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ABSTRACT

Perchlorate is an environmental contaminant that impairs thyroid function by interacting with the sodium
iodide symporter (NIS), the transporter responsible for iodide uptake in the thyroid gland. Perchlorate is well
known as a competitive inhibitor of iodide transport by NIS, and recent evidence demonstrates that NIS can
also transport perchlorate. In this study, we evaluated the yellow fluorescent protein (YFP) variant YFP-
H148Q/1152L, as a genetically encodable biosensor of intracellular perchlorate concentration monitored by
real-time fluorescence microscopy. Fluorescence of recombinant YFP-H148Q/I152L was suppressed by
perchlorate and iodide with similar affinities of 1.2 mM and 1.6 mM, respectively. Perchlorate suppressed
YFP-H148Q/1152L fluorescence in FRTL-5 thyroid cells and NIS-expressing COS-7 cells, but had no effect on
CO0S-7 cells lacking NIS. Fluorescence changes in FRTL-5 cells were Na*-dependent, consistent with the Na™-
dependence of NIS activity. Perchlorate uptake in FRTL-5 cells resulted in 10-fold lower intracellular
concentrations than iodide uptake, and was characterized by a higher affinity (K, 4.6 uM for perchlorate and
34.8 uM for iodide) and lower maximal velocity (Vimax 6.8 tM/s for perchlorate and 39.5 pM/s for iodide).
Perchlorate also prevented iodide-induced changes in YFP-H148Q/1152L fluorescence in FRTL-5 cells, with
half-maximal inhibition occurring at 1.1-1.6 puM. In conclusion, YFP-H148Q/I152L detects perchlorate
accumulation by thyroid and other NIS-expressing cells, and reveals differences in the kinetics of perchlorate
versus iodide transport by NIS.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Perchlorate (ClO3) is an inorganic anion that is present in the
environment naturally and as an industrial contaminant (ITRC,
2005;). It is used as an oxidizer in solid-fuel rockets and missiles,
and in the manufacture of explosives, pyrotechnics, dyes and rubber.
Inadequate waste management practices have lead to perchlorate
groundwater and surface water contamination, particularly at sites in
close proximity to military and aerospace facilities and related
industries. The detection of perchlorate in public drinking water
systems, food crops, forage and commercial milk has triggered public
concern over the potential impact of environmental perchlorate on
human health (Kirk et al., 2003, 2005; Jackson et al., 2005; NRC, 2005;
Sanchez et al., 2005; US EPA, 2008a and 2008b; Murray et al., 2008;
Srinivasan and Viraraghavan, 2009). Perchlorate can impair thyroid
function by inhibiting thyroidal iodide uptake, and in the past, had
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therapeutic applications in the treatment of hyperthyroidism and
thyrotoxicosis. Thyroid hormones regulate metabolism and are
essential for growth and development, particularly during gestation
and early infancy. Insufficient iodide uptake can result in hypothy-
roidism, and in severe cases, delayed development and mental
retardation.

Perchlorate is a potent inhibitor of the sodium iodide symporter
(NIS), a membrane transporter located on the basolateral surface of
thyroid follicular cells (Dai et al., 1996; Dohan et al., 2003). NIS
concentrates iodide in the thyroid gland to more than 30 times plasma
levels, using the inwardly directed sodium gradient maintained by the
sodium potassium ATPase. NIS cotransports sodium and iodide into
thyroid cells, and iodide then diffuses into the follicular lumen where
thyroid hormone synthesis occurs. Perchlorate competitively inhibits
iodide uptake by NIS, reducing its availability for incorporation into
thyroglobulin, the precursor of thyroid hormones.

In addition to inhibiting iodide accumulation, perchlorate is also
transported by NIS (Dohan et al., 2007; Tran et al., 2008). Perchlorate
is accumulated by the thyroid gland (Yu et al., 2002), and in vivo
studies in rats suggest that thyroidal perchlorate may act directly or
indirectly on thyroid hormone synthesis or secretion (McLanahan
et al.,, 2009). NIS is expressed by other iodide-transporting tissues
such as the placenta and lactating mammary gland (reviewed by
Dohan et al., 2003), and NIS-mediated transfer of perchlorate by these
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tissues may result in fetal/neonatal exposure to the anion. The
important health-related consequences of NIS-mediated perchlorate
transport highlight the need to measure the cellular uptake of this ion,
and characterize the kinetics of its transport by NIS. This has been
limited so far due to the difficulty of measuring perchlorate in living
systems. Electrophysiological techniques fail to detect perchlorate-
induced currents in NIS-expressing cells (Eskandari et al., 1997;
Yoshida et al., 1997; Yoshida et al., 1998), and radiotracer uptake is
hampered by the low specific activity of radiolabeled perchlorate
(35C103). Recently, total perchlorate accumulation by thyroid cells was
measured by ion chromatography tandem mass spectrometry (Tran
et al., 2008), however the kinetics of transport were not addressed.

Previously, we developed a novel cell-based assay to measure
iodide transport by NIS using a genetically-encodable fluorescent
biosensor (Rhoden et al., 2007; Rhoden et al., 2008). The biosensor,
YFP-H148Q/1152L, is a variant of green fluorescent protein (GFP)
derived from the jellyfish Aequoria Victoria. YFP-H148Q/I1152L
fluorescence is sensitive to several halides and pseudohalides, with
anion binding causing a decrease in fluorescence intensity (Galietta
et al.,, 2001a, 2001b). The aim of this study was to determine whether
YFP-H148Q/I152L was also sensitive to perchlorate and could be
used as a biosensor to monitor NIS-mediated cellular uptake of
perchlorate in vitro. The biosensor was tested in thyroid cells ex-
pressing endogenous NIS and in nonthyroidal cells expressing NIS
after gene transfer. The biosensor was used to compare the kinetics of
iodide and perchlorate transport by NIS, and to assess the ability of
perchlorate to inhibit iodide transport.

Materials and methods

Production of recombinant YFP-H148Q/I152L. The YFP-H148Q/
[152L open reading frame was cloned into the bacterial expression
vector pGEX-4T-1 (GE Healthcare) in frame with the glutathione
S-transferase (GST) gene. Escherichia coli BL21(DE3) bacteria were
transformed with the GEX-4T-1-YFP-H148Q/I152L vector and protein
production was induced with 0.5 mM isopropyl-{3-p-1-thiogalacto-
pyranoside for 5 h. Bacteria were lysed in 50 mM phosphate-buffered
saline (pH 7.4) containing 1% NP-40, 5 mM EDTA, 0.4 mg/ml lysozyme
and protease inhibitors (Complete Roche inhibitor cocktail). The GST-
YFP-H148Q/1152L fusion protein was purified by glutathione agarose
affinity chromatography and eluted from the column in a chloride-free
buffer consisting of 50 mM sodium phosphate (pH 8.8), 25 mM
reduced free glutathione and 200 mM sodium gluconate.

Cell culture and transfection.  Fischer rat thyroid FRTL-5 cells were
cultured in Coon's Modified F12 Medium supplemented with 5%
newborn calf serum, 1 pg/ml insulin, 3.6 ng/ml hydrocortisone, 5 pg/
ml apotransferrin, 10 ng/ml Gly-His-Lys acetate, 10 ng/ml somato-
statin, 1 mU/ml TSH, 100 U/ml penicillin and 100 pg/ml streptomycin
(Ambesi-Impiombato et al., 1980). Cells were passaged with a Ca®*-
and Mg?*-free Hank's balanced salt solution containing 20 U/ml
collagenase, 0.75 mg/ml trypsin and 2% dialyzed chicken serum. An
FRTL-5 cell line with stable expression of YFP-H148Q/1152L has been
previously generated and described (Rhoden et al., 2007). COS-7 cells
were cultured in Dulbecco's Modified Eagle's Medium supplemented
with 10% fetal bovine serum, 100 U/ml penicillin and 100 pg/ml
streptomycin. COS-7 cells were cultured on coverslips in 6-well plates,
and were transfected with plasmid cDNA to induce transient
expression of human NIS (hNIS) and YFP-H148Q/I1152L. Cells were
transfected with pcDNA3.1 vectors containing the full-length hNIS
coding sequence (donated by S. Jhiang, Ohio State University) or the
YFP-H148Q/1152L coding sequence (donated by L.J.V. Galietta, Istituto
Giannina Gaslini, Genova, Italy). Transfection was carried out with
Lipofectamine 2000 according to manufacturer's instructions (Invi-
trogen Inc.), using 2 pg cDNA and 6 pl Lipofectamine per well for 5 h.
Fluorescence experiments were performed 2-3 days after transfection.

YFP-H148Q/1152L fluorescence imaging.  Cells were grown on round
glass coverslips and mounted in a thermostatically-controlled perfu-
sion chamber for real-time fluorescence imaging. Fluorescence was
monitored with a Zeiss Axiovert 200 inverted microscope equipped
with a 40x oil immersion objective, an XBO Xenon 75W short arc
lamp, Lambda 10C filter changer (Sutter Instrument Company; Crisel
Instruments, Rome, Italy), and XF104-2 YFP filter set for excitation at
500+ 12.5 nm and emission at 545 + 17.5 nm (Omega Optical; Crisel
Instruments, Rome, Italy). Images were acquired for 100 ms every 10s
with a Coolsnap HQ CCD camera (Roper Scientific; Crisel Instruments,
Rome, Italy). Fluorescence intensity within a selected region of interest
containing 50-100 cells was quantified with Metafluor software
(Universal Imaging Corporation; Crisel Instruments, Rome, Italy).
Background fluorescence, measured in a region of the coverslip
without cells, was subtracted from all measurements.

Cells were continuously perfused at 37 °C with phosphate-buffered
saline (PBS) consisting of 137 mM NaCl, 2.7 mM KCl, 0.7 mM CaCl,,
1.1 mM MgCl,, 1.5 mM KH,POy4, 8.1 mM Na,HPO,4 and 10 mM glucose
(pH 7.4). Changes in cellular fluorescence due to iodide or perchlorate
influx were monitored by exposing cells to PBS containing 1-1000 uM
Nal or NaClO4 for 5 min. CI™ free PBS was prepared by replacing all
chloride salts with gluconate salts on an equimolar basis. The effects of
extracellular Na* on perchlorate-induced responses were studied in a
HEPES-buffered solution (HBS) composed of 145 mM NaCl, 5 mM KCl,
0.7 mM CaCl,, 1.1 mM MgCl,, 10 mM HEPES and 10 mM glucose (pH
7.4). Low-Na™ HBS containing 10 mM Na™ was prepared by replacing
NaCl with equimolar choline chloride.

Baseline fluorescence of cells maintained in PBS was fitted by
non-linear regression to a third order polynomial equation in order
to correct for fluorescence decay due to photobleaching and spon-
taneous changes in resting fluorescence which may occur over
prolonged periods of time. Fluorescence in the presence of iodide or
perchlorate was normalized at each time point to the fitted baseline
fluorescence. Intracellular iodide and perchlorate concentrations
([I"]; and [ClOZ]; respectively) were calculated according to the
equation [X]=K,;(Fnax—F)/ (F— Fmin) Where F is the normalized
fluorescence at each extracellular anion concentration ([X]), Fpax iS
fluorescence in the absence of anions (defined as 1), Fpin is fluo-
rescence in the presence of saturating concentrations of anions, and
K, is the affinity constant of YFP-H148Q/I152L for iodide or per-
chlorate. Fn,, and K, were obtained by in situ calibration of YFP-
H148Q/1152L fluorescence in FRTL-5 cells (see next section). For
each anion, the increase in intracellular concentration over time was
fitted to a one-phase exponential association equation, and the
maximal rate of anion influx (d[I']/dt or d[ClOz]/dt) was obtained
from the derivative of the best fit curve. The relationship between
influx rate and extracellular concentration was analysed according
to the Michaelis—-Menten equation in order to derive K, and Viax
values for iodide and perchlorate uptake. Curve-fitting and
derivation of fluorescence and kinetic parameters was performed
with Prism (Graph Pad Software, San Diego, CA, USA).

In vitro and in situ calibration of YFP-H148Q/I152L. YFP-H148Q/
1152L fluorescence was calibrated with respect to its anion sensitivity
using purified recombinant protein (in vitro calibration) and YFP-
H148Q/1152L-expressing FRTL-5 cells permeabilized with ionophores
(in situ calibration). Fluorescence was monitored with an inverted
fluorescence microscope equipped with a YFP filter set as described in
a previous section.

In vitro calibration was used to determine the sensitivity of YFP-
H148Q/I152L to iodide, perchlorate and chloride. Purified recombi-
nant YFP-H148Q/I152L was diluted 20-fold in 50 mM sodium
phosphate buffer (pH 7.4) containing 300 mM Na gluconate. Specific
iodide, perchlorate and chloride concentrations were obtained by
substituting sodium gluconate with 0.01-300 mM sodium iodide or
sodium perchlorate on an equimolar basis. Aliquots (5 pl) of the YFP-
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H148Q/1152L-containing solution were deposited on a coverslip, and
triplicate images were captured for fluorescence quantification.

In situ calibration was performed as described previously (Rhoden
et al., 2008) to determine the perchlorate sensitivity of YFP-H148Q/
[152L expressed in FRTL-5 cells. YFP-H148Q/1152L-expressing FRTL-5
cells were grown on coverslips and mounted in a perfusion chamber
maintained at 37 °C for real-time fluorescence imaging. Following an
initial perfusion in PBS, cells were exposed to a high-K* solution
(10 mM HEPES pH 7, 130 mM potassium gluconate, 15 mM potassium
chloride) containing nigericin (5 pM), valinomycin (5 uM), and
tributyltin (10 puM). Specific perchlorate concentrations were
achieved by replacing potassium gluconate with equimolar potassium
perchlorate. Cells were perfused with increasing concentrations of
perchlorate, and steady-state fluorescence at each concentration was
normalized to fluorescence in the absence of perchlorate.

Following in vitro and in vivo calibration, affinity constants (Kj,)
were determined by non-linear regression using the four-parameter
logistic equation F= Fyjn + (Finax — Fmin) / (1 + 10exp(logK, — log[X])
n), where F is the fluorescence at each anion concentration ([X]), Fmax
is the maximal fluorescence in the absence of anions, Fy;, is the
residual fluorescence in the presence of saturating concentrations of
anions, K, is the anion concentration causing a 50% of maximal
decrease in fluorescence, and n is the Hill slope. The K, for iodide was
previously determined to be 3.5 mM (Rhoden et al., 2008).

Intracellular pH measurement.  Intracellular pH (pH;) was monitored
by real-time fluorescence microscopy with the pH-sensitive fluores-
cent indicator 2’-7’-bis(carboxyethyl)-5(6)-carboxyfluorescein
(BCECF). Wild-type FRTL-5 cells (lacking YFP-H148Q/1152L) were
grown on coverslips and incubated for 45 min in culture medium
containing 10 uM of the acetoxymethyl ester of BCECF (BCECF-AM).
Cells were rinsed and incubated for a further 20 min with culture
medium to allow for the hydrolysis of BCECF-AM. Coverslips were
mounted in the imaging chamber, perfused with PBS at 37 °C and
fluorescence monitored at excitation and emission wavelengths of
500+ 12.5 nm and 5454 17.5 nm respectively as for YFP-H148Q/
[152L. In order to correct for fluorescence decay due to photo-
bleaching and dye leakage, baseline fluorescence was monitored
for 5-10 min in PBS, fitted to a one-phase exponential decay
function and fluorescence at each time point expressed relative to
the fitted baseline. The effect of perchlorate and iodide on pH; was
assessed by exposing cells to PBS containing 1 mM Nal or NaClO,4. At
the end of each experiment BCECF fluorescence was calibrated by
exposing cells to a high K* solution (HEPES 10 mM, KCI 130 mM,
CaCl, 0.7 mM) at pH 6.5-8.0 in the presence of 7uM nigericin and 5 pM
valinomycin.
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Statistical analysis.  Data are presented as mean =+ SE of n replicate
experiments. Statistical differences between groups were determined
by Student's t-test or analysis of variance (ANOVA) where appropri-
ate, using GraphPad Prism software (La Jolla, CA).

Results
Anion-sensitivity of YFP-H148Q/1152L fluorescence

The sensitivity of YFP-H148Q/I152L fluorescence to perchlorate
was first assessed using purified recombinant protein, and was
compared to the protein's sensitivity to iodide and chloride. YFP-
H148Q/1152L fluorescence was suppressed by perchlorate and iodide
with similar affinities of 1.2 mM (log K, —2.9140.04, n=6) and
1.6 mM (log K, —2.7840.03, n=6) respectively (Fig. 1A). Both
anions caused near complete (>95%) suppression at 100 mM. Chloride
suppressed YFP-H148Q/1152L fluorescence with a lower affinity of 39
mM (log K, —1.4140.06, n=6). Hill slopes for all three anions were
close to 1 (iodide 0.94, perchlorate 0.92, chloride 1.00), confirming
binding of each anion at a single site.

In situ calibration was performed in YFP-H148Q/1152L-expressing
FRTL-5 cells in order to measure perchlorate sensitivity in an
intracellular environment (Fig. 1B and 1C). Cells were exposed to a
high K* solution containing ion-selective ionophores tributyltin,
nigericin and valinomycin in order allow equilibration of intracellular
and extracellular anions and pH (Rhoden et al., 2008). Tributyltin is an
anion/OH™ exchanger (Wieth and Tosteson, 1979; Wuthier et al.,
1984). Nigericin is an H* /K™ ionophore which allows equilibration of
pH; with extracellular pH when cells are maintained in a high-K*
solution to eliminate the transmembrane K* concentration gradient
(Thomas et al., 1979). The K" -selective ionophore valinomycin was
included to facilitate equilibration of intracellular and extracellular K*
concentration. In situ calibration was performed at pH 7 and in the
presence of 15 mM CI” to mimic pH; and chloride concentration in
FRTL-5 cells (Rhoden et al., 2008). Under these conditions, YFP-
H148Q/1152L fluorescence was suppressed by perchlorate with an
affinity of 2.8 mM (log K, —2.55 £ 0.03, n=4). The sensitivity of YFP-
H148Q/1152L to iodide was previously determined by in situ
calibration to be 3.5 mM (Rhoden et al., 2008).

Effect of perchlorate on YFP-H148Q/1152L fluorescence in FRTL-5
thyroid cells

Exposure of YFP-H148Q/1152L-expressing FRTL-5 cells to extra-
cellular perchlorate induced a rapid decrease in cellular fluorescence
commencing within seconds of exposure and reaching a steady-state
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Fig. 1. Anion sensitivity of YFP-H148Q/I152L fluorescence. (A) In vitro calibration using purified recombinant YFP-H148Q/I152L in phosphate buffer (pH 7.4) in the presence of
iodide (O), perchlorate ([J) or chloride (A). Data points represent mean =+ SE of 4 measurements. (B) Representative tracing illustrating the in situ calibration of YFP-H148Q/I1152L in
FRTL-5 cells in a high K™ buffer (pH 7) containing the ionophores nigericin, valinomycin and tributyltin, and increasing concentrations of perchlorate. (C) In situ calibration of YFP-
H148Q/1152L in FRTL-5 cells for perchlorate (1) and iodide (O). Data points represent mean + SE of 4 experiments. lodide data in (C) are reproduced from Rhoden et al., 2008, and
are included for comparison.
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Fig. 2. Effect of perchlorate and iodide on YFP-H148Q/1152L fluorescence in FRTL-5 cells. (A) Representative tracing illustrating iodide- and perchlorate-induced changes in
fluorescence, normalized against resting fluorescence. Cells were exposed to iodide or perchlorate for 5 min, followed by rinsing with PBS. Panels (B) and (C) show the time course of
fluorescence changes induced by extracellular iodide and perchlorate respectively, at concentrations of 1 pM (A), 10 pM (V), 100 pM (CJ) and 1000 pM (O). Data points represent

mean =+ SE of 6 experiments.

level within 2-3 min (Fig. 2). The magnitude of the fluorescence
response was concentration-dependent over the 1-1000 uM range.
lodide also decreases YFP-H148Q/I152L fluorescence in FRTL-5 cells
as a result of NIS-mediated uptake and binding to the intracellular
fluorochrome (Rhoden et al., 2007). Fluorescence changes induced by
extracellular perchlorate, however, were significantly smaller than
those induced by iodide, with a maximal decrease in fluorescence
after 5 min exposure of 11.7 + 1.3% for 1 mM perchlorate (n=6) and
51443.0% for 1 mM iodide (n=6) (p<0.001, unpaired t-test).
Fluorescence responses to perchlorate were reversible, with com-
plete recovery of resting fluorescence following removal of extracel-
lular perchlorate. Repeated applications of perchlorate produced
reproducible responses over time, permitting multiple exposures to
perchlorate to be carried out in a single preparation.

Since YFP-H148Q/I1152L has not been previously used to detect
perchlorate uptake, it was necessary to rule out an indirect effect of
perchlorate on intracellular parameters that may affect YFP-H148Q/
[152L fluorescence, such as pH; and ClI” concentration. The role of pH;
was investigated by examining the effect of perchlorate on pH; using
BCECF. Perchlorate (1 mM) had no effect on BCECF fluorescence
in wild-type FRTL5-cells (Fig. 3A). The role of chloride was
investigated by measuring the effect of perchlorate on YFP-H148Q/
[152L fluorescence in FRTL-5 cells in a medium lacking chloride.
Exposure of FRTL-5 cells to CI~ free PBS caused a 45% increase in
resting fluorescence (consistent with the loss of intracellular chlo-
ride), but did not affect the suppression of fluorescence by per-
chlorate (Fig. 3B). These results suggest that perchlorate-induced
changes in YFP-H148Q/I152L fluorescence in FRTL-5 cells are not
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Fig. 3. Role of pH, chloride and sodium. (A) Effect of perchlorate on intracellular pH monitored in FRTL-5 cells with BCECF (representative tracing). Cells were loaded with BCECF for
45 min, and cellular fluorescence was monitored during exposure to 1 mM perchlorate. pH-sensitivity of BCECF fluorescence was confirmed by exposing cells to a high K solution at
pH 6.5-7.5 in the presence of nigericin and valinomycin. (B) Effect of extracellular chloride on YFP-H148Q/I152L fluorescence in FRTL-5 cells. Cells were exposed to 1 mM
perchlorate in PBS containing 143.3 mM chloride (control) or no chloride (Cl~ free). Data points represent mean + SE of 8 experiments. (C) Effect of extracellular Na* on YFP-
H148Q/1152L fluorescence in FRTL-5 cells. Cells were exposed to 1 mM perchlorate in HBSS containing 145 mM Na™ (control) or 10 mM Na* (low Na™). Data points represent mean

+ SE of 7 experiments.
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secondary to changes in pH; or chloride content, but are more likely
to reflect transport of perchlorate into cells and a direct interaction
with the fluorescent protein.

NIS-mediated anion transport is dependent upon extracellular
Na* (Eskandari et al., 1997). The Na"-dependence of perchlorate-
induced fluorescence responses was examined by lowering extra-
cellular Na™ from 145 to 10 mM through isotonic replacement of NaCl
with choline chloride. This manipulation prevented the perchlorate-
induced suppression of YFP-H148Q/I152L fluorescence (Fig. 3C),
confirming that fluorescence responses are Na‘t-dependent and
compatible with NIS-mediated transport of perchlorate into cells.
Previously, iodide-induced suppression of YFP-H148Q/1152L fluores-
cence in FRTL-5 cells was also demonstrated to be dependent upon
extracellular Na* (Rhoden et al., 2007).

Quantitation of perchlorate uptake in FRTL-5 thyroid cells

Perchlorate and iodide uptake into FRTL-5 cells was quantified
from fluorescence changes, using the measured affinities of YFP-
H148Q/I1152L derived by in situ calibration (perchlorate K, 2.8 mM,
iodide K; 3.5 mM). The limit of detection of intracellular ions was
determined by measuring the smallest detectable change in cellular
fluorescence and extrapolating the corresponding iodide or perchlo-
rate concentration from the calibration curve to each ion. A significant
change in cellular fluorescence was defined as a change of at least 3
times the standard deviation (3xSD) of resting fluorescence,
sustained for the 5-min duration of iodide or perchlorate exposure
and reversible upon rinsing with PBS. Using these criteria, the
minimum detectable change in cellular fluorescence was +2.1%
(equivalent to 3xSD of the resting fluorescence measured in 50
experiments over a 10-min period), corresponding to anion concen-
trations of 85 UM iodide and 50 uM perchlorate.
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Fig. 4. Quantitation of perchlorate and iodide uptake in FRTL-5 cells. Cells were exposed
to anions (1-1000 puM) for 5 min, and fluorescence changes were converted into
intracellular concentrations using the affinity of purified YFP-H148Q/1152L determined
in FRTL-5 cells in situ. Panels A and B show the time courses of iodide and perchlorate
uptake respectively, in response 1 pM (A), 10 uM (V), 100 pM ([J) and 1000 uM (O)
extracellular anions. Panels C and D show the steady-state intracellular concentration of
iodide and perchlorate respectively. Numbers above bars represent the intracellular-to-
extracellular concentration ratio. Dotted lines represent the limit of detection of
intracellular iodide (85 uM) and perchlorate (50 pM). Points and bars represent mean
=+ SE of 6 experiments.
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Fig. 5. Michaelis-Menten plot of perchlorate and iodide uptake, showing the maximal
rate of iodide (O) and perchlorate ([J) influx as a function of extracellular anion
concentration. Points represent mean 4+ SE of 6 experiments.

Exposure of FRTL-5 cells to extracellular iodide or perchlorate
(1-1000 puM) resulted in a time- and concentration-dependent
increase in the intracellular concentration to levels at or above the
detection limit for each ion (Fig. 4). Intracellular concentration
increased with time according to a one-phase exponential association
function. Perchlorate accumulation was more rapid than iodide
accumulation, with half-times of 0.594-0.10 min for perchlorate
and 1.18+-0.11 min for iodide, independent of extracellular concen-
tration (p<0.0001 t-test, n=6 at each extracellular concentration).
Steady-state intracellular-to-extracellular concentration ratios were
up to 75-80x for both anions, and decreased with increasing
extracellular anion concentrations. At all extracellular concentrations
>1 pM, intracellular-to-extracellular concentration ratios were great-
er for iodide than for perchlorate, suggesting that thyroid cells are
more efficient at concentrating iodide than perchlorate. Indeed,
intracellular iodide reached the millimolar concentration range,
whereas intracellular perchlorate did not exceed 500 uM. Perchlorate
and iodide uptake obeyed Michealis-Menten kinetics (Fig. 5), with
perchlorate uptake characterized by a higher affinity (K, 4.6 uM for
perchlorate and 34.8 M for iodide) and lower maximal velocity (Viax
6.8 uM/s for perchlorate and 39.5 uM/s for iodide).
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Fig. 6. Inhibition of NIS-mediated iodide uptake in FRTL-5 cells by perchlorate. (A)
Representative tracing demonstrating changes in YFP-H148Q/I152L fluorescence
induced by iodide in the absence and presence of perchlorate. (B) Time course of
iodide accumulation induced by 30 pM extracellular iodide in the presence of 0 (@),
0.3 uM (O), 3 uM (A) and 30 pM (¢) extracellular perchlorate. (C) Perchlorate-induced
inhibition of the initial rate of iodide uptake (®) and steady-state intracellular
concentration (O). Points represent mean 4 SE of 6-7 experiments.



S. Cianchetta et al. / Toxicology and Applied Pharmacology 243 (2010) 372-380 377

Inhibition of iodide uptake in FRTL-5 thyroid cells by perchlorate

NIS inhibition by perchlorate was assessed as the ability of
perchlorate to prevent iodide-induced changes in YFP-H148Q/I152L
fluorescence in FRTL-5 cells (Fig. 6). Pre-treatment of cells for 5 min
with 0.3-30 puM perchlorate caused a concentration-dependent
inhibition of iodide uptake, both in terms of the initial rate of influx
(ICs0 1.6 pM; log ICso —5.80+0.05, n=6 at each perchlorate
concentration) and steady-state intracellular concentration (ICsg
1.1 uM; log ICsp —5.954+0.03, n=6 at each perchlorate concentra-
tion). Inhibition of iodide uptake was complete at 30 uM perchlorate,
and was fully reversible following rinsing with PBS.

Effect of perchlorate on YFP-H148Q/I152L fluorescence in
hNIS-expressing COS-7 cells

In order to confirm that NIS transports perchlorate, the effect of
perchlorate on YFP-H148Q/1152L fluorescence was examined in COS-
7 cells expressing NIS following co-transfection with hNIS and YFP-
H148Q/1152L cDNAs (Fig. 7). NIS functionality was confirmed as
iodide-induced suppression of cellular YFP-H148Q/I152L fluores-
cence. Both perchlorate and iodide (1-1000 pM) induced concentra-
tion-dependent decreases in YFP-H148Q/1152L fluorescence in COS-7
cells expressing hNIS, but had no effect (<2%) in COS-7 cells lacking
hNIS (Fig. 6). Perchlorate induced a significantly smaller decrease in
fluorescence (10.6 +1.1% at 1 mM, n=>5) than iodide (31.8 +3.1% at
1 mM iodide, n=6) (p<0.001, unpaired t-test).

Discussion

The present study describes an innovative approach to detect
cellular uptake of the environmental contaminant perchlorate based
upon live-cell imaging with YFP-H148Q/I152L as a genetically-
encodable fluorescent biosensor. In recent years, fluorescent sensors
have been increasingly used to detect endogenous and exogenous
substances in biological samples, including living cells. Fluorescent
sensors provide a simple technique to measure analyte concentrations
without the need for highly-sophisticated instrumentation, and are

particularly suited to the dynamic internal milieu of cells. Synthetic
chemosensors have been used to monitor the cellular uptake of
several pollutant ions, primarily toxic heavy metal ions such as Hg?™,
Cd?*" and Pb™ and Cr>* (He et al., 2006; Taki et al., 2008; Zhou et al.,
2008; Huang et al., 2009). Genetically-encoded fluorescent proteins
been extensively used to detect ions and molecules normally present
within cells, but their application to the detection of environmental
contaminants is limited. Recently, a mercury-sensitive GFP variant
was used as a biosensor of mercury(Il) uptake by bacterial cells and
Caenorhabditis elegans (Chapleau et al., 2008 and Chapleau and
Sagermann, 2009). The current demonstration that YFP-H148Q/1152L
can act as an intracellular perchlorate biosensor represents a
significant advancement in the development of tools to monitor the
accumulation of pollutant ions by mammalian cells.

YFP-H148Q/1152L, like its parent protein YFP, is a barrel-shaped
protein with a tri-peptide chromophore buried within its cylinder
(Elsliger et al., 1999; Wachter and Remington, 1999; Galietta et al.,
2001a, 2001b). Previous studies have shown that YFP-H148Q/I152L
fluorescence is suppressed by monovalent anions with an order of
potency of I”>F >NO3 >Br~>Cl~ (Galietta et al.,, 2001a). Anions
bind to a unique binding site close to but distinct from the tripeptide
chromophore, and suppress fluorescence as a result of chromophore
protonation (Jayaraman et al., 2000; Wachter et al., 2000). The halide-
sensitivity of YFPs has been used to measure intracellular chloride and
iodide concentrations in mammalian cells, and to monitor halide
transport across the cell membrane via anion channels and transpor-
ters (Galietta et al. 2001b; Rhoden et al., 2007; Markova et al., 2008).
In the present study, we demonstrate that YFP-H148Q/I152L
fluorescence is suppressed by perchlorate with a high affinity
(~1 mM) equal to that of iodide. Another YFP variant, YFP-H148Q,
has a lower affinity (21 mM) for both perchlorate and iodide
(Jayaraman et al., 2000), suggesting that the I1152L substitution is
critical in determining sensitivity to these two anions.

Expressing YFP-H148Q/I152L in thyroid cells has enabled the
direct detection of intracellular perchlorate, not previously possible
with other techniques. Indeed, the ability of NIS to transport
perchlorate has been the subject of much debate due to the difficulty
of measuring the anion in living systems (Wolff, 2002; Dohan et al.,
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Fig. 7. Effect of perchlorate and iodide on YFP-H148Q/1152L fluorescence in NIS-expressing COS-7 cells. (A) Representative tracings illustrating iodide- and perchlorate-induced
changes in fluorescence, normalized against resting fluorescence, in wild-type COS-7 cells (COS) and COS-7 cells transiently expressing human NIS (COS/hNIS). Panels (B) and (C)
show the time course of fluorescence changes induced by extracellular iodide and perchlorate respectively, in COS/hNIS cells exposed to 1 uM (A), 10 pM (V), 100 pM (1) and
1000 uM (O) anions, and COS cells exposed to 1000 uM (@) anions. Data points represent mean = SE of 4-6 experiments.
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2003; Clewell et al., 2004). Several studies demonstrated 3°ClO;
accumulation by the thyroid gland in vivo in rats and man (Anbar et
al., 1959; Chow et al., 1969; Chow and Woodbury, 1970; Yu et al.,
2002), however, possible contamination with other 36Cl species
including 3°ClO3, have raised questions as to the identity of the
transported radioisotope in early studies. In vitro radiotracer uptake
assays to measure NIS-mediated perchlorate transport are not
possible due to the low specific activity of *6ClOz . Electrophysiological
studies revealed steady-state inward electrical currents in NIS-
expressing cells in response to iodide but not perchlorate (Eskandari
et al,, 1997; Yoshida et al., 1997, 1998). Indirect functional evidence
for perchlorate transport by NIS was recently provided in a bicameral
model of vectorial transport using polarized kidney epithelial cells
expressing a partial NIS protein targeted to the apical membrane
(Dohan et al., 2007). In this system, '2°I~ was transported from the
apical chamber to the basolateral chamber, and this transport was
delayed by apical perchlorate. The delay in '?°I transport implies a
gradual decrease in the concentration of apical perchlorate due to its
own translocation to the basolateral chamber, ultimately lifting the
inhibitory effect of perchlorate on iodide fluxes. Furthermore,
translocated perchlorate collected from the basolateral chamber was
able to inhibit '2°I~ uptake by non-polarized cells expressing wild-
type NIS. Direct chemical detection of perchlorate in thyroid cells was
recently achieved using ion chromatography-electrospray ionization-
tandem mass spectrometry (Tran et al., 2008). FRTL-5 thyroid cells
were equilibrated in a perchlorate-containing medium, and after a
rapid rinse, total perchlorate content was measured in the cell lysate
(Tran et al, 2008). Perchlorate accumulation was competitively
inhibited by iodide and increased by TSH, consistent with NIS-
mediated transport. In contrast to chemical methods, detection of
perchlorate with YFP-H148Q/I152L permits the free cytoplasmic
concentration to be monitored in real time allowing the kinetics of
influx by NIS to be readily studied.

The sensitivity of YFP-H148Q/1152L to iodide as well as perchlo-
rate was used to compare the cellular uptake of the two anions. lodide
was accumulated by FRTL-5 cells to higher intracellular concentra-
tions than perchlorate. The accuracy of perchlorate quantification can
be questioned given that perchlorate induces, at most, a 10-12%
decrease in cellular fluorescence in intact cells, and the sensitivity of
YFP-H148Q/1152L is not optimal for measurement of sub-millimolar
perchlorate concentrations. Nevertheless, the similar affinity of YFP-
H148Q/I1152L for iodide and perchlorate suggests that the smaller
effect of perchlorate on cellular fluorescence reflects true differences
in the intracellular accumulation of the two anions.

Perchlorate uptake by FRTL-5 cells exhibited a higher affinity and
lower Vima.x compared with iodide uptake. lodide uptake by NIS-
expressing cells has been extensively studied with radiotracers and
electrophysiological techniques, and is characterized by an affinity of
30-35 uM similar to that obtained with YFP-H148Q/1152L (Weiss et
al., 1984; Dai et al., 1996; Kosugi et al., 1996; Smanik et al., 1996). The
kinetics of perchlorate transport, in contrast, have not been measured.
Perchlorate is known to inhibit NIS with a potency of 1-2 uM, based
upon inhibition of radioiodide uptake and iodide-induced currents in
NIS expressing cells (Eskandari et al., 1997; Van Sande et al., 2003;
Tonacchera et al. 2004). Using YFP-H148Q/1152L, a similar inhibitory
constant of 1 M was obtained. Perchlorate uptake exhibited a slightly
lower affinity (4.6 pM), probably reflecting intracellular perchlorate
concentrations that are close to the limit of detection of YFP-H148Q/
[152L. The inhibitory constant, in contrast, is independent of the
sensitivity of YFP-H148Q/I152L for perchlorate, reflecting from the
ability of perchlorate to prevent iodide-induced changes in YFP-
H148Q/I1152L fluorescence. The lower V,.x of perchlorate uptake
compared with iodide uptake likely accounts for the lower intracel-
lular concentration at equilibrium. A physiologically based pharma-
cokinetic model of perchlorate and iodide distribution in the male rat
incorporates affinity constants for thyroidal NIS of 31.5 uM iodide and

1.8 uM perchlorate, and predicts a V. for transport into the thyroid
follicle approximately one order of magnitude lower for perchlorate
than for iodide (Merrill et al., 2003). The kinetic parameters identified
in this study may help refine pharmacokinetic models of perchlorate
distribution in the body for the assessment of the health effects of this
pollutant.

The kinetics of perchlorate uptake identified in this study are
similar to those of perrhenate, which is also transported by NIS with a
higher affinity and lower V. than iodide (Zuckier et al., 2004; Dohan
et al., 2007). The reduced V.« of perrhenate versus iodide uptake is
thought to reflect the different stoichiometries of Na™/anion
transport, 2:1 for iodide and 1:1 for perrhenate. Perrhenate uptake
can be measured with '®6ReOz and shows a hyperbolic dependence
on extracellular Na® concentration. Perchlorate uptake by FRTL-5
cells in this study was Na*-dependent, however, the stoichiometry of
transport could not be determined due the small size of perchlorate-
induced changes in cellular YFP-H148Q/1152L fluorescence.

Health concerns over perchlorate exposure centre on inhibition of
thyroidal iodide uptake as its only mode of action (NRC, 2005). What
then are the consequences of perchlorate transport by NIS? Perchlo-
rate is unreactive, and is not metabolized in the body with over 99% of
an administered dose appearing in urine unchanged (Anbar et al.,
1959; Yu et al., 2002). Perchlorate sequestered by the thyroid gland is
concentrated in the follicular lumen, but unlike iodide, is not
organified and is released back into the bloodstream. Perchlorate-
induced changes in YFP-H148Q/1152L fluorescence in FRTL-5 cells are
fully and rapidly reversed within minutes, suggesting that perchlorate
is not compartmentalized within cells or bound to intracellular
proteins (or at levels below the sensitivity of the method). In contrast,
perchlorate clearance from the thyroid gland in vivo takes place over
several hours, possibly reflecting the slower release of perchlorate
from the thyroid lumen (Yu et al., 2002). Recent pharmacokinetic
studies in rats suggest that inhibition of thyroidal iodide uptake does
not adequately describe perturbations in serum thyroxine and TSH
levels, and the authors propose that additional mechanisms may be
involved such as inhibition of thyroid hormone synthesis or secretion
(McLanahan et al.,, 2009). High concentrations of perchlorate
(>100 uM) have been found to inhibit incorporation of iodide into
iodotyrosines in the isolated thyroid gland (Greer et al., 1966). In
contrast, other studies have found no effect of perchlorate (>100 uM)
on iodide organification or thyroid peroxidase activity (Alexander,
1959; Magnusson et al; 1984). Clearly, further studies are needed to
identify potential sites of interaction of thyroidal perchlorate.

NIS-mediated transport of perchlorate is more likely to have
health-related effects in other NIS-expressing tissues, such as the
breast and placenta. NIS expression is induced in the mammary gland
during lactation and mediates iodide transport into milk, supplying
the nursing infant with dietary iodide (Tazebay et al., 2000).
Perchlorate has been detected in human and dairy milk (Kirk et al.,
2005; Pearce et al., 2007), and milk samples from lactating rats
injected with perchlorate inhibit radioiodide uptake in vitro (Dohan et
al.,, 2007). NIS is also present in the placenta where it mediates the
transfer of iodide to the fetus (Bidart et al., 2000; Mitchell et al., 2001).
Perchlorate crosses the placental barrier in guinea pigs (Postel, 1957)
and has been detected in human amniotic fluid samples (Blount and
Valentine-Blasini, 2006). Given the critical role of thyroid hormones in
growth and development, there is a particular concern over the
potential consequences of perchlorate exposure in fetuses and
newborns. Application of the YFP-based assay to mammary epithelial
cells and trophoblasts may be particularly useful to measure the
capacity of these cell types to accumulate perchlorate. In principle, the
YFP-based assay can be applied to any NIS-expressing cell type in
culture, so long as cells can be induced to express YFP-H148Q/1152L
using standard gene transfer methodologies. The commercial avail-
ability of a modified baculovirus (Bacmam) vector containing the YFP-
H148Q/1152L gene (Premo Halide Sensor, Invitrogen Inc.) may allow
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the biosensor to be used in difficult-to-transfect cell types, such as
human primary cell cultures.

The present study describes an innovative approach to detect
the cellular uptake of perchlorate and characterize the kinetics of
transport by NIS. Uptake was monitored in the presence of 1-1000 uM
extracellular perchlorate, reflecting the concentration range produc-
ing measurable alterations in cellular YFP-H148Q/1152L fluorescence.
Environmental exposure to perchlorate, however, is likely to result
in serum perchlorate levels less than 1 pM. Research aimed at dev-
eloping biosensors with improved perchlorate-sensitivity, for example
through mutagenesis of YFP-H148Q/I152L at positions close to the
anion binding site, may provide tools to measure the cellular uptake of
environmental perchlorate and evaluate its biological implications.
The development of biosensors that are sensitive to other pollutants
may represent a new strategy to monitor their cellular accumulation
and facilitate the evaluation of their toxic and other health-related
effects.
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