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Abstract

Arsenate is a pentavalent form of arsenic that shares similar chemical properties to phosphate. It has been shown
to be taken up by phosphate transporters in both eukaryotic and prokaryotic microbes such as yeast and
Escherichia coli. Recently, the arsenate uptake in vertebrate cells was reported to be facilitated by mammalian
type II sodium/phosphate transporter with different affinities. As arsenate is the most common form of arsenic
exposure in aquatic system, identifying the uptake pathway of arsenate into aquatic animals is a crucial step in
the elucidation of the entire metabolic pathway of arsenic. In this study, the ability of a zebrafish phosphate
transporter, NaPi-IIb1 (SLC34a2a), to transport arsenate was examined. Our results demonstrate that a type II
phosphate transporter in zebrafish, NaPi-IIb1, can transport arsenate in vitro when expressed in Xenopus laevis
oocytes. NaPi-IIbl mediates a high-affinity arsenate transport, with a K, of 0.22mM. The natural substrate of
NaPi-1Ib1, dibasic phosphate, inhibits arsenate transport. Arsenate transport via NaPi-IIb1 is coupled with Na™
and exhibits sigmoidal kinetics with a Hill coefficient of 3.24 +0.19. Consistent with these in vitro studies,
significant arsenate accumulation is observed in all examined zebrafish tissues where NaPi-IIb1 is expressed,
particularly intestine, kidney, and eye, indicating that zebrafish NaPi-IIb1 is likely the transport protein that is

responsible for arsenic accumulation in vivo.

Introduction

RSENIC IS A UBIQUITOUS, naturally occurring metalloid

found in the earth’s crust.' Arsenic can also enter the
biosphere through man-made sources such as arsenic-
containing herbicides, pesticides, and wood preservatives.!
The inorganic form of arsenic is classified as a type IA human
carcinogen.” The detrimental effects of arsenic on human
health are well documented, and it is associated with multiple
types of cancers affecting the skin, lung, urinary bladder,
kidney, and liver.’ In addition, arsenic exposure through
drinking water is associated with cardiovascular and neuro-
logical disorders and recently with diabetes mellitus."*

In water, arsenic is found in two oxidation states, either
as As'! (arsenite) or As’ (arsenate), with As" being more
predominant in the oxidizing environment.”® As" is a
neutral molecule and can be actively transported into the
cell by aquaglyceroporins in zebrafish and humans.”®
However, unlike As'l, AsV is charged in physiological pH.
AsY shares high chemical similarity to phosphate, as they
are both tetrahedral molecules found in group Va of the
periodic table and they share three similar dissociation

constants.”'? The pK, values of arsenic acid (AsO(OH)s) are
2.26, 6.76, and 11.29, and that of phosphoric acid (PO(OH)3)
are 2.16, 7.21, and 12.32.° Because of the structural simi-
larity between AsY and phosphate, AsY is a well-known
competitive inhibitor of enzymes that involve phosphate,
such as glyceraldehyde-3-phosphate dehydrogenase, as
well as the sodium pump and anion exchanger in human
erythrocytes.”'! AsY additionally uncouples oxidative
phosphorylation by substituting phosphate in ATP, leading
to the formation of ADP-arsenate.'? Although As" is gen-
erally considered less toxic than other species of arsenic, it
undergoes a series of reductions and methylations upon
entering the cell, which lead to the generation of other more
toxic species such as inorganic As™ as well as organic
monomethyl or dimethyl metabolites and therefore ampli-
fied toxicity."'® These arsenic species produced through
AsY metabolism are implicated in pyruvate dehyrdogenase
inhibition, reactive oxygen species formation, gene ampli-
fication, and apoptosis.’?

Although competitive inhibition between phosphate and
arsenate has long been observed,'* the molecular details of
this inhibition have been recently identified. Because of the
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analogous structures of As" and phosphate, As" is capable of
entering Escherichia coli cells through phosphate transporters.
Specifically, the Pit and Pst E. coli phosphate transporters can
transport As".'>'® In Saccharomyces cerevisiae, a single muta-
tion in pho84 and a double mutation in pho86 and pho87 confer
As" resistance, which indicates these are likely to permeate
As".'*" Inhibition between As" and phosphate was observed
in vertebrates, suggesting that As" and phosphate share a
similar transporter in higher organisms. Specifically, in rats,
AsY inhibits the function of intestinally expressed sodium/
phosphate cotransporter, NaPi-IIb (SLC34A2)."° Recently, the
same group demonstrated that As" is the transportable sub-
strate of type II sodium phosphate transporter Ilb, Ila, and
Ilc.'® Among them, NaPi-TIb has the highest affinity but the
other two exhibited about 10 times lower affinity than natural
substrate phosphate.'®

To elucidate the uptake process of arsenate by zebrafish, we
investigated the transport properties of As¥ by a zebrafish
homolog of the rat NaPi-IIb sodium-coupled phosphate
transporter. Three families of sodium-coupled phosphate
transporter proteins have been identified: SLC17 (type I),
SLC34 (type IT), and SLC20 (type II0).'*'*2° The type II solute
carrier family (SLC34) of proteins facilitates uptake of divalent
phosphate (HPO4>7) in apical membranes of numerous or-
ganism including human, rat, and zebrafish.'%2%2! Zebrafish
express two isoforms of the type II phosphate transporter
NaPi-IIb, specifically NaPi-IIb1 (SLC34a2a) and NaPi-IIb2
(SLC34aZb).21’22 In this study, a zebrafish NaPi-IIb1, which is
expressed in the intestine, eye, and kidney of zebrafish, is
examined.”” Zebrafish NaPi-Ilb1 is known to transport
HPO,*~ with high affinity (K.,(Pi)=250uM), and we here
investigate NaPi-IIb1 as a potential uptake route of toxic ar-
senate.”

Fish are well known for their high tolerance and accumu-
lation of toxic metals and metalloids.”®> Although arsenic ac-
cumulation has been studied in multiple aquatic species,
mechanistic studies into the pathways of arsenic uptake and
detoxification are lacking. Fish can take up arsenic via gills or
diet, and tissue accumulation patterns vary between species.**
For example, whitefish accumulate little arsenic in muscle.”
The fish species Tribolodon hakonensis collect arsenic mostly in
the eye.”* Gender-related accumulation of arsenic was ob-
served in smooth toadfish.*® Once inorganic arsenic is taken
up into tissues, it can be modified into other forms. In many
species, fish exposed to inorganic arsenic accumulate the or-
ganic types, arsenobetaine, arsenochroline, arsenolipids, and
arsenosugars. Usually, arsenobetaine is the major end prod-
uct (up to 95%) and is also called fish arsenic. However, it is
not certain whether these organic arsenicals are synthesized
within the fish tissues or whether they are present in the diet.
Arsenate is the predominant inorganic arsenic species in
flowing water.”” As fish is an important commercial food,
both the processes of arsenic uptake and accumulation are of
great concern. For those reasons, we investigated arsenate
accumulation in zebrafish, followed by a speciation analysis
for the arsenic accumulated in a variety of tissues.

Materials and Methods

Cloning of zebrafish NaPi-1lb1

Zebrafish NaPi-IIbl was commercially obtained (ATCC,
Manassas, VA) and fully sequenced for verification. It was
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amplified using a pair of polymerase chain reaction (PCR)
primers with BgI/I and Xhol restriction sites (forward
primer: 5-GCA GAT CTA TGG CAC CAC GTC CAA AGC
AGG-3'; reverse primer: 5'-GCC GAT CTA TAA AGA TGT
TGC CIT CAG-3). NaPi-llbl was initially cloned into
pGEMT-easy (Promega, Madison, WI) and then subcloned
into Xenopus laevis expression vector pL2-5.* The gene of
NaPi-IIbl was fully sequenced and preserved 100% se-
quence identity to BC096858.1. The resulting plasmid was
termed as pNaPi-IIbl.

Expression of NaPi-lIb1in X. laevis oocytes

The pNaPi-IIb1 plasmid was linearized using Not1. Then
the capped cRNA of NaPi-IIb1 was transcribed in vitro using
mMessage mMachine T7 ultra kit (Ambion Co., Austin, TX).
Stage V-VI X. laevis oocytes were isolated and treated with
0.2% collagenase A (Roche, Indianapolis, IN) for 2h. The
defoliated oocytes were injected with 25ng (25 nL volume)
of zebrafish NaPi-IIbl cRNA. Oocytes were then incubated
in ND96 complete buffer (96 mM NaCl, 2mM KCI, 1mM
MgCl,, 1.8 mM CaCl,, and 5mM Hepes [pH 7.5], supplied
with 1g/L gentamicin) for 3 days at 16°C and used for up-
take assays.

Transport assays and metalloid measurement
in X. laevis oocytes

For time-dependent uptake, oocytes were incubated in
100 uM potassium arsenate (Sigma, St. Louis, MO) dissolved
in ND96 buffer (pH 7 .4) for increasing time intervals (0, 15, 30,
and 60 min) at room temperature. For kinetic analysis, NaPi-
IIbl-injected oocytes were incubated in increasing concen-
trations (0, 0.025, 0.05, 0.1, 0.2, 0.5, and 1.0 mM) of potassium
arsenate dissolved in ND96 buffer. Oocytes in all non—time-
dependent transport assays were incubated at room temper-
ature for 30 min. To determine phosphate inhibition, oocytes
were incubated in 200 uM potassium arsenate with increasing
concentrations (0, 0.1, 5.0, 1.0, and 3.0 mM) of dibasic sodium
phosphate (Sigma). Sodium dependence was measured by
incubating oocytes in ND96 buffer containing 100 M potas-
sium arsenate, and increasing concentrations (10, 50, 100, 140,
160, 240, and 300 mM) of sodium chloride (Sigma), with ap-
propriate concentrations of choline chloride (Sigma) to
maintain consistent osmolarity. After incubation, oocytes
were washed three times with ND96 buffer, treated with 70%
nitric acid at 70°C for 2h, and diluted to 2mL final volume
with high-performance liquid chromatography (HPLC)-
grade water in preparation of metalloid quantification. Ar-
senic uptake was measured by inductively coupled plasma
mass spectrometry (ICP-MS, ELAN 9000; PerkinElmer,
Waltham, MA).

Arsenic exposure in zebrafish adults and larvae

Zebrafish larvae were treated with 300 ppb potassium
arsenate for 2, 4, and 6 days postfertilization (dpf). After
treatment, the larvae were rinsed in arsenic-free water and
collected for arsenic quantification; 150 larvae were pooled
together and homogenized as one sample. Adult zebrafish
were treated with 5 ppm potassium arsenate for continuous
4 days without feeding. After exposure, zebrafish were
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washed with clean water to remove residual arsenate and
then euthanized with 0.3mM tricaine (MCA222; Sigma).
Adult organs including the brain, eye, gill, heart, intestine,
kidney, liver, muscle, and skin were isolated. The specific
organs from five fish were pooled together as one sample,
and totally three samples were obtained for statistical
analysis. Samples were weighed and treated in 70% nitric
acid. Metalloid quantification was performed as previously
described by ICP-MS.®

Expression of NaPi-1Ib1 in zebrafish tissues

Using the primer pair, 5GCTCATTCTGTGCACTTGC3’
and 5CTATAAAGATGTTGCCTTCAGS3/, nested reverse
transcription (RT)-PCR was performed to investigate the
expression sites of NaPi-IIbl in zebrafish. Tissues were
isolated from adult zebrafish, including brain, eye, gill,
heart, intestine, kidney, liver, muscle, and skin, followed
by mRNA isolation and cDNA synthesis, which have been
previously described.® Zebrafish beta-actin was used as
control.

Arsenic speciation by HPLC-ICP-MS

To study the different arsenic species in zebrafish tissues,
adult zebrafish were exposed to 5 ppm of potassium arsenate
for 96 h. After treatment, tissues were isolated, pooled (10
fish tissues were used as one sample), and weighed. All
tissue samples were homogenized in PBS buffer (pH 7.4) to
make a final concentration of 100 mg/mL, followed by cen-
trifugation at 13,000 rpm for 10 min. The resulting superna-
tants were filtered with a Microcon Ultracel YM-3
centrifugal filter (Millipore Corp., Billerica, MA). Arsenic
speciation of the filtered samples was performed with a
Series 2000 HPLC connected to an ICP-MS (Perkin Elmer,
Waltham, MA) using a Jupiter 5 C18 300A reverse-phase
C18 column (Chromservis s.r.o., Brno, Czech Republic), as
previously described.”

Statistical analysis

For the oocyte transport assays, each data point includes 6—
9 oocytes. Mean value and standard deviation were calculated
using SigmaPlot 10.0. The p-value was calculated using the
same software (Student’s t-test). p <0.05 is considered sig-
nificant. For kinetic analysis of arsenic transport, data were
analyzed using hyperbolic, single, rectangular regression
analysis in SigmaPlot 10.0. Kinetic analysis of sodium de-
pendence was performed using the four-parameter Hill
function, also in SigmaPlot 10.0.

Results

Zebrafish NaPi-1Ib1 facilitates high affinity uptake
of pentavalent arsenate (As") in vitro

Zebrafish NaPi-IIb1 is a type II member of the SLC34
family of phosphate transporter proteins, and the typical
substrate of type II proteins of this family is dibasic
phosphate (HPO,”"). NaPi-Ilb1 shares a high sequence
identity with homologous proteins in human and rat,
having 60% shared identity with human NaPi-IIb and 64%
with rat NaPi-IIb.
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FIG.1. As' is facilitated by zebrafish NaPi-IIb1. NaPi-Ib1-
injected oocytes were incubated in ND96 buffer (pH 7.4)
containing 100 uM potassium arsenate for 0, 15, 30, or 60 min.
at room temperature. Nine oocytes were used for each data
point. Water-injected oocytes were used as controls. Black
circles represent NaPi-IIbl-injected oocytes, and white cir-
cles represent controls.

Zebrafish NaPi-TIb1 catalyzes transport of As” when ex-
pressed in X. laevis oocytes in a time-dependent manner (Fig. 1).
The kinetic properties of arsenate transport indicate that NaPi-
IIb1 has a high affinity for arsenate with Ki,(As")=0.22mM
(Fig. 2). This is comparable to the known affinity of NaPi-IIbl
for divalent phosphate, [Kn(HPO,*")=0.25mM].** These
similar affinity constants suggest that arsenate and phosphate
might share a similar translocation pathway within the NaPi-
IIb1 protein. The Viay for arsenate transport by NaPi-IIb1 was
determined as 3.17 pmol/min/oocyte.
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FIG. 2. Kinetic parameters of AsY transport by zebrafish
NaPi-IIb1. NaPi-llbl-injected oocytes were incubated in
ND96 buffer (pH 7.4) containing increasing concentrations of
potassium arsenate (0, 0.025, 0.05, 0.1, 0.2, 0.5, and 1.0mM)
for 30 min at room temperature. Nine oocytes were used for
each data point. NaPi-IIb1 transports arsenate with fairly
high affinity. The K, and V.« values for arsenate transport
by zebrafish NaPi-IIbl are 0.22mM and 3.17 pmol/min/
oocyte.
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Dibasic phosphate inhibition of As" uptake
and sodium-dependent As" uptake via NaPi-lIb1

Arsenate has been demonstrated to inhibit uptake of di-
basic phosphate (HPO,*") by rat NaPi-IIb, with an inhibitory
constant of K; =50 uM, and later it was found that this per-
mease transports arsenate.'”'® The inhibitory properties of
phosphate on arsenate uptake by zebrafish NaPi-Ilbl was
examined (Fig. 3). HPO,>~ was found to be an efficient in-
hibitor of As" uptake. Inhibition of As" uptake by HPO,*~
may decrease arsenate accumulation inside cells, leading to
lowered arsenic toxicity.

Both phosphate and arsenate transports via NaPi-IIb1 are
sodium coupled. A relatively high concentration of Na™* is
required to saturate arsenate transport (approximately
190mM; data derived from SigmaPlot 10.0 by fitting into
sigmoidal curve; Fig. 4). Therefore, the efficiency of toxic ar-
senate uptake is dependent on ionic strength, which is vari-
able in aquatic animals. We found that the relationship
between arsenate uptake and sodium concentration is sig-
moidal, with a Hill coefficient of 3.24 +0.19, which indicates
strong positive cooperative interaction, suggesting that sev-
eral sodium-binding sites might exist in the transport channel.
Further structural studies may elucidate this coupling mech-
anism. It is known that higher osmotic may induce internal
gene expression. However, in a water-injected control we did
not observe any uptake at the same osmotic condition (Fig. 4),
which indicates the Na*-dependent As" uptake is mediated
by NaPi-IIbl, not unspecific transporters. An experiment
using choline without Na* at the same osmolarity will be per-
formed at a later time to verify the specificity of this transport.

Arsenate accumulates in zebrafish larvae
and different adult zebrafish tissues

When exposed to arsenate, multiple zebrafish organs ex-
hibited significantly higher arsenate accumulation when
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FIG. 3. Dibasic phosphate (HPO,*") inhibits As" uptake by
NaPi-IIb1. NaPi-Ilbl-injected oocytes were incubated in
100 uM potassium arsenate with increasing concentrations of
dibasic sodium phosphate (0, 0.1, 5.0, 1.0, and 3.0 mM). Nine
oocytes were used for each data point. As" transport decreases
with increasing phosphate concentration. The experiment was
performed in ND96 buffer (pH 7.4, with neglectable changes
with addition of dibasic sodium phosphate up to 3.0 mM).
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FIG. 4. Arsenate uptake by NaPi-IIb1 is sodium dependent.
NaPi-IIbl-injected oocytes were incubated in 100 uM potas-
sium arsenate with different concentrations of sodium chlo-
ride (10, 50, 100, 140, 160, 240, and 300 mM). Choline chloride
was added in appropriate concentrations to maintain os-
molarity. Four oocytes were used for each data point. Water
injected oocytes were used as controls. Arsenate transport by
NaPi-IIb1 is sodium coupled and exhibits sigmoidal kinetics
with a Hill coefficient of 3.24 4-0.19, which indicates strong
positive cooperativity. Filled closed circles represent NaPi-
IIbl-injected oocytes, and unfilled closed circles represent
water-injected controls.

compared with the unexposed control zebrafish (Fig. 5A).
Eye, intestine, and kidney have been previously reported to
express Na™/Pi-IIbl, and these three tissues experienced
particularly high arsenate accumulation (0.87, 9.66, and
1.87 ug/g, respectively). Our studies using RT-PCR showed
that in addition to the tissues that has been reported, liver is
also an organ that highly expresses NaPi-IIb1 (Fig. 5C), which
is consistent without higher arsenic accumulation in liver.
Arsenic accumulation also occurred in other tissues that do
not express NaPi-IIb1, such as gill, which indicates that other
arsenate transporters exist in multiple zebrafish organs.
Zebrafish can accumulate arsenate in relative early develop-
mental stage, with larvae being able to accumulate arsenate
as early as 4 dpf, when compared with a control. Arsenic
accumulation continues to increase along with exposure time
(Fig. 5B).

To study the arsenic species after tissue accumulation,
tissues were isolated and assayed using HPLC-ICP-MS (Fig. 6).
Our results showed that the As that was exposed and taken
up can be reduced inside cells almost completely to As™,
which is a more active and carcinogenic form. The unex-
posed fish only give a minor peak of As™ which might be
due to the trace amount of arsenic in water and food (figure
not shown).

Discussion

Arsenate toxicity is primarily due to its ability to compete
with phosphate in critical enzymatic reactions, and the up-
take pathway of arsenate into the cell has been recently
demonstrated by type II sodium/phosphate transporters of
mouse, rat, and humans.!® In humans, these transporters
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FIG.5. Arsenic accumulates in adult zebrafish tissues and larvae. (A) In adults, specific tissues from five fish were pooled
together as one sample, and totally three samples (15 fish) were used for statistical analysis after 4 days of exposure to 5
ppm sodium arsenate. The eye, intestine, liver, and kidney are adult tissues known to express NaPi-IIbl and they
experienced relatively high arsenate accumulation (0.87, 9.66, and 1.87 ug/g, respectively). The p-value (p <0.001) was
calculated in these tissues and labeled in the figure. Black bars represent arsenate-exposed zebrafish and white bars
represent unexposed controls. Asterisk represents significance (p < 0.05). (B) Zebrafish larvae were exposed to 300 ppb
sodium arsenate at different days postfertilization. Each experiment contained approximately 150 larvae. The arsenic
accumulation was calculated using inductively coupled plasma mass spectrometry (ICP-MS). Controls were applied to
compare the arsenic accumulation in different early developmental stages. White bar: unexposed fish; black bar: exposed
fish. (C) Expression of mRNA of NaPi-IIb1 in zebrafish. Tissues were isolated from adult zebrafish and homogenized, and

c¢DNA was prepared. Zebrafish beta-actin was used as a positive control.

play a critical role in maintaining phosphate homeostasis in
the intestine and kidney of humans, two organs that are
principally involved in maintaining 0.1% of total body
phosphate in extracellular spaces.'”*° In salivary and
mammary glands, liver, and testes, type II transporters
participate in regulation of phosphate concentration in lu-
minal fluids.** Our results show that the zebrafish phos-
phate transporter, NaPi-IIb1, facilitates arsenate uptake with
an affinity comparable to that for its natural substrate,
phosphate. Because of the chemical similarity between
phosphate and arsenate, NaPi-IIb1 cannot distinguish be-
tween the toxic and essential elements. We also show that
phosphate inhibits arsenate transport, and this property may
enable the in vivo attenuation of arsenate under the condition
of high physiological phosphate concentration. If physio-
logical phosphate concentration is not sufficiently high, it is
reasonable to predict that arsenate could be transported into
the cell via the NaPi-IIb1 phosphate transporter. Thus, the
nutrient level of phosphate could greatly impact the overall
toxicity of ingested arsenate.

Differential arsenic accumulation is mostly associated
with expression of various arsenic uptake systems.'> Our
results show that arsenate extensively accumulates in zeb-
rafish tissues (Fig. 5A), with higher concentrations found in
intestine, kidney, liver, and eyes, which are sites of NaPi-IIb1
expression (this study). Based on the broad accumulation of
AsY, zebrafish probably have other transporter systems that
allow toxic As" to accumulate in other tissues. Those sys-

tems likely include other types of phosphate transporters
that also facilitate arsenate transport across the cell mem-
brane, and we will investigate the additional routes of ar-
senate cellular uptake in the future. Transport of arsenate by
NaPi-IIb2 in oocytes was negative (data not shown). In brief,
it is likely that the extensive expression of different phos-
phate transporters enables uptake of pentavalent arsenate
and subsequently leads to accumulation in a variety of
zebrafish tissues.

Once taken up inside cells, the less-toxic AsV is reduced to
more toxic As'" in all tested organs, as shown in Figure 6.
This endogenous reduction has been observed in animals.*
Although it was widely reported that mammals have a
methylation system that can convert inorganic arsenicals to
organic methylated arsenicals, including MMA™ (mono-
methylarsonous acid), MMAY (monomethylarsonic acid),
DMA™ (dimethylarsonous acid), and TMAO (trimethy-
larsine oxide),’! very low amount of the methylated arseni-
cal species were observed at our short-term exposed
zebrafish (Fig. 5C). Instead, the As™ is the dominant species
that can be detected in different tissues.

The observation that arsenate is accumulated by a phos-
phate transporter is not unexpected, as As" has been shown to
be a potent inhibitor of phosphate transport.'” The uptake
properties resemble those of phosphate transport by NaPi-
IIb1 and support our hypothesis that As" is adventitiously
taken up by a nutrient transporter through molecular mim-
icry. Further studies will examine transport mechanisms for
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FIG. 6. Arsenic speciation in zebrafish tissues. Zebrafish were exposed to potassium arsenate at 5 ppm for 4 days and
different tissues were isolated for specific assays using high-performance liquid chromatography-ICP-MS. Ten fish tissues
were combined as one sample. Different inorganic and organic arsenicals were used as standard.

both substrates and in vivo roles of this transporter using
transgenic zebrafish.
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