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A
TP has been known for de-
cades as a major form of
molecular energy currency,
generated by glycolysis, respira-

tion, or other reactions, and used to
provide energy for a myriad of other
biochemical processes. However, in re-
cent years it has become apparent that
ATP also fulfills a role as an extracellu-
lar signaling molecule. ATP is secreted
by fusion of ATP-containing intracellu-
lar vesicles with the cell membrane, but
the machinery responsible for filling
these vesicles has, until now, been a
mystery. In a recent issue of PNAS,
Yoshinori Moriyama and his coworkers
at Okayama University have identified
an ATP transporter present in secretory
vesicles that fulfills all of the require-
ments of the elusive vesicular ATP
transporter, which they have named
VNUT (1).

When a nerve cell sends a signal to
an adjacent cell, that signal is almost
always a chemical neurotransmitter se-
creted by a process known as exocytosis.
Neurons contain small intracellular
compartments, called synaptic vesicles,
filled with a neurotransmitter such as
serotonin, acetylcholine, or glutamate.
When these vesicles fuse with the cell
membrane, their contents are released
from the cell and are free to activate
receptors on the surface of neighboring
cells. Researchers have known for many
years that along with the neurotransmit-
ter, ATP is also released, and that most
synaptic vesicles store this nucleotide,
which is also used to power many of the
cell’s energy-dependent reactions (2).
Until now, however, the history of re-
search on ATP storage within synaptic
vesicles had been problematic, leading
skeptics to doubt that any firm conclu-
sions could be drawn (3). In this novel
and incisive series of experiments,
Moriyama and coworkers (1) have fi-
nally banished the demons of ATP
transport by unequivocally demonstrat-
ing the transporter’s activity in a puri-
fied and reconstituted preparation.

ATP was generally recognized to con-
stitute a major portion of the contents
of secretory vesicles in early studies of
chromaffin granules (4). These intracel-
lular storage organelles are found in
cells of the adrenal medulla that secrete
the catecholamines epinephrine and nor-
epinephrine. Just as neurons secrete
neurotransmitters stored within synaptic
vesicles, chromaffin cells secrete epi-
nephrine by fusion of these granules

with the cell membrane, releasing the
granule contents into the bloodstream.
The released epinephrine acts on many
targets in the body, initiating the ‘‘fight
or flight’’ response that readies our
muscles and circulatory system for in-
tense activity.

Because chromaffin granules are large
and heavy, they were relatively easy for
early neuroscientists to isolate in a form
that retained most of their original con-
tents. Analysis of these contents re-
vealed startlingly high concentrations of
epinephrine, norepinephrine—and ATP.
If all of the vesicle contents were free in
solution, their combined concentrations
would lead to an osmolality much
greater than that of the cytoplasm (5).
This realization led to the idea that
ATP formed a complex with vesicular
catecholamines and that stabilized the
high intravesicular concentration (6).
Thus, the role assigned to ATP was that
of a cofactor allowing high levels of cat-
echolamine storage.

Neurons secrete many neurotransmit-
ters—not only catecholamines, such as

dopamine and norepinephrine, but also
other amines such as acetylcholine, sero-
tonin, and histamine, and amino acids
such as glutamate, glycine, and GABA.
For each of these neurotransmitters,
there are proteins in the cell and vesicle
membrane for storage of the transmitter
within the vesicle and detection of the
released transmitter. In most cases,
inactivation is achieved by a transport
protein in the plasma membrane that
removes the transmitter from the extra-
cellular space and concentrates it within
the cytoplasm (7), where it is further
transported into synaptic vesicles (8).
This kind of inactivation process leads
to recycling and reuse of the transmitter
molecule, but it is not universal. For
example, inactivation of acetylcholine
and neuropeptides occurs through hy-
drolysis of the transmitters to inactive
products.

Vesicular transporters are generally
nonselective. For example, both iso-
forms of the vesicular monoamine trans-
porter, VMAT1 and VMAT2, transport
serotonin, norepinephrine, and dopa-
mine, and the vesicular inhibitory amino
acid transporter, VIAAT, transports
both GABA and glycine. Here the ex-
ception seems to be VAChT, which
transports acetylcholine, and the gluta-
mate transporter isoforms, VGLUT1–3,
which are selective for glutamate. It is
this family of vesicular glutamate trans-
porters that contained an orphan pro-
tein, designated SLC17A9, representing
the long-sought ATP transporter.

As early as the late 1950s, ATP re-
lease from nerves was observed (2), and
the concept of purinergic neurotransmis-
sion was proposed in 1972 (9), but there
was reluctance to believe that ATP, well
known as an intracellular molecule cen-
tral to the energy metabolism of the
cell, could also function as an extracellu-
lar signaling molecule. In agreement
with this proposal, a group of purinergic
receptors were found to respond to
ATP, UTP, and adenosine. They consist
of three classes. The P1 receptors (now
known as A1–3) are activated by adeno-
sine and are G protein-coupled recep-
tors (GPCRs). A second group, the P2Y
receptors, are also GPCRs, but respond
to ATP, ADP, UTP, and UDP, and a
third group, the P2X receptors, are
ligand-gated channels that conduct cat-
ion currents when they bind ATP (10).

Part of the resistance to ATP as a
signaling molecule came from uncer-
tainty about how ATP entered secretory
organelles. Despite the high concentra-
tions of ATP in chromaffin granules,
efforts to show that vesicles could accu-
mulate ATP were slow to produce con-
vincing demonstrations of transport. In
retrospect, studies on ATP accumulation
by chromaffin granules as early as 1978
accurately described characteristics of
this transport system (11, 12), but there
was a problem inherent in any demon-
stration that ATP was transported. The
driving force for transport was ATP it-
self, acting on a vesicular proton pump
(the vesicular ATPase or V-ATPase).
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It was difficult to distinguish between
effects of ATP and inhibitors on the
V-ATPase or on the putative ATP
transporter.

V-ATPase provides the driving force
for accumulation of neurotransmitters
and ATP within synaptic vesicles and
chromaffin granules. Moriyama worked
on this enzyme as a postdoctoral fellow
in Nathan Nelson’s laboratory, where he
developed an interest in vacuolar trans-
porters. This enzyme pumps H� ions
into the vesicle, creating an electrical
potential (��, inside positive) and a pH
difference (�pH, inside acidic) (Fig. 1).
These constitute two distinct compo-
nents that are used in different ways by
neurotransmitter and ATP transporters.
For example, VMAT transports a posi-
tively charged amine molecule into the
vesicle in exchange for two protons. This
2:1 exchange means that only one net
charge leaves the vesicle with the two
protons, and the �pH is a much more
effective driving force than �� (13). Be-
cause VIAAT transports substrates with
no net charge, the exchange of a cyto-
plasmic GABA or glycine molecule for
an intravesicular H� ion is coupled
equally to �pH and �� (14), but for
VGLUT, the involvement of H� ex-
change with glutamate is controversial.
Influx of a negatively charged cytoplas-
mic glutamate molecule either by itself,
or in exchange for an H� ion, results in
the inward movement of either one neg-
ative charge or two negative charges and
efflux of one proton, respectively. In
both cases, the predominant driving
force is ��. With VMAT, the unequal
contribution of �pH and �� initially led
to the conclusion that only one of the
two components, in this case ��, con-
tributed (14). However, further investi-
gation suggested the possibility that,
rather than transporting each glutamate

anion by itself, VGLUT may exchange
glutamate with H� (15).

Moriyama and coworkers (1) pre-
sumed that SLC17A9 might be a
transporter for ascorbate or ATP—two
anions, like glutamate, whose transport-
ers had never been identified. In this
new work, they find that it is a vesicular
ATP transporter (VNUT) similar to
VGLUT in many ways. It is evolutionar-
ily closely related, belonging to the same
SLC17 transporter family, it is stimu-
lated by chloride, as an anion trans-
porter it is coupled predominantly to
��, and it is inhibited by Evans blue.
Some of these properties had previously
been reported (11, 16), but until the
present work identifying the transporter,
their full importance was not recognized.

One of the most convincing aspects of
the present work, which sets it apart
from previous studies, is the ability to
assay ATP transport without using ATP
itself as an energy source. By using puri-
fied VNUT reconstituted into lipid vesi-
cles, and artificially imposing �� with

valinomycin and an inwardly directed
K� gradient, the authors were able to
bypass the requirement for V-ATPase
and avoid all of the attendant complica-
tions that thwarted previous studies.
From this work, it is quite clear that ��,
interior positive, can drive the accumu-
lation of ATP, and also ADP and GTP.

However, the bioenergetic character-
ization leaves some remaining questions
unanswered. In particular, is ATP trans-
ported alone, or is it exchanged with
H�? The present work showed that �pH
by itself was ineffective as a driving
force, but we would expect �� to be a
much more effective driving force, and
an effect of �pH might be undetectable
unless �� is also imposed. The Cl� re-
quirement also suggests a direction for
future studies. If VNUT is incorporated
into the proteoliposomes in a random
topological orientation and Cl� binds to
a site on one side of the membrane,
then we might expect that only half of
the incorporated VNUT would be acti-
vated by extravesicular Cl�. Does intra-
vesicular Cl� activate the other half? Or
is a Cl� gradient the critical component,
in which case we might expect that in-
travesicular Cl� might actually inhibit?

To finally tie the identification of
VNUT to its role in purinergic signaling,
Moriyama and coworkers (1) looked at
ATP release from PC-12 cells. These
cells, like chromaffin cells, are derived
from adrenal medulla and contain secre-
tory vesicles that release their contents
(including ATP) by exocytosis when
stimulated by depolarization with KCl.
The secretory vesicles of PC-12 cells
stain with antibodies against VNUT,
and the level of VNUT can be knocked
down �50% with specific siRNA. This
knockdown resulted in a decrease in
ATP secretion of approximately the
same magnitude, demonstrating strong
support for its role in filling the vesicles
with ATP.
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Fig. 1. Schematic depiction of how ATP-depen-
dent proton pumping drives vesicular accumula-
tion of dopamine (DA) through VMAT, glutamate
through VGLUT, and ATP through VNUT.
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