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Abstract Recently, molecular studies have determined
that the SLC17/type I phosphate transporters, a family of
proteins initially characterized as phosphate carriers,
mediate the transport of organic anions. While their role
in phosphate transport remains uncertain, it is now clear
that the transport of organic anions facilitated by this
family of proteins is involved in diverse processes ranging
from the vesicular storage of the neurotransmitter gluta-
mate to the degradation and metabolism of glycoproteins.
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Overview

The SLC17 (type I phosphate/vesicular glutamate trans-
porter) family of transporters (see Table 1) is a group of
proteins that mediate the transmembrane transport of
organic anions. The members of this family first charac-
terized, the type I phosphate transporters, were initially
identified as Na+-dependent phosphate transporters. More
recent work has, however, determined that all recognized
members of this family, including the type I phosphate
transporters, are involved in the transmembrane transport
of organic anions. In addition to the type I phosphate
transporters, identified mammalian members of this
family now include vesicular glutamate transporters
(VGLUT1–3), and a lysosomal sialic acid transporter
(sialin). The proteins are multipass transmembrane pro-

teins with 6–12 predicted transmembrane domains that
reside primarily on synaptic vesicles (the VLGUTs),
lysosomes (sialin) and the plasma membrane (type I
phosphate transporters).

Phylogeny

The SLC17 are part of a large family that in addition to
the mammalian proteins covered in this review (Fig. 1)
includes bacterial, fungal and plant proteins. Although the
SLC17 proteins have been implicated in functions similar
to those of several other families of proteins, they have no
significant homology to the other vesicular neurotrans-
mitter transporter families (SLC18 which includes the
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Fig. 1 Three distinct subfamilies are present in the SLC17A family
of proteins. Computer-based phylogenetic analysis of the identified
members of the SLC17A family proteins illustrates a high degree of
homology among the VGLUT sequences (74–82% identity.) The
homology of the VGLUTs to sialin (40% identity between
VGLUT1 and sialin) and the type I phosphate transporters (30%
identity between VGLUT1 and NPT1) is much lower. Sialin has
similar homology to the VGLUTs and type I phosphate transporters
(38% identity between NPT1 and sialin.) Among the type I
phosphate transporters the identity is 38–60%



VMAT and VAChT and SLC32 which includes VGAT/
VIAAT), other lysosomal transport proteins (LYAAT1—
a member of the SLC36 family, and cystinosin a
lysosomal cystine transporter), the type II (SLC34) or
type III (SLC20) phosphate transporters, or the organic
anion transporters (SLC22). BLAST searches [2] of
available NCBI databases with members of the SLC17
family indicate that related bacterial proteins are likely to
be transporters for the anionic sugar glucarate, but no
functional studies have been done on these proteins.
Multiple putative proteins are also identified from plant
and fungal sequence databases, but functions for these
proteins have neither been directly determined, nor
predicted.

The type I phosphate transporters (SLC17A1–4)

The type I phosphate transporters were first identified in a
functional screen for Na+-dependent phosphate trans-

porters [47]. The screen led to the identification of a
single sequence from rabbit kidney that when injected
into Xenopus oocytes increased phosphate uptake by four-
to sixfold with a Km~1 mM for inorganic phosphate (Pi).
The cDNA predicts a multitransmembrane domain pro-
tein of 465 amino acids and was designated NaPi-1 as it
was the first sequence shown to mediate Na+-dependent
phosphate transport. The human orthologue NPT1 has
similar transport characteristics but a slightly higher
apparent affinity for Pi (0.3 mM) [29].

The measured affinity for phosphate transport by
NaPi-1 is much lower than for transport by native tissues,
suggesting that NaPi-1 is not the primary route for
phosphate uptake. Supporting this possibility, two other
structurally unrelated families of phosphate transporters
(type II and type III) have been identified and shown to
mediate phosphate uptake with higher affinity [30].

The uncertain role of type I transporters in phosphate
uptake contrasts further with the other activities that they
exhibit. Specifically, these proteins have the capacity to

Table 1 The SLC17 family consists of three subfamilies. NPT1
(SLC17A1) and the most closely related proteins (SLC17A2–4)
comprise a group of proteins for which a definitive physiological
function remains undetermined. Heterologous expression of NPT1
and its orthologue NaPi1 have implicated this protein in Na+-
dependent phosphate transport, organic anion transport and a
channel-like conductance of inorganic anions including Cl�. Sialin
(SLC17A5) is the only protein in the family to which a human
disease has been linked. Its function has been inferred from studies

demonstrating the absence of H+-coupled sialic acid transport
across lysosomal membranes from the cells of individuals with free
sialic acid storage disease. The third subfamily members, the
vesicular glutamate transporters (SLC17A6–8), mediate the vesic-
ular uptake of glutamate. This process is dependent on a proton
electrochemical gradient across the vesicle membrane. Although it
has not been definitively demonstrated, it has been proposed that
the transporter functions as a proton-glutamate exchanger

Human
gene
name

Protein
name

Aliases Predomi-
nant sub-
strates

Trans-
port type/
coupling
ionsa

Tissue distribu-
tion and cellular/
subcellular
expression

Link to
diseaseb

Human
gene locus

Sequence
Accession
ID

Splice
variants
and their
specific
features

SLC17A1 NPT1 NaPi-1 Organic
acids

Unknown Kidney; liver 6p21.3-p23 NM_005074 a, b, c

phosphate C/Na+

chloride channel

SLC17A2 NPT3 Unknown O Heart; muscle;
brain; placenta;
lung; liver; kidney;
pancreas

6p21.3-p23 U90544

SLC17A3 NPT4 Unknown O Liver; kidney; small
intestine; testis

6p21.3-p23 NM_006632

SLC17A4 Na+/PO4
2�

cotrans-
porter
homologue

Unknown O Small intestine;
colon; liver;
pancreas

6p21.3-p23 NM_005495

SLC17A5 Sialin AST Sialic acid C/H+ Heart; brain; liver;
lung; pancreas;
placenta; muscle;
uterus; bladder;
kidney; spleen

Sialic acid
storage
disease
(Salla
disease); G

6q14-q15 AJ387747

SLC17A6 VGLUT2 DNPI Glutamate E/H+ Brain (neurons
only); endocrine

11p14.3 NP_065079

SLC17A7 VGLUT1 BNPI Glutamate E/H+ Brain (neurons
only); endocrine

19q13 NP_064705

SLC17A8 VGLUT3 Glutamate E/H+ Brain (neurons and
glia); liver; kidney

12q23.2 NP_647480

a C cotransporter, E exchanger, F facilitated transporter, O orphan transporter
b G genetic defect
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transport organic anions [12]. The transport of probenecid
and penicillin, but not Pi, correlate directly with NaPi-1
expression. The apparent affinity of NaPi-1 for organic
anions (0.22 mM for benzylpenicillin) is also higher than
for Pi (1 mM for NaPi-1). Studies of NaPi-1 and human
NPT1 further demonstrate that the transport of organic
anions is electrogenic and that it is not dramatically
influenced by pH [12, 43, 50]. However, the ionic
coupling has not been determined and the nature of the
endogenous substrate remains controversial. In addition,
NaPi-1 mediates an ionic conductance with the apparent
selectivity I�>Br�>Cl�, and this activity also correlates
well with NaPi-1 expression [11, 12]. The ionic conduc-
tance is inhibited by substrates for the transport activity.
In the case of benzylpenicillin, the EC50 is 0.02 mM,
tenfold lower than the Km for transport [12]. Transport
may thus negatively regulate the ionic conductance
associated with NaPi-1.

The tissue distribution of type I phosphate transporters
is relatively restricted. By northern analysis, the rabbit
NaPi-1 mRNA is expressed in the kidney and to a lesser
extent the liver [47]. In situ hybridization and immuno-
histochemistry indicate expression is limited to the brush
border membrane of the proximal tubule in the kidney
and the sinusoidal membrane of hepatocytes [10, 16, 50].

Three other proteins closely related to NPT1 have been
identified through genomic analysis, and designated
NPT3 (SLC17A2), NPT4 (SLC17A3) and Na+/PO4

2�

cotransporter homologue (SLC17A4) [36, 38]. NPT2 is
actually a type II transporter (SLC34A1) and structurally
unrelated to NaPi-1. Interestingly, the four related genes
(SLC17A1–4) all localize to 6p21.3-p23 near the hered-
itary hemochromatosis gene HFE, but no human disease
has been linked genetically to the NPTs [36]. By Northern
blot, NPT3 is expressed at high levels in the heart and
muscle, with lower levels in brain, placenta, lung, liver
and kidney, and NPT4 is restricted to the liver and kidney,
but RTPCR also indicates expression in the small
intestine and testis. RTPCR studies also indicate expres-
sion of the SCL17A4 gene in the liver, pancreas, small
intestine and colon. Hepatocyte nuclear factor 1 alpha
(HNF1a) has been shown to upregulate NPT1 and NPT4
(the other nearby genes (NPT3 and Na+/PO4

2� cotrans-
porter homologue) were not analyzed) [15]. NPT1, 3 and
4 also undergo alternative splicing, but the physiological
significance has not been determined. As of yet, there has
been no functional characterization of SLC17A2–4.

Sialin (SLC17A5)

Lysosomes export sialic acid derived from the degrada-
tion of glycosylated membrane proteins through a process
dependent on the H+ electrochemical gradient across the
lysosomal membrane. The identification of free sialic acid
as the material accumulated in the enlarged lysosomes of
individuals with sialic acid storage disorders [Salla
disease and infantile sialic acid storage disease (ISSD)]

indeed led to the characterization of this transport system
[27].

A lysosomal sialic acid transport activity was first
described in lysosomes isolated from native tissue [27].
The activity saturates with a Km~0.24 mM, and depends
on pH, with higher levels of transport associated with
lower extralumenal pH [21, 28]. The mechanism has thus
been proposed to involve the symport of acidic sugar with
H+. Although transport has been measured by the uptake
of radiolabelled sialic acid into lysosomes, the biologi-
cally relevant process is considered to be efflux, with the
H+ electrochemical gradient (DmH+) generated by the
lysosomal H+-ATPase as the driving force. Transport
appears to depend on the chemical gradient (DpH) but not
the electrical gradient (DY) across the lysosomal mem-
brane, suggesting an electroneutral process, and this fits
with the experimentally determined 1:1 (amino acid:H+)
stoichiometry. In addition to sialic acid, this transport
system recognizes monocarboxylic acids, including lac-
tate, glucuronic acid and gluconate, but does not mediate
transport of neutral sugars such as glucose and mannose.

The export of sialic acid out of lysosomes is defective
in patients with both Salla disease and ISSD [5]. Genetic
linkage studies of patients with Salla disease led to the
identification of a gene associated with the disease on
chromosome 6q14-q15 [45]. As anticipated, the mRNA is
expressed ubiquitously but no further anatomical studies
have been performed. In addition, the protein, designated
sialin, has strong sequence similarity to type I Na+-
dependent phosphate transporters, but biochemical evi-
dence for sialic acid transport by the protein has not yet
been provided. Nonetheless, a total of 16 disease-causing
mutations have now been identified in the sialin genes,
and different mutations produce different phenotypes [3].
The most common mutation, R39C, causes Salla disease
with findings that include developmental delay, ataxia
and marked cognitive impairment with intelligence quo-
tients of 20–30, but a normal life expectancy. The ISSD
mutations are associated with dysmorphic features, more
severe neurologic symptoms and death by 2 years of age.
Interestingly, the Salla disease mutant and one ISSD
missense mutant localize predominantly to the Golgi
apparatus rather than to lysosomes. Mistargeting of the
protein may thus contribute to the disease phenotype [4].

The vesicular glutamate transporters (SLC17A6–8)

The first two vesicular glutamate transporters to be
identified (VGLUT1 and VGLUT2) were initially char-
acterized as phosphate transporters. VGLUT1 was iden-
tified in a screen for cDNAs upregulated in cerebellar
granule cells in response to subtoxic levels of the
glutamate receptor agonist NMDA [31]. The predicted
multitransmembrane domain protein was designated
BNPI for brain specific Na+-dependent phosphate trans-
porter. VGLUT2 was isolated in a screen for cDNAs
upregulated during differentiation of rat pancreatic AR42J
cells to a neuroendocrine phenotype in response to a
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growth factor, and was designated DNPI for differentia-
tion associated Na+-dependent phosphate transporter [1].
This protein has 82% identity to VGLUT1. In both cases,
the structural similarity to NaPi-1 (~32% identity)
initially led to a focus on phosphate transport. Heterol-
ogous expression of these proteins in Xenopus oocytes
indeed increases Na+-dependent phosphate uptake very
similar to NaPi-1. However, both localize exclusively to
glutamatergic neurons of the brain and specifically to
synaptic vesicles, not the plasma membrane [8, 17, 44].

Genetic studies in Caenorhabditis elegans implicated
the BNPI orthologue eat-4 in glutamate release [26]. Eat-
4 mutants are defective in a number of behaviors
involving glutamate, and EAT-4 localizes presynaptical-
ly, indicating a role in glutamate release. Together with
sequence similarity to proteins that transport organic
anions, and its localization to the synaptic vesicles of
glutamatergic neurons, this suggested that BNPI might
have a role entirely different from Na+-dependent phos-
phate transport at the plasma membrane—transport of the
organic anion glutamate into synaptic vesicles. Indeed,
both BNPI and DNPI have been shown to mediate the
transport of glutamate into secretory vesicles with kinetic
and pharmacological characteristics indistinguishable
from those of glutamate transport by native synaptic
vesicles and were hence renamed VGLUT1 and 2 [6, 9,
17, 24, 40, 41, 44]. A third protein with 78% identity to
VGLUT1 and 74% identity to VGLUT2 has more
recently been shown to mediate vesicular glutamate
transport and been designated VGLUT3 [18, 19, 37, 42].

The three VGLUT isoforms exhibit saturable gluta-
mate transport with a Km~1 mM that is driven primarily
by the electrical component (Dy) of the proton electro-
chemical gradient across the vesicle membrane: valino-
mycin, a K+ ionophore that dissipates Dy reduces
transport to a greater extent than nigericin, a H+-K+-
exchanging ionophore that dissipates the pH gradient [6,
9, 17, 18, 19, 24, 37, 40, 41, 42, 44]. Residual transport in
the absence of Dy (but presence of DpH) suggests,
nonetheless, that transport is coupled to proton exchange.
However, the stoichiometry of coupling both in native
synaptic vesicles and in heterologous systems with the
cloned transporters remains undetermined and it has been
suggested that coupling may differ for the different
isoforms [6, 19, 42]. Transport by native membranes and
in heterologous expression systems is stimulated by low
concentrations and inhibited by high concentrations of
chloride. In contrast to plasma membrane excitatory
amino acid transporters that recognize aspartate as well as
glutamate, the VGLUTs do not recognize aspartate. They
also prefer l-glutamate over d-glutamate. Pharmacolog-
ical studies indicate that the two structurally related dyes
Evans blue and Chicago skye blue, and the fluorescein
derivative Rose Bengal inhibit glutamate uptake by
synaptic vesicles [32, 35]. Other inhibitors include several
glutamate analogues and substituted quinoline-2,4-dicar-
boxylic acids [13, 48]. In addition, the relatively non-
selective anion channel blocker 4,4’-diisothiocyanatostil-
bene-2,2’-disulfonic acid (DIDS) inhibits synaptic vesicle

glutamate uptake [20, 35]. Interestingly, an endogenous
calpain-derived fragment of a-fodrin also inhibits vesic-
ular glutamate transport [33]. The extremely high affinity
(IC50=26 nM) suggests that this protein may have a
biological role, but IPF also inhibits GABA transport into
synaptic vesicles, suggesting that it may not interact
directly with the VGLUTs. DIDS, Evans blue and closely
related compounds also inhibit the VGLUTs expressed in
heterologous systems [6, 9, 17, 18, 19, 24, 37, 44], but
characterization of the other inhibitors have not been
reported.

Like the type 1 phosphate transporters, VLGUT1 has
been shown to mediate a chloride conductance [9]. Unlike
the conductance associated with NaPi-1, which was
detected by electrophysiological measurements, the VG-
LUT1 chloride conductance was inferred from the rate of
vesicle acidification in the presence of chloride. Since the
activity of the vesicular proton ATPase is inhibited by the
development of an electrical gradient, the influx of a
counter-anion facilitates acidification. The expression
VGLUT1 increased the rate of ATP dependent acidifica-
tion in the presence of chloride, suggesting that the
protein exhibits an anion conductance similar to NaPi1.
Analogous to the NaPi-1 associated conductance, the
VGLUT1 conductance is inhibited by substrate, in this
case glutamate. A similar conductance has not yet been
demonstrated for the other isoforms. The physiological
significance of the chloride conductance in VGLUT1
remains unclear, but it would tend to diminish DY, the
driving force for glutamate transport and might thus serve
to regulate synaptic release of transmitter. The conduc-
tance may also contribute to the previously observed
biphasic dependence of vesicular glutamate uptake on
chloride: 2–10 mM is optimal, with substantially less
transport at 0 or 140 mM [20]. However, the chloride
dependence of vesicular glutamate transport does not
reflect changes in the driving force—chloride modulates
uptake independent of changes in DpH and Dy [49]
supporting an allosteric mechanism for this form of
regulation.

The distributions of the different VGLUT isoforms are
striking. VGLUT1 and VGLUT2 exhibit an almost
completely complementary distribution by essentially all
neurons that have been well-characterized as glutamater-
gic [17, 24, 25, 44]. By in situ hybridization, all cerebral
cortical layers label strongly for VGLUT1, whereas only
layer IV of frontal and parietal cortex and layers IV and
VI of temporal cortex label for VGLUT2. In the
hippocampus, dentate gyrus granule cells contain only
VGLUT1 mRNA, whereas pyramidal neurons from CA1
through CA3 also express abundant VGLUT1, and low
levels of VGLUT2. In the amygdala, the medial and
central nuclei contain abundant mRNA for VGLUT2,
whereas the lateral and basolateral nuclei express VG-
LUT1. The thalamus expresses much more VGLUT2 than
VGLUT1, but certain thalamic nuclei express VG-
LUT1.VGLUT2 is the predominant isoform expressed
by brainstem and deep cerebellar nuclei, whereas VG-
LUT1 is expressed in the cerebellar cortex.
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Unlike VGLUT1 and VGLUT2, VGLUT3 is expressed
in neurons not classically considered glutamatergic.
Immunohistochemical and in situ studies indicate that
inhibitory cells in layer II of the parietal cortex express
VGLUT3, as do scattered GAD (glutamic acid decarbox-
ylase) containing interneurons in stratum radiatum of
CA1-CA3 of the hippocampus [18, 19, 37] and immuno-
electron microscopy studies indicate that VGLUT3
localizes to asymmetric, and symmetric synapses [18,
19]. In addition, dopaminergic cells in the substantia nigra
pars compacta and ventral tegmental area contain VG-
LUT3 mRNA, as do serotonergic cells in the dorsal raphe,
and neurons in the pontine raphe nuclei and olivary nuclei
[18, 19, 37]. Double label immunofluorescence studies
suggest colocalization of VGLUT3 with VMAT2 [37].
Cholinergic interneurons in the dorsal striatum also
express VGLUT3 [18, 37] and VGLUT3 has been
colocalized with VAChT by immunofluorescence [37]
and immuno-electron microscopy [19]. In the cerebellum,
the granule cell layer labels most strongly for VGLUT3,
but the molecular layer also contains scattered hybridiz-
ing cells [18]. Interestingly, immuno-electron microscopy
also demonstrates that VGLUT3 occurs in astrocytes, on
both processes surrounding synapses and endfeet abutting
capillaries [18].

Outside the central nervous system, VGLUT2 has been
identified in the intrinsic and extrinsic primary afferent
neurons of the gut, a and b cells in the pancreatic islets,
and pinealocytes [22, 23], whereas VGLUT1 has only
been identified in b cells [23]. The expression of
VGLUT1 and VGLUT2 on secretory vesicles [23] and
the regulation of transport activity and VGLUT2 mRNA
by glucose levels in cultured pancreatic cells [7] is
consistent with a role for glutamate in intercellular
signaling in the pancreas and glucose regulation [39].
VGLUT3 is expressed in the liver and to a lesser extent
the kidney by RTPCR [18, 19, 37, 42], but expression of
the protein has not been confirmed. The role of vesicular
glutamate transport in these tissues remains to be
determined. However, the expression of plasma mem-
brane glutamate (EAAC1 (SLC1 family)) and glutamine
(SN1, SA1/SAT2, SA2/SAT1 (SLC38 family)) trans-
porters in liver and kidney suggests the presence of
intercellular glutamine-glutamate cycles in tissues other
than the brain that rely on the vesicular storage and hence
possibly the exocytotic release of glutamate [14, 34, 46].

Although all VGLUT isoforms localize to synaptic
vesicles, each appears to have a different distribution
among other cell membranes. Subcellular fractionation of
rat brain membranes demonstrates that VGLUT1 segre-

Fig. 2 A The human type I phosphate transporter NPT1 is
associated with three different transport activities. NPT1 was first
described as a Na+-dependent phosphate (PO4

2�) transporter.
Although this activity does not correlate with expression level of
NPT1, organic anion (OA�) transport and an inorganic anion (Cl�)
conductance do correlate with its expression. Saturating concen-
trations of organic anion substrates inhibit the chloride conduc-
tance, whereas high concentrations of Cl� inhibit organic anion
transport, suggesting that NPT1 may not simultaneously mediate
both activities. The localization of NPT1 to renal proximal tubular
brush border membranes suggests that it may secrete organic anions
for urinary excretion. B Sialin mediates the efflux of sialic from the
lysosome. The degradation of oligosaccharides and glycoproteins
leads to the generation of free sialic acid (SA�) in lysosomes.
Transport of sialic acid out of the lysosome is coupled to proton
cotransport and mediated by sialin. Efflux of sialic acid thus
depends on the proton electrochemical gradient generated by the
lysosomal H+-ATPase. The free sialic acid released into the
cytoplasm is then linked to CMP, transported into the Golgi via a
CMP-SA�-CMP exchange transporter and incorporated into newly
synthesized glycoproteins. C The VGLUTs concentrate glutamate
into neurosecretory vesicles for regulated release. Although gluta-
mate (glu�) is present in all cells, its release through exocytosis
requires active transport into secretory vesicles. This activity is
mediated by the VGLUTs. Like sialin, VGLUT activity is coupled

to the proton electrochemical gradient generated by a vaculolar
type H+-ATPase. It is presumed that the VGLUTs function as
glutamate-H+ antiporters. VGLUT is depicted here on synaptic
vesicles, but the expression of the VGLUT3 on astrocytes as well as
in liver and kidney suggests that exocytotic release of glutamate is
not limited to neurons or to the nervous system. Release mediated
by the VGLUTs may thus participate in metabolism as well as
signaling
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gates most closely with synaptic vesicle markers and to a
lesser extent the plasma membrane [8]. VGLUT2 cofrac-
tionates with crude membranes lighter than synaptosomes
in addition to synaptic vesicle and plasma membrane
markers [17]. Immuno-electron microscopy has further
demonstrated that VGLUT3 has a very different subcel-
lular localization. In addition to synaptic vesicles,
VGLUT3 occurs in vesicular structures of astrocytes
and neuronal dendrites, whereas VGLUT1 and 2 appear
only at nerve terminals [18]. The novel tissue distribution
and subcellular localization of these different isoforms
suggests novel modes of signaling by glutamate. While
coexpression of different isoforms has not been demon-
strated, the differences in subcellular localization also
suggest that although biochemical functions of the
isoforms are similar, coexpression would suggest multiple
physiological roles for vesicular glutamate storage and
release, rather than a redundancy of function.

SLC17 transporters as pharmaceutical targets.

No drugs targeting SLC17 family members are currently
used to treat human diseases. However, given the varied
functions and substrate specificity of the SCL17 trans-
porters (Fig. 2), the potential for pharmacological target-
ing is great and the implications diverse. The vesicular
glutamate transporters, for example might be targets for
the treatment of neurodegenerative diseases such as
amyotrophic lateral sclerosis, Alzheimer’s disease and
Huntington’s disease in which chronic excitotoxicity has
been implicated. Reducing synaptic glutamate storage
through inhibition of the VGLUTs would in principle
lower the synaptic concentration of glutamate, reduce
binding to postsynaptic glutamate receptors and thus
mitigate excitotoxicity. Several compounds have been
shown to block synaptic vesicle glutamate uptake, but
efficacy may be limited by delivery to the central nervous
system and synaptic vesicles, as only Rose Bengal
appears to be membrane permeant [32]. Since impairment
of sialin function is associated with a lysosomal storage
disorder, inhibitors of sialin are unlikely to be of benefit
as pharmaceutical agents. However, data suggesting that
sialin may be mislocalized in Salla disease and in one
mutation associated with ISSD, indicates that if the
mutated proteins are still functional, drugs that increase
their trafficking to the lysosome may be of interest. With
a still poorly defined physiological role, pharmacological
targeting of the type I phosphate transporters and related
proteins is of unclear significance. The recognition of
penicillin by NaPi1 does, however, suggest that pharma-
cological modulation of these proteins may have impli-
cations for the metabolism and secretion of drugs with
other actions.
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