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Abstract Vesicular storage of ATP is one of the processes
initiating purinergic chemical transmission. Although an ac-
tive transport mechanism was postulated to be involved in the
processes, a transporter(s) responsible for the vesicular storage
of ATP remained unidentified for some time. In 2008,
SLC17A9, the last identified member of the solute carrier 17
type I inorganic phosphate transporter family, was found to
encode the vesicular nucleotide transporter (VNUT) that is
responsible for the vesicular storage of ATP. VNUT transports
various nucleotides in a membrane potential-dependent fash-
ion and is expressed in the various ATP-secreting cells. Mice
with knockout of the VNUT gene lose vesicular storage and
release of ATP from neurons and neuroendocrine cells,
resulting in blockage of the initiation of purinergic chemical
transmission. Thus, VNUT plays an essential role in the ve-
sicular storage and release of ATP. The VNUT knockout mice
exhibit resistance for neuropathic pain and a therapeutic effect
against diabetes by way of increased insulin sensitivity. Thus,
VNUT inhibitors and suppression of VNUT gene expression
may be used for therapeutic purposes through suppression of
purinergic chemical transmission. This review summarizes the
studies to date on VNUT and discusses what we have learned
about the relevance of vesicular ATP release as a potential
drug target.
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Abbreviations

ABC ATP-binding cassette

Ala Alanine

Arg Arginine

Akt Akt/protein kinase B

CALHM1 Calcium homeostasis modulator 1

DIDS Diisothiocyanatostilbene disulfonic acid
ID50 The concentrations required for 50% inhibition
18GA 18x-glycyrrhetinic acid

Glu Glutamate

Gln Glutamine

Lampl Lysosomal-associated membrane protein 1
NMDA N-methyl-D-aspartic acid

NPT Na*-dependent phosphate transporter
PSD-95 Post-synaptic density 95

SLC Solute carrier

TRP4 The short transient potential channel 4
VAchT Vesicular acetylcholine transporter

VEAT Vesicular excitatory amino acid transporter
VGAT Vesicular GABA transporter

VGLUT Vesicular glutamate transporter

VMAT Vesicular monoamine transporter

VNUT Vesicular nucleotide transporter
V-ATPase  Vacuolar H"-ATPase

ApH A H* gradient

Ay The membrane potential

Introduction

ATP is a major intercellular messenger released from neurons
and non-neuronal cells. It then undergoes successive
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hydrolysis in the extracellular space, and the resultant prod-
ucts, ADP and adenosine, in addition to ATP, bind to their
respective purine receptors (purinoceptors). This causes vari-
ous physiological or pathological responses such as central
control of autonomic functions, neurological interactions,
mechanosensory transduction, platelet aggregation, and in-
flammation [1, 2] (Fig. 1). The fact that neurons secrete ATP
upon electrical stimulation was first observed as early as the
late 1950s [5], and the concept of purinergic chemical trans-
mission was proposed in 1972 [6]. In spite of the well-
understood features of the signaling cascade after secretion
of ATP and stimulation of the purinoceptors, the mechanism
by which ATP is released from the purinergic cells is less well
understood. Currently, it is believed that ATP is released from
cells through at least three distinct pathways: exocytosis,
channel-mediated release, and cell breakdown [1, 2, 7, 8].
Although several channel proteins, such as pannexin, have
been shown to be involved in the release of cytoplasmic
ATP through the plasma membrane [7, 8], the mechanism of
ATP release through exocytosis, that is, vesicular ATP release,
is far less understood. Consequently, determination of the
mechanism and physiological relevance of vesicular ATP re-
lease is an urgent matter to allow the full understanding of
purinergic chemical transmission.

Vesicular storage of ATP

In the past several decades, it has been well recognized that
ATP is a common constituent of secretory vesicles [9—11].
Chromaffin granules from the adrenal medulla concentrate
the following nucleotides at certain concentrations: ATP
(0.1~0.2 M), ADP (14 mM), AMP (4 mM), GTP (13 mM),
diadenosine tetraphosphate (AP4A) (4 mM), and
diadenosinepentaphosphate (AP5A) (4 mM) at the indicated
concentrations [12]. Cholinergic synaptic vesicles from
Torpediniformes electric organs and platelet dense granules
contain the highest concentrations of ATP (0.2-0.7 M)
[9-11]. Insulin granules from islet (3 cells, dense granules
from platelets, parotid vesicles from rat salivary glands, and
histamine-containing granules in mast cells also accumulate
ATP and other nucleotides [9—13]. It is believed that vesicular
storage of ATP is a consequence of active ATP transport in
secretory vesicles (i.e., vesicular ATP transport).

Vesicular neurotransmitter transporters are responsible for
the vesicular storage of neurotransmitters in synaptic vesicles
and secretory granules in neurons and neuroendocrine cells [14,
15]. Vacuolar H"-ATPase (V-ATPase) acts as a primary proton
pump, supplying the driving force for vesicular neurotransmit-
ter transport at the expense of the ATP hydrolysis (Fig. 1a). The
driving force is an electrochemical gradient of H* across mem-
branes (AuH"), which is composed of a H" gradient (ApH,
acidic inside) and the membrane potential (A, positive

@ Springer

inside). Vesicular neurotransmitter transporters use ApH, A,
or both as driving forces to mediate uphill transport against the
concentration gradient of neurotransmitters. Thus, the uptake of
neurotransmitters is dependent on ATP and sensitive to V-
ATPase inhibitors such as bafilomycin Al and proton conduc-
tors such as carbonylcyanide m-chlorophenylhydrazone.
Bafilomycin A1, a macrolide antibiotic, was the first identified
specific V-ATPase inhibitor [16, 17] and stoichiometrically in-
teracts with the hydrophobic portion of V-ATPase (Vo). This
inhibits both ATP hydrolytic activity and H" transport, resulting
in dissipation of the intracellular acidic environment followed
by the inhibition of V-ATPase-coupled secondary transport and
protein degradation [17—19]. The ammonium ion (NH4™) dis-
sipates ApH and enhances the formation of A1, resulting in
dissipation of ApH-driven transport and facilitation of Ai-
driven transport. On the contrary, valinomycin, an electrogenic
K* ionophore in the presence of K*, dissipates Al and en-
hances ApH formation, resulting in dissipation of Ay-driven
transport and enhanced ApH-driven transport.

In the initial stage of investigation, trials to detect vesicular
ATP transport, which is experimentally defined as ATP-
dependent ATP uptake, were hampered because of a dilemma
of energy coupling: vesicular ATP transport requires ATP con-
sumption by V-ATPase to drive active transport, but if this
occurs, ATP, as a substrate for the transport, decreases or is
exhausted (Fig. 1b). Rudnick referred to this dilemma as “the
demons of ATP transport” (Fig. 1b) [3]. Winkler and his col-
leagues found that when chromaffin granules were incubated
with exogenous ATP, the granules took up ATP and ADP in
saturable, diisothiocyanatostilbene disulfonic acid (DIDS)-
sensitive (an anion channel blocker) and atractyloside (an in-
hibitor of mitochondrial ATP/ADP exchanger)-sensitive man-
ners [20-22]. From the viewpoint of bioenergetics, the effects
of anions, the ammonium ion, and ionophores on granular
ATP uptake suggest that A (positive inside), but not ApH
(inside acidic), is the direct driving force [23]. The presence of
a large amount of endogenous ATP, as well as ATPase activity
in the granule preparations, hampered the quantitative estima-
tion of vesicular ATP transport. Trials to detect active ATP
transport using chromaffin granule ghosts and synaptic vesi-
cles were unsuccessful [24-26]. Finally, Bankston and
Guidotti measured ATP uptake by chromaffin granule ghosts
in the presence or absence of bafilomycin Al [27]. As
bafilomycin A1 specifically inhibits ATP consumption, while
depending on V-ATPase, ATP uptake in the presence of
bafilomycin Al may represent the background level due to
possible ATP consumption by other factors. The difference,
that is, ATP uptake in the absence and presence of bafilomycin
Al, may indicate vesicular ATP transport. This simple but
rough evaluation of vesicular ATP transport worked well, pro-
viding convincing evidence of the presence of an active ATP
transporter. ATP transport is driven by A but not by ApH
and is stimulated in the presence of millimolar order CI and
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Fig. 1 Vesicular storage and
release of ATP. a Purinergic
chemical transmission. ATP is
accumulated and stored in
secretory vesicles through
VNUT-mediated active transport.
The driving force (A1) is
supplied by V-ATPase at the
expense of ATP hydrolysis. Then
the vesicular ATP is secreted
through exocytosis from
purinergic cells upon stimulation
(vesicular ATP release). The
released ATP and the hydrolyzed
products, ADP, AMP, and
adenosine, can then bind to the
respective purinoceptors to
transmit signals in either an
autocrine- or paracrine-dependent
manner. b Assay concept. (left) In
secretory vesicles, VNUT-
mediated ATP transport can be
initiated by ATP hydrolysis by V-
ATPase. (right) To banish “the
demons of ATP transport” [3],
H*-ATPase is extruded from the
assay system and instead a
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partially inhibited by atractyloside [27]. The uptake of fluo-
rescent ATP analogues and diadenosine polyphosphate
(CHAp5A) by chromaffin granule ghosts and synaptic vesi-
cles, respectively, has also been reported [28-30].

For some time, trials to identify the putative ATP transport-
er were unsuccessful. It was shown that cholinergic synaptic
vesicles from Torpedo marmorata contain an [*H]-
atractyloside-binding protein of 34 kDa [31]. Photoaffinity
labeling of synaptic vesicles with [**P]-azide-ATP revealed a
protein of 34 kDa as a putative ATP transporter [32]. Later, the
labeled protein turned out to be a glyceraldehyde 3-phosphate
dehydrogenase [33]. Classical molecular biological ap-
proaches, such as expression of complementary DNA
(cDNA) cloning, have all failed to isolate cDNA encoding
the vesicular ATP transporter.

Identification of vesicular nucleotide transporter

The solution came with a completely different approach. “Any
kinds of heterogeneously expressed transporters are active in
nature if these proteins are solubilized from the membranes
and purified under appropriate conditions”. Based on the hy-
pothesis of one of the authors (YM), we developed a protocol
for analyzing the functions of transporters from animals,
plants, and bacteria in the post-genome era. This approach
used the expression and purification of a target transporter in
insect cells or Escherichia coli. The resultant proteoliposomes
containing the purified transporter enable the quantification of
active transport activity upon the imposition of any type of
artificial driving force [34, 35]. Jahn named this approach as
“Clean Biochemistry” [36]. YM noticed that the properties of

@ Springer



390

Purinergic Signalling (2017) 13:387-404

ATP transport by chromaffin granule membrane ghosts ob-
served by Bankston and Guidotti [27], that is, A dependence
and the requirement of Cl, resemble those of ATP-driven
glutamate transport in synaptic vesicles [37], synaptic-like
microvesicles [38], and of the vesicular glutamate transporter
2 (VGLUT2)-containing proteoliposomes [39]. As VGLUT2
belongs to the SLC17 type I sodium-dependent inorganic
phosphate co-transporter family, YM hypothesized that the
essential feature of the SLC17 family is the A-driven, CI -
dependent organic anion transport function, and that the slight
structural differences in the substrate-binding sites between
the members may determine their substrate specificity.
SLC17A9 is the last identified member of the SLC17 family
and encodes a protein of 430 amino acids long with 12 puta-
tive transmembrane helices, but its transport substrate remains
unknown [4] (Fig. 2). The SLC17A9 gene appears in all mem-
bers of the animal kingdom, as discussed later, and it is highly
expressed in the brain and adrenal glands in humans and ro-
dents, regions where vesicular ATP transport might be abun-
dant [4]. Moreover, the SLC17A9 protein is specifically asso-
ciated with chromaffin granules in adrenal glands, one of the
most characterized ATP storage secretory granules, as re-
vealed by Western blot and immunoelectron microscopy [4].
All the data points to SLC17A9 encoding a chromaffin granule
ATP transporter.

The human SLC17A9-encoded protein was then expressed,
purified, and incorporated into liposomes [4, 40] (Fig. 3a). To
banish “the demons of ATP transport,” H"-ATPase was omit-
ted from the proteoliposomes, and the A (positive inside)
was generated by means of downhill movement of K* from
Na*-trapped proteoliposomes via valinomycin to supply a
driving force for ATP uptake (Fig. 1b). YM had this idea in
bed one early morning. As expected, the SLC17A9 protein
actively transports ATP at the expense of A, but not ApH,
as a driving force. The SLC17A9 protein transports various
nucleotides, the order of efficacy being
ATP > UTP > GTP > ITP, ADP > > AMP (Fig. 3b).
Adenosine is not transported by the SLC17A9 protein, while
diadenosine triphosphate (AP3P), one of the diadenosine
polyphosphates (APnP), is a good substrate. The substrate
selectivity of the SLC17A9 protein roughly matches the nu-
cleotide content of ATP-storing organelles [4]. More impor-
tantly, other SLC17 members do not transport nucleotides
(Fig. 3b). Likewise, the SLC17A9 protein does not transport
any substrates of other SLC17 members such as glutamate,
aspartate, or hippuric acid. This provides credence that the
SLC17A9 protein is a transporter that specifically recognizes
a range of nucleotides as transporting substrates (Fig. 3b).
Recent literature has shown that NAD™ is stored in secretory
granules and released from nerve endings in visceral smooth
muscles and acts as an inhibitory neurotransmitter [41, 42].
However, involvement of the SLC17A9 protein in the vesic-
ular storage of NAD" is unlikely, because it does not
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recognize NAD™ as a transport substrate [Sawada and
Moriyama, unpublished observation]. As observed in chro-
maffin granules [27], DIDS inhibits SLC17A9-mediated
ATP transport [4]. Atractyloside is also partially inhibitory
but only when Mg”* is present in the assay mixture [4].
Pheochromocytoma PC12 cells endogenously express the
SLC17A9 protein, and its gene knockdown results in de-
creased ATP storage and vesicular ATP release, demonstrating
that this protein acts as a vesicular nucleotide transporter
(VNUT) [4].

VNUT-mediated ATP transport is not affected by the pres-
ence or absence of Mg”* or Ca>* [43]. In the absence of diva-
lent cations, most ATPs are in the ATP*", ATP®", or ATP K"
forms, and in the presence of excess divalent cations, ATP is
present as the ATP*” Mg?* form in a chelating complex.
Indeed, VNUT transports stoichiometric amounts of ATP
and Mg>* or Ca>* under physiological conditions. RNA inter-
ference of the SLC17A9 gene in PC12 cells decreased the
vesicular Mg** concentration to 67.7% [43]. Thus, VNUT
functions as a divalent cation importer, explaining at least in
part why ATP-containing secretory granules contain high con-
centrations of divalent cations. Another unique property of
VNUT elucidated from the effect of divalent cations is that
the transporter recognizes multivalent forms of ATP as trans-
port substrates. Other ATP transporters can distinguish be-
tween free ATP and the Mg-ATP complex: the ATP/ADP
exchanger uses free ATP as a substrate and the Mg-ATP/Pi
exchanger uses Mg-ATP as a substrate [44, 45]. lon-
transporting ATPases also use MgATP as a substrate [46].

Allosteric regulation of VNUT activity

As expected, VNUT requires Cl for nucleotide uptake
[4]. In the absence of CI, no uptake of nucleotides or
divalent cations is observed. Br can compensate for
Cl, while I, F, nitrate, sulfate, and thiocyanate can-
not. Furthermore, I, F, nitrate, sulfate, and thiocya-
nate (SCN") inhibit Cl -dependent ATP uptake. The
anion requirement of VNUT is very similar to that of
VGLUT2: Cl -dependent activation of VGLUT2 ex-
hibits strong and extraordinary positive cooperativity
for glutamate transport with a Hill coefficient for CI™
of over 3. The CIl -dependent activation is due to the
binding of CI to specific binding site(s) on VGLUT2,
and not due to transport as no net movement of CI
through VNUT occurs during activation [47]. Although
detailed kinetic studies have not been performed, it has
been demonstrated that VNUT possesses anion binding
site(s) for activity similar to that of VGLUTs. The
significance of the anion sensitivity is deeply related
to the development of VNUT-specific inhibitors, as
discussed later.



Purinergic Signalling (2017) 13:387-404

391

a .

Human (T ICTVSMSQDFGH 51
Bovine Q 57
Mouse T QAWTGILLL TMPVCTVAMSODFGW 68
Chicken TCL TVPIC AHFGH 75
Xenopus VPGNF KIA LL 82
Zebrafish —MAVL IKENPADN Ty 81
Sea urchin LLFVMTSVLFSARTT KEFGH 53
Drosophila KYSLLRGEL 60
C elegans EPPLGK. RASLP 55
Sea anemone YVIRTIMPLCEPTLALDMGH 68
Human NKKEAGIVLSSFFWGYC! I A L RI 120
Bovine SSFFWGYCLTQVVC ILL TTVATP-LLAHL AHL RI) VY 135
Mouse NKKEAGIVLSSFFWGYCL! LLAHL LTFSRILTGLLOGVY 146
Chicken DKKOSGVVLSSFFWGYCLTQVIGGHT SDOTGCEKVLLLSASAWGFLTFITP-LLTO 153
Xenopus NKROSGIVL: HLSDKIGGEKVIFLSALTWGLITAMTP~LVARVT-~-SVPLILVSVLRFLMGLLOGVH 160
gebrafish FWGYC] TP- ILAHFC---SQPIFSHTLSRFLMGLLOGVH 159
Sea urchin WGYPTAQIP LFTTKAGTIMSMTVLRFLMGLTOGVH 134
Drosophila  SKTDSGTVLSSFFWGYTLT( VVGGYFSDRFGGORVILFARIGRSLITFLMPTT IWIAGS TKSYATPFIVAIRILNGALOGVH 142
elegans  NKTDSGTVLSCFFWGYALTQVFAGRIADKYGAEKILPYS: TFFTPHLFD! PLVVLLAVRILTGVCOAFH 136
Sea anemone  NKRESGLVLSSFFWGYLITQIPGGFLSD LLWAVTGCSLSTLVIPLVASQKVT---SPITLVLISRLALGVFQGIY 147
Human TYST I 203
Bovine FPALTSLL v DG 217
Mouse FPALTSLL TYST YFSGGLTLLWAYY 220
Chicken 227
Xenopus FPALASLF TCST LL ALLWGYCLSTYLL 234
Zebrafish YPSLASL = 235
Sea urchin "ADKRA' I YFFGTISIVIATL 210
Drosophila  FPSMI: FGLL FGHSYVFRVIGLMGIAWALVLRY 215
C elegans  IPSLASIVSKHL AGAIGSILIEWI QFVGIT 216
Sea anemone  YPSLYSLLAKSLPT IFT 221
Human ILALGVL LSAACSFFILLSWLPTFFEETFPDAKGWIFNVVE 276
Bovine FHVDLPPPSDLILALGILAQGLPVSRHTKVPWRQLFRKPSVWAAT TSQLSAACSFFILLSWLPTFFKETFPSSKGRVENVVE 299
Mouse LALGFLAQGLI ICSOLCSACSFFILLSWLETFFKETE 293
Chicken —  ===--m--] DLVIPIDYLRRGIST TWAVIVAQL TFFKETF 300
Xenopus IVT TLAQL TIFSWMPTFFKERF 307
Zebrafish IITLESLGSAGTQSKIP! RL TITHLCTASTFFTLLSWLPTFFKDTFPDAKGHVFNVIP 306
Sea urchin PVL ISHLCVIFSYFIIINWMPTFFKEVYPESKGHVYNVLP 284
Drosophila  ----ERNRIINIATPSRL RYFRRL FVLLSWLPTYFHDGFPHAKGWVVNMIP 293
C elegans PLPDEEVLL T CPSVPWGT! ILFNWLPSYFHETFPTAKGEVYNVVP 298
Sea anemone YSP: TISEPATWAVVIVHFCHNCMYFTLISHMPTYFHENF 296
Human WLVATPASLFSGFLSDHLINQGYRAIT! GMGLGLSSVFALCL CE: NIQDIA 358
Bovine WLVATPASLLSGLLSDHLI! LSSVFALCL IGLOTFNHSGISVNIQDLA 381
Mouse WMLAT 'SGFTSDRLISQGYRVIT 1 TSF FASA: NIODIA 375
Chicken WLVAIPTSLFSGFLSDHLINOGYKTITVRKEMOV. L CKAT NVODLA 382
Xenopus WLFATPAGILSGLLSDHLITOGY TFCLAHTT AL ITVNVODLA 389
gebrafish WEVAT 150 TLFLCGTTTF A 388
Sea urchin  WLAAIPASIAGGCLGDSLIAHKVPVGISRK 339
Drosophila  WLALPPCTLFAKYLTTRLL ITTTVRKV: MSRTSDF ICMTTI TVNPODLA 375
elegans  SLAT ¥ AF LIIF 380
Sea anemone  YIGNFVGKLGGGY TKMGFSVAF" CL MNIQDLS 378
*x * x * ox
Human POV AN TAGA LGV GYCL G IME TGS W CLENL VAT I SNLSLCTLVEGOAQRVDLSSTHEDL— 430
Bovine PSCAGFLFGVANTAGALAGVVGVCLGGYLIETTGS - DL
Mouse PSCAGFLI AGVVGVCLSGYLIET I ISNLGLGTFL
Chicken PSC WL
Xenopus PICAGELE LGVVLVYLSGYLIETTGS-WSSMFYLVI!
gebrafish TGVIMVYFSGYLIET VVNLLGLTTFL THI 465
Sea urchin VGTYIAGCT: 403
Drosophila P YR G SERERE =L 0s S e e — 439
C elegans IT Ir 445
Gea'anmone  PGFAGSISGVVTISATPGVLGVYATGYLLAVINS —WITVFQLTAVICTAGCAVYNVEAKGHKI L= ======n===~ 142

TMD2 TMD4

(R88) N (H128) (R184) (E191)
$LC17A1_NPT1 CNVITTAQRA JGIILSSTSYGVIT VAWVVVCEAVQGAAQGIVATAQFETY
SLC |7A2_N 3 YGLALIMHFSNFTMITORVSLSIAIIAMV | | OGITFSSINYGIILTLIPSGYLA | | VILVIMVITVOGMAQGMAWTGQFTIW
SLC17A3N YGIALVLHFCNFTTIAQNVIMNITHVAMV | | OGITFGAVGYGGILTMAPSGYLA | | IVLLIVIZTVOGLSQSSILGGQFATW
SLC17A4. NPThomolog HGLALILQLCNFSIYTQQMNLSIAIPAMV )GIILSSLNYGSFLAPIPSGYVA | VALLIVL{IVQGIAQVMVLTGQYSIW
SLC17A5_Sialin YNLAILAFFGFFIVYALRVNLSVALVDMV )GWILGSFFYGYIITQIPGGYVA | | VGPLIVLEALEGLGEGVTFPAMHAMW
SLC17AB_VGLUT2 YITAIMSGLGFCISFGIRCNLGVAIVDMV TITQIPGGYIA | | YGCVIFVTLQGLVEGVTYPACHGIW
SLC17A7_VGLUT1 YITATMSGLGFCT CNLGVAIVSMV | | VGL IVIQIPGGFIC | | YGCVIFVITLQGLVEGVTYPACHGIW
SLC17A8_VGLUT3 YIIAIMSGLGFCISFGIRCNLGVAIVEMV IMTQIPGGFIS HGMW
SLCA7A9_VNUT QAWTGTLLLGTCLLYCARSSMPICTVSMS | | AGIVL! LAFMTFSGIL L

R35 R119 Q126

Fig. 2 Amino acid sequence and topology model of VNUT. a Amino
acid sequence comparison of members of the SLC17 family. Identical
residues are indicated by asterisks. Conserved charged amino acid
residues in the transmembrane regions of SLC17 members are also
indicated. Predicted transmembrane regions are shaded. b The amino

VNUT orthologues and a splicing variant

The SLC17A9 gene is present in all animals including verte-
brates, insects, ascidians, hydras, and nematodes [4, 48].
Other eukaryotes such as plants, yeast, and fungi do not have
an SLC17A9 gene, although some of these organisms have
SLC17 genes. Arabidopsis thaliana has six genes encoding
SLC17 transporters, but their sequences are not related to that
of VNUT. A recent study showed that one of these trans-
porters, AtPHT4;4, is a Al-driven CI -activated ascorbate
transporter in chloroplasts, involved in photoprotection [49].
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SLC17A9_VNUT FTYST R  EKDLILALGVL 219
. TMD7 . . TMD8 . .
SLC17A1_NPT1 ~-SSSROSLPIKAILKSLPVWAISIGSFTFFWSHNIMTLYTPMFINSMLHVNIKENGFLSSLPYLFAWICGNLAGQLSDF 324
SLC17A2_NPT3 ~-SSPGRAVPIKAMVTCLPLWAIFLGFFSHFWLCTIILTYLPTYISTLLHVNIRDSGVLSSLPFIAAASCTILGGQLADF 335
SEexTAINPTA i e TETYISSVYAVIE Tonnv 350
SLC17A4_NPThomolog --CSPGWSLPIRAMIKSLPLWAILVSYFCEYWLFYTIMAYTPTYISSVLOANLRDSGILSALPFVVGCICIILGGLLADF 354
SLC17A5_Sialin YTLLTLLPTYMKEILI 'LGSWLCMILSGQAADN 351
SLC17A6_VGLUT2 LGAMEKFKTPWRKFFTSMPVYAIIVANFCRSWTF" 'EEVFGFEL IVPIGGQIADF 372
SLC17A7_VGLUT1 MNPLTKFSTPWRRFFTSMPVYAIIVANFCRSWTFYLLL 'E1! 'TIVPIGGQIADF 364
SLC17A8_VGLUT3 VS-L: TSLPVYAIT! 'EEVFGFAISKVGL 376
SLC17A9_VNUT AACSFFILLSWLPTFF 1] IPASLFSGFLSDH 293
- .TMD9 TMD10 . .+ « .
SLC17A1_NPT1 FLTRNILSVIAVRKLFTAAGFLLPAIFGVCLPYLSSTFYSIVIFLILAGATGSFCLGGVFINGLDIAPRYFGFIKACSTL 404
SLC17A2_NPT3 LLSRNLLRLITVRKLFSSLGLLLPSICAVALPFVASSYVITIILLILIPGTSNLCDSGFIINTLDIAPRYASFLMGISRG 415
SLC17A3 NPTA LLTKKFR-LITVRKIATI] 'GLSTLCQSGIYINVLDI, 435
SLC17A4 NPThomclag LLSRKILRLITIRKLPTAIGVLEY VILVSLI LD, LLQV 434
i TAs S tatin CSSCESINHLDIAPSYACILLGITHY 431
SLC17A6_VGLUT2 LRSKQILSTTTVRKIHNCGGFGHEATLLLWGYS—HTRGVAISFLVLAVGFSGFA DIAPRYASILMGISNG 451
SLC17A7_VGLUT1 LRSRRIMST APRYASILMGISNG 443
SLC17A8_VGLUT3 LRSRQILTTTAVRKIMNC Y FLVL DIAPRYASILMGISNG 455
SLC17A9_VNUT LIN-QGYRAITVRKLMOGMGLGLSSVFALCLGHT-SSFCESVVFASASIGLOTFNHSGISVNIQDLAPSCAGFLFGVANT 371
TMD11 « TMD12-
SLC17A1_NPT1 ‘TGMIGGLIASTLTGLILKQDPESAWFKTFILMAAINVTGLIFYLIVATAEI 467
SLC17A2_NPT3 FGLIAGIISSTATGFLI: YLTF 478
SLC: PSSIAPVIVFTVSGE’LL WRNV] LLFYLI] /TRL 498
SLC17A4 NPThomolog FAHIAGAISPTAAGF] ISGLVFYLI! 497
C17A575u:1 PATIPGMVGPVIAKSLTPDNTVGEWQTVPYIMAIWFGAIl‘r 495
SLC17A6_VGLUT2 VGTLSGMVCPIIVI FYAI! GF I DEETGDI 531
SLC17A7_VGLUT1 PIT 1 . AGSDDSE 523
SLC17A8_VGLUT3 VGTLSGMVCPLIV I IF ‘GIIDQDELAEEIELN 535
SLC17A9_VNUT AGALAGVVGVCL T IISNLGLCTFL ' THEDL 430
SLC17A1_NPT1 467
SLC17A2_NPT3 478
SLC17A3_NPT4 498
497
i 495
Scimeverts  romm e
SLC17A7_VGLUT1 THSTF 560
SLC17A8_VGLUT3 DEEEL IS 589

acid sequences of VNUT orthologues are aligned [4]. Identical residues
are indicated by asterisks. Predicted transmembrane regions are shaded. ¢
Topology models of VNUT with charged amino acid residues in TMD1,
2, and 4. For details, see refs [4, 48]

Because root cells secrete ATP, and the resultant extracellular
ATP may cause various cellular responses such as increased
intracellular Ca* followed by increased NO production, it is
reasonable to speculate upon the presence of functional coun-
terparts of VNUT and purinoceptors in plants [50, 51].
SLC17A9 orthologues in animals have the amino acid se-
quences with 23-29% identity and 41-48% similarity to those
of other members [4] (Fig. 2a, b). Although the amino acid
sequence of the amino terminal region exhibits species-
specific variations, the remaining region, in particular, the
transmembrane region, has relatively conserved features with
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Highly soluble o helical proteins

From insect cells From E.coli
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b
Transporter Substrate Activity(%)
VNUT ATP 100
Glu 0.3
Asp 0.0
PAH 125
Sialic acid 17.5
VGLUT1 Glu 100
ATP 1.7
VGLUT2 Glu 100
ATP 0.1
VGLUT3 Glu 100
ATP 7.1
VEAT Asp 100
ATP 241
NPT1 PAH 100
ATP 2.0

83% identify (Fig. 2a, b). In humans, the SLCI/7A9
(C20011t59) gene is located on chromosome 20 and comprises
14 exons and 13 introns. At the protein level, only mammalian
VNUTs have been characterized from the biochemical point
of view. No information is available on VNUT counterparts in
experimental animals such as Drosophila, Caenorhabditis
elegans, and Zebrafish, although corresponding genes have
been identified as CG15438 (NP608835), vaut-1 (NP
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4 Fig. 3 VNUT is an ATP transporter. a (Top) A large-scale expression

vector for VNUT in E. coli. For details, see ref. [40]. (Bottom) VNUT
proteins purified from insect cells (/eff) or E. coli (right) were subjected to
SDS gel electrophoresis and then stained with Coomassie Brilliant Blue
as in [40]. More than 10 mg purified VNUT can be obtained from 1 L of
E. coli culture. b Substrate specificities of SLC17 members. The SLC17
family comprises Cl -activated anion transporters and has nine members.
The SLC17A1-4 encode polyspecific anion exporters and prefer urate or
hippuric acid as a substrate. The SLC17AS protein possesses at least three
distinct transporter functions: Na*/phosphate co-transport, H*/sialic acid
antiport, and A-driven aspartate and glutamate transport. SLC17A6-8
(VGLUTI1, VGLUT?2, and VGLUTS3) are polyspecific in nature and
recognize various glutamate analogues, preferring cyclic glutamate
analogues including 1-aminocyclohexane-trans-1, 3-dicarboxylic acid
as a substrate, but do not transport aspartate [38]. VNUT is polyspecific
and recognizes various nucleotides as substrates. However, the substrate
recognition ability is limited to nucleotides and no activity is found for the
substrates of other members. Likewise, other SLC17 family members do
not transport nucleotides [4]. For details, see ref. [4]

497007), and slc17a9a (XP 001336574), respectively [4, 48,
52, 53].

There is no VNUT isoform, but the presence of an alterna-
tive splicing variant at the amino terminal region (GenBank
accession no. NM_022082.3) has been reported [54]. As a
result, there are two VNUTSs possessing 13 and 19 amino acid
residues comprising the amino acid terminal regions of
QI9BYTI-1 and QIBYTI-2, that is, VNUT1 and VNUT?2,
respectively. VNUT2 is expressed at the protein level and
gives a ~60 kDa band on SDS polyacrylamide gel electropho-
resis. Lazarowski and his colleagues investigated the expres-
sion and function of VNUT2 and found that this variant is also
functional and associated with low-density vesicles, while
VNUT (VNUT1I) is present in ATP-containing mucin gran-
ules of Cau-3 human lung adenocarcinoma-derived cells [54].
Both VNUTI1 and VNUT2 are frequently observed in many
cell types.

Topologies and essential amino acid residues

Hydropathy analysis shows that VNUT has 12 putative trans-
membrane regions (Fig. 2¢). Both the amino and carboxy
terminal regions are expected to face the cytoplasm based on
a previous study on VGLUT?2 involving region-specific anti-
bodies [55]. VGLUTs have relatively long amino and carboxy
regions which contain dileucine motifs essential for vesicular
localization [56]. In contrast, VNUT has very short amino and
carboxy-terminal regions, and their amino acid sequences are
not conserved between VGLUTs and VNUT, suggesting that
VNUT causes altered trafficking regulation.

Conserved charged residues in the transmembrane regions
are important for substrate binding and transport by membrane
transporters. A previous mutagenic study of VGLUT2
showed that His128 in the second transmembrane region
and Argl84 and Glul91 in the fourth transmembrane region
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are essential for A-driven glutamate transport [4] (Fig. 2).
Among these residues, Arg184 is completely conserved in all
SLC17 members, indicating the involvement of this residue in
a function common to all SLC17 members, such as organic
anion transport and/or CI” binding. His128 and Glul91 are
not conserved in proteins other than VGLUTs, suggesting
these two residues have specific roles in glutamate transport.
In VNUT, replacement of Argl19, corresponding to Argl84
of VGLUT2, with Ala causes complete loss of nucleotide
transport [43] (Fig. 2c). This is in good agreement with a
previous mutagenic study on VGLUT2 [39]. When GIn126,
which corresponds to Glu191 of VGLUT2, was replaced with
Ala, the mutant VNUT still retains ~50% activity [43]. This
indicates that GIn126 is not essential for nucleotide transport.
Arg 35, which corresponds to Arg88 of VGLUT2, is another
well-conserved charged residue among SLC17 family mem-
bers (Fig. 2b, ¢ ). Although the Arg88 to Ala mutant of
VGLUT?2 retains its transport activity [54], this remains to
be determined for nucleotide transport by VNUT with an
Arg35 to Ala mutation. In conclusion, VNUT shares an essen-
tial Arg in the fourth transmembrane region; however, other
functionally important residues are somewhat different from
those of VGLUT?2. As all these amino acid residues or coun-
terparts are located near the bottom of the central cavity in
SLC17 members, the size, shape, and arrangement of the
charged amino acid residues in the area may determine their
substrate selectivity (Figs. 2 and 3).

In addition to A-driven organic anion transport activity,
SLC17 family transporters including VGLUTs, NPTs, and
AtPHT4;4 possess Na*/phosphate cotransport activity [34,
35, 39, 49, 57-59]. These two activities are different in essen-
tial residues, driving force, substrates, and inhibitors [34, 35,
39]. Organic anion transport by SLC17 members requires C1™
and the essential Arg in the fourth transmembrane region and
is sensitive to Evans blue. However, Na*/phosphate cotrans-
port of VGLUT?2 does not require Argl84 and Cl and is not
inhibited by Evans blue. Whether VNUT possesses Na*/phos-
phate cotransport activity remains unknown.

Wide distribution of VNUT-expressing cells

VNUT is a potential molecular probe for identifying the sites
of'vesicular ATP storage and release. Indeed, VNUT is widely
distributed in cells throughout the body where ATP is released
(Fig. 4) (Table 1). In the brain, VNUT is widely distributed
and particularly highly expressed in the cerebral cortex, hip-
pocampus, cerebellum, and olfactory bulb [60]. In hippocam-
pal neurons, VNUT is present in all hippocampal layers and
the dentate gyrus is associated with synaptic vesicles at excit-
atory and inhibitory terminals and is enriched in postsynaptic
dendritic spines. VNUT co-localizes with VGLUT1 or VGAT
in some populations of synaptic vesicles, as determined by

Adrenal gland

Urinary bladder

Intestinal L cell
b

i

Fig.4 VNUT is widely expressed. VNUT is a membrane protein widely
expressed in various tissues in mammals. Examples shown are as
indicated. VNUT-positive cells correspond to chromaffin cells in adrenal
gland, L cells in intestine, urinary epithelial cells in uninary bladder,
photorecepter cell, bipolar cell, amacrine cell, astrocytes, and Mueller cell
in retina. Bar = 50 um. Modified from refs [81, 92]. For details, see refs
[4, 81, 86, 92, 93, 96, 98]

quantitative immunoelectron microscopy [60]. VNUT is also
expressed in tyrosine hydroxylase-positive dopaminergic neu-
rons of the substantia nigra and ventral tegmental area, and in
subpopulations of rat dorsal root ganglion neurons [61, 62].
VNUT is also present in the nerve terminals of enteric
musculomotor neurons and co-localizes with vesicular acetyl-
choline transporter (VAchT) [63]. Furthermore, Li and
Harlow investigated the localization of VNUT in individual
synaptic vesicles from Torpedo californica electric organs,
finding that 85% of VAchT-containing synaptic vesicles also
possess VGLUT1 and VGLUT?2, and approximately 70% of
VAchT vesicles contain VNUT [64]. These results explain the
mechanisms by which a single synaptic vesicle contains ATP
and other classical neurotransmitters and co-secretes them up-
on stimulation. Astrocytes and microglia are other ATP-
secreting cells in the brain. In these cells, ATP is stored in
dense-cored vesicles [65—67], secretory lysosomes [68, 69],
or non-characterized vesicular compartments [70-72].
Consistently, VNUT is reported to be associated with intracel-
lular vesicles in astrocytes and microglia [71-75]. Secretory
lysosomes have recently been identified as dual functional
organelles that serve as both a degradative and as secretory
compartments [76]. VNUT-mediated storage of ATP into se-
cretory lysosomes is not characteristic in astrocytes and mi-
croglia, but can be observed in cultured cells such as COS1,
HEK293T, and C2C12 cells [77]. Endogenous VNUT is co-
localized with Lamp1, a lysosomal marker, in these cells [77],
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Table 1  Expression and localization of VNUT. In the references, only the first author is indicated

Organ (tissue)

Cell type (vesicle)

References

Brain

Spinal cord (dorsal root ganglion)
Peripheral nervous system (sciatic nerve)

Eye retina
Cornea conjunctiva

Tongue (taste bud)
Parotid gland
Tooth

Adrenal gland

Pancreas (islets of Langerhans)

Airway

Lung

Esophagus (esophageal mucosa)
Stomach (muscle)

Intestine

Urinary bladder

Liver

Blood

Immune system

Electric organ (Torpedo)
Cray fish
Kidney and muscle

Neuron (synaptic vesicle)

Astrocyte (secretory lysosome and
non-lysosomal vesicle)

Microglia
Neuron
Schwann cells (lysosomal vesicle)

Photoreceptor cells, bipolar cell, amacrine
cell, astrocyte, Mueller cell

Epithelium

Type 1I taste cell

Odontoblasts

Chromaffin cells (chromaffin granule)
« Cell (glucagon-containing secretory vesicle)
{3 Cell (insulin granule)

Acinar cell (zymogen granule)
Epithelial goblet-like Calu-3 cell
Lung cancer A549 cell

Esophageal keratinocyte
Musculomotor neuron

L Cell (GLP-1-containing vesicle)
Urothelial cells

Biliary epithelial cell

Platelet (dense granule)

Macrophage

T Cell (CD4)

Electromotor neuron (synaptic vesicle)
Lateral giant fiber

Human embryonic kidney cell 293
Mouse myoblast C2C12 cell
Monkey kidney COS1 cell
(secretory lysosome)

Larsson 2012 [60], Sakamoto 2014
[86], Ho 2015 [61]

Oya 2013 [73]
Kasymov 2013 [71]
Angelova 2015 [72]

Imura 2013 [74], Shinozaki 2014 [75]
Nishida 2014 [62], Masuda 2016 [103]
Shin 2012 [88]

Vessey 20,012 [79], Peretz de Lara 2015
[80], Moriyama 2016 [81]
Guzman-Aranguez 2017 [82]

Iwatsuki 2009 [83]

Hiasa 2014 [93]

Ikeda 2016 [97]

Sawada 2008 [4]

Sakamoto 2014 [86]

Sakamoto 2014 [86], Geisler 2013 [87]
Haanes 2010 [90]

Sesma 2013 [54]

Takai 2012 [89]

Mihara 2011 [84], Wolf-Johnston 2012 [85]
Charudhury 2012 [63]

Harada 2014 [92]

Nakagomi 2016 [98]

Sathe 2011 [95]

Hiasa 2014 [93]

Sakaki 2013 [99]

Tokunaga 2010 [100]

Li 2014 [64]

Ohta 2011 [101]

Cao 2014 [77]

but VNUT in astrocytes is not [75, 76]. VNUT-mediated A-
driven ATP accumulation has been observed in living COS
and HEK?293 cells [78]. Thus, the significance of secretory
lysosomes as ATP-storing organelles seems to be established,
but the mechanism by which ATP inside secretory lysosomes
escapes from degradation by co-existing hydrolytic enzymes
remains unknown.

In the retina, VNUT is present in photoreceptor cells, bipo-
lar cells, amacrine cells, and astrocytes, as well as Mueller
cells [76-81] (Fig. 4) (Table 1). VNUT expression was also
detected in the cultured human corneal limbal epithelial cells
and human conjunctival epithelial cells, although the organ-
elles containing VNUT were unidentified [82]. VNUT is also
expressed in type II taste cells in taste buds [83], mouse
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esophageal keratinocytes [84], cat esophageal mucosa [85],
glucagon-containing secretory granules in islet « and insulin
granules of 3 cells [86, 87], Schwann cells [88], human lung
cancer A549 cells [89], human airway epithelial goblet Calu-3
cells [54], zymogen granules of mouse pancreatic acinar cells
[90, 91], GLP-1-containing vesicles of intestinal L cells [92],
rat parotid glands [93], rat liver epithelium [94], biliary epi-
thelial cells [95], platelets [96], odontoblasts [97], and bladder
urothelium [98] (Fig. 4) (Table 1). These studies provided
compelling evidence that these cells secrete ATP through
VNUT-dependent vesicular release mechanisms, and that the
secreted ATP is involved in sensory chemical transduction
including taste, light, pain, mechanical stretching, and heat.
Moreover, VNUT is also active in the granules of murine T
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cells, human monocytic leukemia cells, and mouse macro-
phages [99, 100]. This suggests that vesicular ATP regulates
the activation of T cells and macrophages, and is involved in
immune responses and inflammation in a paracrine- or
autocrine-dependent manner by way of various purinoceptors.
Based on the observations made so far, it can be concluded
that ATP-releasing cells possess VNUT. Ca** entry through
ionotropic receptors such as glutamate receptors or transient
receptor potential vanilloid 4 (TRPV4) seems to trigger vesic-
ular ATP release. In addition, immunoelectron microscopy has
revealed that VNUT is associated with gap junctional vesicles
of lateral giant fibers of crayfish, suggesting a role of VNUT-
mediated nucleotide release through gap junctional chemical
transmission [101].

VNUT is essential for vesicular ATP release

A key question is how much VNUT contributes to vesicular
ATP release. VNUT gene knockout (VNUT ) has provided
the answer to this question. It has been found that vesicular
storage of ATP, as well as depolarization-evoked ATP release
from isolated hippocampal neurons, completely disappears in
VNUT " mice [86]. Likewise, adrenal chromaffin cells from
VNUT ™ mice lose the activities of vesicular ATP transport,
vesicular storage of ATP, and depolarization-evoked ATP re-
lease [86]. In the islet of Langerhans of VNUT '~ mice, no
VNUT is present in either insulin granules of (3 cells or glu-
cagon granules of « cells [86, 102], and glucose-responsive
ATP secretion is lost [86]. As discussed later, ATP secretion
from dorsal horn neurons and bladder epithelium in VNUT "~
mice also disappear [98, 103]. Taken together, it can be con-
cluded that VNUT ™ mice lose vesicular ATP release, and
that VNUT is responsible for the vesicular storage and release
of ATP. Unexpectedly, in mice, VNUT knockout is not lethal,
and they appear to be healthy in terms of weight gain, body
size, morphology, food and water intake, oxygen consump-
tion, locomotor activity, respiratory exchange ratio, and open
field and maze behaviors [86]. This discovery of this pheno-
type vexed us, because it reveals vesicular ATP release is not
essential for maintaining life, a nightmare for almost all
purinologists. Although, perhaps VNUT-mediated vesicular
ATP release is essential, but other factors are up- or downreg-
ulated and somehow compensate for the effects of VNUT
gene knockout. VNUT ™ mice have constitutive, that is, nei-
ther cell-specific nor inducible expression, studies with more
refined VNUT gene knockout through cre-lox methods are
needed to quantitatively evaluate the roles of VNUT in the
purinergic signaling. As discussed later, the possible upregu-
lated factor(s) induced by VNUT gene knockout could be
voltage-gated ion channels. Anyway, the most important facts
that we have learnt from VNUT '~ mice are that (1) VNUT is
an essential component for vesicular ATP release in many

cells including neurons and some neuroendocrine cells and
that (2) vesicular ATP release is not apparently necessary for
maintaining life. The effect of VNUT gene knockout on learn-
ing and memory has not been reported.

Additional vesicular ATP transporter candidates

Other candidates such as ATP-binding cassette (ABC) trans-
porter and intracellular nucleoside transporter ENT3 have
been postulated to be responsible for vesicular ATP storage.
However, involvement of these proteins in vesicular storage
and release of ATP seems to be unlikely. The ABC transporter
is polyspecific in nature and transports structurally unrelated
compounds at the expense of ATP hydrolysis. It has been
shown that MRP4 (ABCC4) is associated with dense granules
of human platelets, and that it transports various nucleotides
such as ADP and cyclic nucleotides in a vanadate-sensitive
manner [104]. However, the kinetic constants (Km and Vmax)
of MRP4 of platelet dense granules are too low to explain the
amount of ATP and ADP stored in the granules. Furthermore,
MRP4 " mice have been shown to possess platelet granules
with normal levels of nucleotides [105]. Finally, platelet dense
granules contain VNUT, and either inhibition or suppression
of'its gene expression causes a decrease of intravesicular ATP
content, as well as vesicular ATP release [96]. Another candi-
date vesicular ATP transporter is ENT3. Its gene knockdown
suppresses depolarization-evoked ATP release from cultured
astrocytes [106]. However, ENT3 prefers nucleosides and
nucleobases as substrates, which differs from the content of
nucleotides stored in ATP-storing organelles, and is mainly
localized in mitochondria [107, 108]. These findings support
the idea that ENT3 is not involved in the vesicular storage of
nucleotides. In addition, ATP transport activity has been de-
tected in the Golgi apparatus, which is necessary for the phos-
phorylation of macromolecules [109]. However, this ATP
transport is obviously different to vesicular ATP transport be-
cause of the requirement of AMP as a counter substrate and its
high affinity to ATP.

Roles of vesicular ATP release
Neurons, astrocytes, and microglia

The mechanism by which neurons secrete ATP upon stimula-
tion has been a long-standing mystery since the discovery of
ATP release [5, 6, 110]. VNUT '~ mice provide a useful ex-
perimental system for investigating the relevance of vesicular
ATP release in purinergic chemical transmission.
Hippocampal neurons from VNUT '~ mice exhibit signifi-
cantly reduced depolarization-evoked exocytosis of glutamate
and aspartate, compared to those from wild-type mice, without
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any effect on the number and morphology of synaptic vesi-
cles, expression levels of VGLUTs and VEAT, vesicular trans-
porters for glutamate and aspartate, or the morphology of hip-
pocampal neurons [86]. Decreased storage and release of
these neurotransmitters from neurons seem to be the conse-
quence of an impairment of the synergy between vesicular
transport of ATP and other neurotransmitters and the blockade
of positive feedback through purinergic chemical transmission
by various purinoceptors such as the P2Y'12 receptor. Similar
synergistic effects have been observed for the combination of
L-glutamate and dopamine transport in synaptic vesicles
[L11]. Of course, the effects of glutamatergic chemical trans-
mission by VNUT gene knockout, as described above, should
be carefully examined using electrophysiological techniques,
because it has been shown that the frequency of spontaneous
excitatory postsynaptic current (SEPSCs) through glutamate
receptors in hippocampal pyramidal cells is decreased by the
addition of ATP, suggesting that ATP acts as an inhibitory
chemical transmitter [112]. Thus, sSEPSCs at hippocampal py-
ramidal cells in VNUT " mice would behave opposite to
those in the isolated neurons. No information on learning
and memory in VNUT '~ mice is available to date.

Needless to say, astrocytes release ATP through exocytosis
and highly express VNUT as described above [65-68, 71-73].
However, a direct relationship between vesicular ATP release
and VNUT has yet to be reported. It is also unknown how
much ATP is released from the astrocytes of VNUT '~ mice
through a mechanism(s) other than vesicular release. These
issues are particularly important, as adenosine derived from
astrocyte-released ATP is crucial to respiration and the sleep-
wake cycle, which are deeply related to psychiatric conditions
such as depression and sleep deprivation [113-115].
Furthermore, Gourine and his colleagues indicated that astro-
cytes in brainstem differ from cortical astrocytes in their sen-
sitivity to pH, and that ATP released from brainstem astro-
cytes, possibly through exocytosis of VNUT-containing com-
partments, is involved in sensing of physiological changes of
oxygen concentration in the brain [71, 72]. It is also shown
that ATP from astrocytes collaborates ATP from neurons that
activate P2X receptors, resulting in downregulation of post-
synaptic NMDA receptor through Ca”*-dependent de-
phosphorylation as well as interaction of PSD-95 multiprotein
complex [70]. Thus, it is likely that ATP from neurons and
astrocytes collaborate in modulation of efficacy of neuron-
glial communication.

Microglia sense and respond to either hazardous or non-
hazardous toxicants, such as methylmercury, and secrete ATP
through exocytosis. Astrocytes then respond to microglial-
derived ATP via P2Y1 receptors to trigger neuroprotection
through secretion of interleukin-6 [74]. It has been shown that
the microglial ATP is stored in secretory lysosomes and
exocytosed upon stimulation [116]. This released ATP may
act as an autocrine or paracrine messenger and trigger ATP
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secretion, resulting in stimulation of cell migration. This may
provide a positive feedback mechanism to ensure migration
and accumulation of microglia towards the site of injury [69,
116]. In the microglia of VNUT '~ mice, neither vesicular
ATP release nor ATP-dependent secondary responses are ob-
served [75]. Furthermore, injury stimulates VNUT expression
[75].

Adrenal glands

Adrenal chromaffin cells from VNUT "~ mice also exhibit
significant decreases in the storage and release of noradrena-
line and adrenaline, although the expression levels and func-
tions of the V-ATPase and VMAT 1, and the morphology and
number of chromaffin granules are not altered [86].
Accelerated uptake of serotonin and ATP was also observed
in chromaffin granule ghosts when the two compounds were
incubated together [27]. This is possibly due to an increased
ApH across the membranes due to dissipation of A through
vesicular ATP transport and formation of the ATP/serotonin
complex. The decreased storage and release of catecholamines
in chromaffin cells seem to be the consequence of an impair-
ment of the synergy between the vesicular transport of ATP
and catecholamines. Once stored, vesicular ATP seems to be
relatively stable and does not leak out upon isolation, suggest-
ing the formation of osmotically stable complexes with adren-
aline and noradrenaline [117]. Thus, the long-standing hy-
pothesis that vesicular ATP is involved in the formation of
osmotically inactive catecholamines and, thereby, plays an
important role in the synthesis and secretion of
chatecholamines was finally proven with VNUT /" mice
[86, 102]. Of course, the decreased secretion of catechol-
amines from chromaffin cells is partially due to the impair-
ment of ATP-dependent paracrine or autocrine positive feed-
back regulation by way of various purinoceptors such as the
P2Y12 receptor in chromaffin cells [118].

Islets of Langerhans and type 2 diabetes

Type 2 diabetes, characterized by {3 cell dysfunction and he-
patic insulin resistance, has become a global health problem
due to the increasing number of patients. Hepatic insulin re-
sistance is attributed to non-alcoholic fatty liver disease and
requires increased insulin output, which thus exacerbates the
B cell function. This vicious circle may explain the age-
dependent decrease of 3 cell function and the increase causes
of type 2 diabetes. Breaking this vicious circle is of utmost
importance.

The islet of Langerhans is a miniature endocrine organ that
comprises four types of endocrine cells including «, 3, 8, and
PP cells, and plays a central role in blood glucose homeosta-
sis. Although o and {3 cells are known to secrete ATP and islet
cells are known to express various purinoceptors [119, 120],
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how purinergic signaling is involved in blood glucose regula-
tion remains less well understood. As described previously,
VNUT is a key component for vesicular ATP release and
purinergic signaling. Therefore, it is relevant to study the im-
pact of the loss of VNUT on insulin secretion and glucose
metabolism. It was found that ATP was released from wild-
type islets upon glucose stimulation, whereas no glucose-
stimulated secretion of ATP was observed in the isolated
VNUT " islets [86]. The addition of low concentrations of
ATP inhibited the glucose-stimulated release of insulin from
both wild-type and VNUT "~ islets. A previous study by
Geisler et al. showed that knockdown of the SLC17A9 gene
in MING6 cultured cells leads to decreased glucose-sensitive
insulin secretion [86]. In contrast to clonal {3 cells, glucose-
sensitive insulin secretion by the isolated VNUT "~ islets was
about 1.5-fold higher than that by the wild-type control, indi-
cating dissection of negative feedback inhibition by purinergic
chemical transmission on insulin secretion [86] (Fig. 5a). As
we expected, VNUT "~ mice exhibit improved glucose toler-
ance during an intraperitoneal glucose tolerance test.
However, the blood insulin concentration after glucose chal-
lenge in VNUT "~ mice is rather lower than that in wild-type
mice [86]. In addition, VNUT '~ mice exhibit hypoglycemia
during an insulin tolerance test and a low blood glucose level
upon fasting, indicating increased insulin sensitivity. Taken
together, impairment of vesicular ATP release, increased insu-
lin sensitivity, and a low level of insulin are adequate for
controlling blood glucose level, providing less stress condi-
tions forward pancreas 3 cells. It was unexpected that hepatic
insulin sensitivity was improved by the lack of VNUT. To
clarify the mechanism involved in this insulin sensitivity,
phosphorylation of Akt/protein kinase B, a key protein in
the insulin-signaling cascade, was analyzed and increased
phosphorylation of Akt was found in VNUT '~ mice,
explaining the improved insulin sensitivity [121] (Fig. 5b).
In addition, an increase of the lipid content in the liver, which
is normally observed after fasting, was not observed in
VNUT " mice, suggesting a role of VNUT in lipid metabo-
lism in the liver. Collectively, disruption of VNUT improved
both 3 cell function and hepatic insulin sensitivity. These
findings strongly implicate VNUT as a new therapeutic target
for breaking the vicious circle in type 2 diabetes (Fig. 5c).
Development of a VNUT inhibitor will pave the way to con-
trol of the pandemic metabolic disorders such as type 2
diabetes.

Pain

ATP is believed to be involved in pain perception [1, 2, 122,
123]. ATP is released from epithelial cells, triggered by stim-
ulation of ionotropic receptors such as TRPV4. It then acts on
P2X3 receptors on sub-epithelial sensory nerves to initiate
impulses to the pain center in the CNS. ATP is also released

from the spinal cord terminals of primary afferent sensory
nerves to send excitatory signals to the pain center. This is
an essential step in neuropathic hypersensitivity after nerve
injury, which is one of the most debilitating chronic pain syn-
dromes, occurring with neuronal damage as a consequence of
multiple sclerosis, diabetes mellitus, cancer, or traumatic inju-
ry [123]. Although an increase in the extracellular ATP levels
is known to trigger neuropathic pain, the mechanism of ATP
action has been an open question for some time. Very recently,
Tsuda and his colleagues demonstrated that VNUT and
VNUT-mediated vesicular ATP release are involved in the
formation and maintenance of neuropathic pain [103]. In
VNUT "~ mice, an increase in extracellular ATP within the
spinal cord after nerve injury is not observed and hypersensi-
tivity is attenuated. This phenotype was observed with cell-
specific deletion of VNUT in the spinal cord but not in prima-
ry sensory neurons, astrocytes, or microglia. These findings
indicate conclusively that vesicular ATP release from spinal
dorsal horn neurons is essential for neuropathic pain [86].
Currently, much attention is being paid to specific antagonists
of P2X3, P2X, 3, and P2X, to develop drugs to reduce chronic
inflammatory and neuropathic pain. A study by Tsuda et al.
suggested VNUT as a novel drug target for neuropathic pain
[86]. However, they simultaneously showed that deletion of
the VNUT gene is not effective for inhibiting inflammatory
chronic pain, suggesting a different mechanism or mode of
contribution of VNUT in chronic pain perception [86].

Urinary bladder

The urinary bladder possesses a purinergic mechanosensory
transduction mechanism to regulate the voiding reflex.
Bladder urothelium secrete ATP during distension of the blad-
der and ureter, and this then stimulates P2X5; and P2X,,3 re-
ceptors on the suburothelial sensory afferent nerve fibers [ 124,
125]. Recently, it was found that the bladder epithelium highly
expresses VNUT in fusiform/discoidal vesicles. Vesicular
ATP release is involved in urine storage promoting relaxation
of'the bladder during an early stage of filling by stimulating P2
purinoceptors on suburotherial sensory nerves. In the bladders
of VNUT "~ mice, vesicular ATP release is impaired, and they
exhibit reduced bladder compliance from the early storage
phase and frequent urination [98]. It is noteworthy that vesic-
ular ATP release occurs upon weak stimulation (weak stretch)
at an early phase of filling through TRPV4. On the other hand,
strong stimulation, that is, strong stretching, causes ATP re-
lease through multiple mechanisms. These include connexin
hemichannels at a late phase of filling stimulating P2
purinoceptors on interstitial cells, or myofibroblasts or afferent
nerve fibers to facilitate transmission of bladder filling signals
to the central nervous systems. Thus, the bladder uses VNUT-
mediated and hemichannel-mediated ATP release systems for
storage and controlled urination. Co-operation of vesicular
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ATP release and channel-mediated ATP release at the plasma
membrane are frequently observed in the initiation of
purinergic chemical transmission, which has been discussed
elsewhere [7]. Very recently, Koizumi and his colleagues re-
ported that clock genes regulate the expression of TRP4,
connexin26, and VNUT in mouse bladder mucosa, indicating
that ATP release is regulated under circadian rhythm [126].

Taste bud

Taste cells are another chemosensory epithelium sensing dis-
tinct tastes such as sweet, bitter, and umami, which are clas-
sified into three groups, types I, II, and III. Type II taste cells
receive sweet, bitter, and umami tastes by way of the corre-
sponding specific receptors and transduce taste information to
the gustatory nerves by ATP signaling [127, 128]. Recent
work has concluded that type Il taste cells secrete ATP through
CALHMI plasma membrane ATP-permeable ion channels
[129]. Mice lacking CALHMI lose both ATP secretion from
the type II taste cells and perceptions of sweet, bitter, and
umami. In contrast, contributions of other channel proteins
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such as pannexins and connexins are unlikely, because taste
buds from mice lacking these channel proteins release ATP
and respond normally to all taste qualities [130—132]. As de-
scribed above, VNUT is highly expressed in type II taste cells
[83], but VNUT gene knockout does not affect responses to
sweet, bitter, and umami [133]. Microarray analysis with taste
buds from VNUT '~ mice indicated that the expression levels
of components of GABAnergic signaling were markedly de-
creased [133]. In particular, expression of Gabrgl, a GABA
receptor subunit, was significantly decreased to 1/100th of
that of control taste buds. Expression of Gad2, a GABA-
synthesizing enzyme, also decreased to one third of the con-
trol taste buds [133]. Thus, in taste buds, VNUT seems to be
unrelated to signal reception of basic tastes but might be re-
lated to compensation by suppression of inhibitory
GABAnergic signaling.

Overall, evidence obtained from VNUT " mice indicates that
vesicular ATP release is involved in the modulation of neuro-
transmission, endocrine function, metabolism, and chemical
sensing. The amount of ATP released from purinergic cells
roughly corresponds to the sum of vesicular ATP and
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cytoplasmic ATP released through plasma membrane channels.
Thus, the balance of VNUT-mediated vesicular ATP release and
ATP release through ATP-permeable channels may determine
the phenotypes of VNUT gene knockouts. Upregulation of
ATP-permeable channels upon VNUT gene knockout may com-
pensate for the effect of defective vesicular ATP release. Further
studies with inducible VNUT gene knockout and double knock-
out mice with ATP-permeable channels are necessary to quantify
the contribution and significance of vesicular ATP release and
those of ATP-permeable channels. Excess stimulation of
purinergic chemical transmission may cause various pathological
states such as insulin resistance and pain perception [1, 2].
Impairment of vesicular ATP release seems to reduce patholog-
ical conditions, in particular, pain perception and insulin sensi-
tivity [86]. Therefore, suppression of purinergic chemical trans-
mission, by inhibition of either VNUT activity or VNUT gene
expression, would provide a useful strategy for therapeutic

purposes.

Development of a vesicular ATP release blocker

It is reasonable to suppose that VNUT inhibitors may block
vesicular ATP release, blocking the initiation of purinergic
chemical transmission and producing pharmacological ef-
fects, similar to the phenotypes of VNUT /™ mice. The facts
that enhanced purinergic chemical transmission causes a wide
variety of pathophysiological phenomena [1, 2] and that
VNUT " mice appear to be healthy and exhibit therapeutic
effects towards the metabolic syndrome anticipate the devel-
opment of vesicular ATP release blockers for therapeutic pur-
poses. However, the VNUT inhibitors known so far are toxic
and not specific to VNUT [4, 34, 134]. For example,
glibenclamide, an inhibitor of the ABC transporter, also in-
hibits VNUT, with an ID50 being 1.6 uM [134]. Arachidonic
acid, a max-anion channel blocker, also inhibits VNUT, with
ID50 of 6.5 uM. 18 «-Glycyrrhetinic acid (18GA) and
A438079, inhibitors of hemichannels and P2X receptors, al-
so inhibit VNUT, with ID50s of 0.5 uM and 0.3 uM, respec-
tively. Evans blue and DIDS strongly inhibit VNUT, with
ID50s of 40 nM and 1.5 uM, respectively. They also inhibit
other SLC17 members, anion channels, and ion-transporting
ATPases, with inhibition by some of these compounds being
irreversible under natural circumstances [134, 135].
Therefore, when these compounds are used to characterize
the types of ATP release, researchers must remember that
these compounds are not specific to the target protein. If
18GA inhibits ATP release, there is no guarantee that this is
a consequence of inhibition of hemichannels. Treatment with
DIDS and Evans blue reduces lysosomal ATP accumulation
as well as VNUT activity, resulting in cell death [77].
Likewise, the involvement of other factors such as glutamater-
gic chemical transmission, ion balance, and mitochondrial and

cellular ATP concentration in lysosomal ATP accumulation
and cell death cannot be excluded.

Recent work on the mechanisms of CI -dependent activation
of VGLUT has provided clues for developing VNUT-specific
inhibitors. VGLUTs possess anion-binding site(s) and are fully
activated upon incubation with more than 5 mM CI” or Br [34,
35, 47]. Ketone bodies such as acetoacetate act as allosteric
modulators and compete with CI' on anion-binding site(s)
and hence cause apparent inactivation of VGLUT by changing
the Cl dependence. The acetoacetate-dependent inhibition of
VGLUT results in loss of vesicular glutamate followed by de-
creased vesicular glutamate release from glutamatergic neurons
[47]. This inhibition is fully reversible, and upon removal of
ketone bodies, the C1™ dependency recovered and then the glu-
tamate transport activity was fully recovered. The intake of a
ketogenic diet increases the blood concentration of ketone bod-
ies from ~0.3 to 10 mM, resulting in an inhibition of vesicular
glutamate release and curing epilepsy by suppression of over-
excitation. Thus, glutamatergic neurotransmission can be met-
abolically controlled by turning the anion switch on and off.
VNUT also exhibits CI” dependence and ketone body sensitiv-
ity similar to those of VGLUTs [47]. The inhibitory effect of
acetoacetate on VNUT is fully preventable upon incubation
with a high concentration (100 mM) of CI" [47]. These findings
indicate that the presence of an anion-binding site(s) on VNUT
is similar, if not identical, to those on VGLUTs. Taken together,
we anticipate the development of allosteric inhibitors that spe-
cifically interact with anion-binding sites on VNUT (Fig. 6).
Indeed, it has been found that glyoxylate behaves as an alloste-
ric inhibitor for VNUT and much prefers VNUT to VGLUTSs,
the ID50 values being 4.1 and 620 uM, respectively [96].
Furthermore, glyoxylate inhibits vesicular ATP release from
megakaryoblastic cell line MEG-01 cells [96] and pancreatic
duct cells [120], which is fully recovered upon removal.

In this respect, it is noteworthy that intermediates of glycol-
ysis, the TCA cycle, and [3-oxidation or their derivatives includ-
ing oxaloacetate, pyruvate, phenylpyruvate, and «-
ketoglutarate inhibit VGLUT?2 through interaction with the an-
ion switch on VGLUT?2 [47, 136] (Fig. 6). Furthermore, amino
acid derivatives such as o-ketoisovaleric acid, «-keto-[3-
methylvaleric acid, and «-ketoisocaproic acid, which accumu-
late in patients with maple syrup urine disease, a genetic disor-
der affecting the branched chain keto acid dehydrogenase com-
plex and causing various neurological dysfunctions, inhibit
ATP-dependent glutamate uptake in synaptic vesicles and mod-
ulate the ClI" dependence of VGLUTs [47, 137]. Thus, it is
highly probable that there are VNUT-specific inhibitors among
the intermediates of glycolysis, the TCA cycle, and (3-oxidation
or their derivatives. Consistent with this speculation, arachidon-
ic acid inhibits VNUT with an ID50 of 6.5 uM [134].
Proteoliposomes containing purified VNUT and other vesicular
neurotransmitter transporters provide a suitable screening sys-
tem for exploring vesicular ATP release blockers.
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Fig. 6 Development of vesicular ATP release blocker. a Both VNUT and
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Metabolic pathways affected by a ketogenic diet are illustrated. Pathways
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Concluding remarks and perspectives

It is now widely accepted that VNUT is responsible for the
vesicular storage of ATP in purinergic cells and thus plays a
central role in vesicular ATP release and the initiation of
purinergic chemical transmission, either suppression of
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potencies of glyoxylate and acetoacetate towards VNUT and VGLUT2
in the presence of 10 mM Cl~ were assayed and are shown as the
concentration required for 50% inhibition (ID50). Neither acetoacetate
nor glyoxylate inhibits VMAT, VGAT, or VAchT. N.Z, no inhibition
observed with 10 mmol/L. For details, see refs [47, 96]. In addition,
very recently, both 2-phenylbutyrate and benzoylformate were found to
be ineffective in blocking VGLUT2 at 5 mM [136]

VNUT expression or inhibition of VNUT activity decreases
vesicular ATP release followed by decreased purinergic chem-
ical transmission. However, net ATP release from cells ex-
hibits, however, more complex features because both vesicu-
lar ATP release and ATP release at the plasma membrane
through ATP-permeable channels are involved in the process.
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Upregulation of ATP-permeable channels and other factors may
compensate to some extent for the phenotype of VNUT gene
knockout, and the molecular mechanism of compensation will
hopefully be revealed in a near future. VNUT is a very good
molecular target for suppressing vesicular ATP release and could
lead to a novel drug treatment for the suppression of purinergic
chemical transmission with great potential and wide therapeutic
purposes. There are many VNUT orthologues in plants through
to mammals. Clean biochemistry is an effective way to reveal
the transport functions of the orthologues, which could lead to a
new era of purinergic chemical transmission.
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