine kidney
microsomes, is specifically located in the membranes of
secretory vesicles (66). A related Cl" channel was found in
the osteoclast plasma membrane (67).

The Na+/K+ ATPase is known to be incorporated into
endosomes where it drives the inside positive membrane
potential which apparently inhibits proton transport by
V-ATPase. As expected, the pH of early endosomes of
human cultured cells was decreased almost 1 pH unit upon
addition of Na+/K+ pump inhibitor ouabain (68). This
stimulation of acidification was found only in early endo-
somes (69). These observations suggest that Na+/K+ pump
activity in specific internalized compartments is a part of
the mechanism regulating organellar pH.

The electro-neutral Na+/H+ exchanger (NHE) was
shown to be incorporated into the phagosomal membrane,
but was not directly responsible for regulation of pH (70).
Acidification of phagosomes was carried out by V-ATPase
delivered from endosomes. Organellar acidification may
also be regulated by controlling the density of V-ATPase,
association/dissociation of Vi and Vo, and a low molecular
weight protein inhibitor or activator (4).

Single membrane organelles
The various functions of organelles are dependent upon

the proper internal pH and electrochemical potential which
are established by a combination of proton pumps, trans-
porters, and channels. In this section we discuss physiologi-
cal roles of single membrane organelles and their acidic
lumens.

Acid extrusion to extracellular space. Proton secre-
tion occurs in several physiological processes (1, 2).
Bicarbonate is reabsorbed in kidney epithelia in a manner
that is coupled to extrusion of protons (10). Acidic pH is
essential for sperm maturation in the seminal duct (71),
and for breakdown of bone matrix in regions of bone
resorption (72). In each of these examples, the major
proton transporter is the V-ATPase. Using immunological
techniques, V-ATPase has been localized to the plasma
membrane of epithelial cells in kidney proximal tubules
(10), seminal duct (73), as well as superficial cells of
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bladder epithelium (74). In the osteoclast, the acidifying
enzyme found in the ruffled border is somewhat different
from those in cytoplasmic organelles (72). Consistent with
the role of the V-ATPase in acidification of urine in the
mouse bladder, urinary pH is increased by the introduction
of bafilomycin A] (74). Furthermore, when inside-out
bladder was placed in dilute buffer, bafilomycin-sensitive
acidification of the medium was observed. V-ATPases were
also found in the urinary bladder of frog (75) and turtle
(76) which is the counterpart of the proximal and distal
tubules of mammalian kidney. In addition to these epith-
elial cells, V-ATPase found in the macrophage plasma
membrane has been suggested to control cytoplasmic pH
(77). The plasma membrane V-ATPase of insect midgut
goblet cells transports protons to the goblet cavity. The
resultant electrochemical gradient of protons drives a K+/
H+ antiporter for transport of K+ into the cavity and
protons into the cell (78). This coupled process makes
goblet cell cavity slightly more alkaline than the cytoplasm.

Acidic pH in organelles of endocytic processes. In
receptor-mediated endocytosis, small regions of the plasma
membrane called coated pits form clathrin-coated vesicles.
After shedding the clathrin coat, these vesicles form early
endosomes and fuse with lysosomes which have a lumenal
pH ranging between 6.5 and 4.5 (1-3). The endocytic
process is important for metabolic regulation such as
uptake of low density lipoprotein and ferrotransferin.
Elucidation of the roles of acidic lumenal pH in endocytosis
and exocytosis has been analyzed with the help of iono-
phores or acidotrophic agents (1, 2). A caveat, however, is
that these agents often alter morphology of endomembrane
compartments and cause extensive vacuolization (79, 80).
Importantly and fortuitously, bafilomycin A, does not cause
such effects and specifically inhibits acidification. Within 30
min, presence of bafilomycin caused the lysosome lumenal
pH to rise at least to pH 6.3 in cultured cells. Acid-inside
pH is recovered after removing the antibiotic (79). Clearly,
bafilomycin provides a specific inhibitor that can be used to
isolate the effects of altered V-ATPase activity.

With bafilomycin, the roles of endosome acidification
have been reevaluated. For example, in the presence of
bafilomycin A!, EGF (epidermal growth factor) was inter-
nalized by receptor-mediated endocytosis but not degraded
(79). Similarly, bafilomycin A[ caused accumulation of
diphtheria toxin mainly in the endosomes but not the
lysosomes (80). This result suggested that the acidic pH
was required for toxin transport from endosomes to lyso-
somes. Bafilomycin was then found to inhibit formation of
intermediate vesicles between early and late endosomes
(81) and vesicular transport from endosomes to lysosomes
(82). On the other hand, bafilomycin only slightly slowed
internalization and recycling of the transferin receptor
from early endosomes (82, 83). Taken together, these
results are consistent with the hypothesis that the acidic
lumenal pH is required at the later stages of endocytosis.

Small membrane vesicles are involved in secretory
pathways such as vesicular transport between the endo-
plasmic reticulum and the Golgi apparatus, or Golgi and
secretory vesicles (1, 2). The inside acidic pH of these
vesicles is believed to be essential for maturation of
secretory proteins. The proteolytic cleavage of preproteins
occurs during the formation of mature secretory vesicles.
Inhibition of lumenal acidification in the trans-Golgi net-

work caused blocked processing of prohormone (84).
Similarly, bafilomycin Ai also affected processing of /S-am-
yloid precursor proteins (85, 86).

Vesicles participating in exocytosis or endocytosis con-
tain proteins necessary for proper trafficking (1, 2, 87). In
this regard, Forgac and coworkers (88) showed that purified
coated vesicle V-ATPase contained the 50 kDa subunit of
AP-2 clathrin assembly complex which distinguishes be-
tween proteins to be transported from plasma membrane
and those left behind. Interestingly, the AP2 subunit was
required for reconstitution of ATP-dependent proton con-
duction by coated vesicle V-ATPase, indicating that the
protein is an integral part of the V-ATPase (89). Their
results are consistent with an interesting possibility that
the V-ATPase and vesicle forming machinery functionally
interact (4).

Secretory granules and neural synaptic vesicles.
Secretion of hormones and neurotransmitters are carried
out via an exocytotic process. Chromaffin granules in the
adrenal medulla accumulate monoamines such as serotonin
and adrenaline (90), while neurosecretory granules also
accumulate monoamines as well as other transmitters (91).
The electrochemical proton gradient established by the
V-ATPase provides the driving force for accumulating
transmitters into vesicles. Transport is inhibited by niger-
icin but not by valinomycin-K+ indicating that the pH
gradient, and not membrane potential, is used to drive
uptake. This observation strongly suggests that transport is
mediated by a proton/monoamine antiporter. It is notewor-
thy that acidic lumenal pH is likely to be maintained up to
the exocytotic event because dissipation of the electro-
chemical gradient causes efflux of transmitters. Whether
the gradient itself is required for the process of exocytosis
remains unknown.

Neural synaptic vesicles accumulate glutamate in a
membrane potential-dependent manner while monoamine
accumulation depends upon a zJpH (60, 92, 93). Transmit-
ter transport coupled with an electrochemical gradient can
be artificially reconstituted in liposomes with the specific
transmitter transporter and an F-type ATPase (94). These
experiments confirmed that the role of the V-ATPase is to
establish an electrochemical gradient of protons and that
the activity can be replaced by other proton pumps.

Pharmacologically important compounds often alter
lumenal content and pH of secretory vesicles. l-Methyl-4-
phenylpyridinium (MPP+), which is known to cause selec-
tive degradation of dopaminergic neurons, is transported
into synaptic vesicles and chromaffin granules through
^pH-coupled monoamine transporters (95). Other agents
act less specifically. For example 2-(4-phenylpiperidino)-
cyclohexanol and bromocriptin dissipate electrochemical
gradients in the same manner as protonophores and inhibit
transmitter transport indirectly (96). Neuronal blockers,
usually lipophilic amines, penetrate vesicles in nonproton-
ated lipophilic forms and accumulated inside as protonated
forms. This accumulation results in dissipating the pH
gradient. These compounds inhibit monoamine or GABA
transport which are proton gradient driven but give a slight
stimulation to glutamate transport which is driven by
membrane potential (97). Anti-neoplastic agents such as
daunomycin and doxorubicin also accumulate into acidic
vesicles following the same mechanism (98).

Microvesicles from endocrine cells. Microvesicles
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(synaptic vesicle-like) are small organelles of 50-70 nm
diameter morphologically that are similar to synaptic
vesicles but not directly derived from the Golgi apparatus
(87). They are found in exocrine cells such as pinealocytes,
posterior pituitary, adrenal chromaffin cells, and pancreatic
P cells. Secretory granules (different from microvesicles)
in the same cells may contain different transmitters. For
example, pancreatic p cells have both microvesicles and
secretory granules containing GABA or insulin, respective-
ly (99, 100) while in the rat pheochromocytomaPCl2 cells,
microvesicles accumulate acetylcholine (101) and secre-
tory granules store dopamine (102). Microvesicles are
purified by differential centrifugations from posterior

pituitary (103) and pinealocytes (104). In vitro, the iso-
lated pituitary vesicles transport norepinephrine (103) and
vesicles from pinealocytes accumulate L-glutamate (104,
105), both uptake systems are coupled to a V-ATPase-
driven zfpH (Fig. 4). To release glutamate in the pineal
gland thus eliciting a cell-to-cell signal, microvesicles fuse
with the plasma membrane by a mechanism triggered by
calcium (106). Similar to synaptic vesicles, microvesicles
have proteins necessary for vesicle fusion (87); however,
membrane proteins of the two vesicles are not the same.
Microvesicles have synaptophysin but the electrophoretic
mobility is slightly faster than that found in synaptic
vesicles, and pinealocyte microvesicles do not have synap-
sins at all (102).

Unanswered questions and the future direction
We have herein reviewed the extensive studies directed

towards single membrane organelles and V-ATPases. The
major remaining challenge is to understand the diversity of
acidic organelles: what is the mechanism that such an array
of organelles can develop and differentiate? Our under-
standing of the roles of the V-ATPase subunit isoforms, the
channels and the transporters is quite limited, although it is
clear that these activities play critical roles establishing
specific degrees of lumen acidity. As discussed above,
dissipation of membrane potential is necessary for estab-
lishing proton gradients in synaptic vesicles suggesting that
proton transport by V-ATPase is regulated by membrane
potential. A fascinating possibility is that one (or a combi-
nation) of subunits of the V-ATPase functions as a ApK or
//•$• sensor and regulator of pump activity. In this regard, a
brain protein of the degenerin family is a proton-gated
cation channel and functions in acid sensing (107). These
questions will be answered by combined biochemical
electrical physiological and molecular approaches.

We recently found an organelle with a extremely acidic
lumenal pH. The giant blood cell of the marine Acidian has

B (Sympethetic neuron)

Exocytosis and
Intercellular signal transduction

Paracnne

Vesicular
glutamate
transporter

(Wtabotropic ;
I glutamate receptor]
^ ( mGluR 3 ) j

Autocrine

Fig. 4. Roles of microvesicles in pine-
alocytes. A: Confocal fluorescence micro-
graph of cultured rat pinealocytes double -
stained with antibodies against SV2B
(green) and synaptophysin (red). Co-locali-
zation of these proteins are seen in micro-
vesicles, especially in the process termi-
nals. See Refs. 106, 108, and 109 for more
details. B: A regulatory scheme for melato-
nin synthesis. Mammalian pinealocytes are
glutaminergic paraneurons. Upon depolari-
zation, glutamate is released via an exo-
cytotic process. Glutamate binds to the
metabotropic glutamate receptor type 3
(mGluR3), signaling decreased melatonin
output mediated through an inhibitory
cAMP cascade. In contrast, innervating
sympathetic neurons release norepineph-
rine (NE) activating beta receptors and
stimulate increased levels of melatonin
(87).
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a single large vacuole with an internal pH of 0.1 (unpub-
lished observations). This pH, 10-fold more acidic than the
mammalian gastric lumen, is the most acidic organelle in
biology so far described. This organelle is an excellent
model for studying mechanisms of acidification. The recent
discovery of the Ascidian blood cell and mammalian
microvesicles makes it likely that unknown acidic organel-
les with unique functions in cellular homeostasis will
continue to be found.

We give special thanks to Dr. Robert K. Nakamoto for critical reading
of the manuscript and to our collaborators whose names appeared in
the references.
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