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ABSTRACT The Na1yI2 symporter (NIS) is the plasma
membrane protein that catalyzes active I2 transport in the
thyroid, the first step in thyroid hormone biogenesis. The
cDNA encoding NIS was recently cloned in our laboratory and
a secondary structure model proposed, suggesting that NIS is
an intrinsic membrane protein (618 amino acids; '65.2 kDa
predicted molecular mass) with 12 putative transmembrane
domains. Here we report the generation of a site-directed
polyclonal anti-COOH terminus NIS antibody (Ab) that im-
munoreacts with a'87 kDa-polypeptide present in membrane
fractions from a rat thyroid cell line (FRTL-5). The model-
predicted cytosolic-side location of the COOH terminus was
confirmed by indirect immunofluorescence experiments using
anti-COOH terminus NIS Ab in permeabilized FRTL-5 cells.
Immunoreactivity was competitively blocked by the presence
of excess synthetic peptide. Treatment of membrane fractions
from FRTL-5 cells, Xenopus laevis oocytes, and COS cells
expressing NIS with peptidylN-glycanase F converted the'87
kDa-polypeptide into a '50 kDa-species, the same relative
molecular weight exhibited by NIS expressed in E. coli. Anti-
NIS Ab immunoprecipitated both the NIS precursor molecule
('56 kDa) and the mature '87 kDa form. Furthermore, a
direct correlation between circulating levels of thyroid-
stimulating hormone and NIS expression in vivo was demon-
strated.

NIS (Na1yI2 symporter) is a key plasma membrane protein
that catalyzes the active accumulation of iodide (I2) in the
thyroid gland, a major step in the biosynthesis of thyroid
hormones thyroxine (T4) and tri-iodothyronine (T3). These
hormones are involved in regulating intermediary metabolism
in virtually all tissues, and in the maturation of the nervous
system, skeletal muscle, and lungs in the developing fetus and
the newborn (1, 2). NIS plays a crucial role in the evaluation,
diagnosis, and treatment of various thyroid pathological con-
ditions (3, 4), because it is the molecular basis for radioiodide
thyroid-imaging techniques and for specific targeting of ra-
dioisotopes to the gland. NIS couples the inward translocation
of Na1 down its electrochemical gradient to the simultaneous
inward ‘‘uphill’’ translocation of I2 against its electrochemical
gradient (reviewed in ref. 5). The Na1 gradient that provides
the driving force for I2 uptake is maintained by the Na1yK1

ATPase.
The cDNA encoding NIS was recently cloned by functional

screening of a cDNA library from a rat thyroid-derived cell line
(FRTL-5 cells) in Xenopus laevis oocytes (6). The proposed
secondary structure model suggests that NIS is an intrinsic
membrane protein ('65.2 kDa predicted molecular weight)
with 12 putative transmembrane domains (6, 7). The model

predicts that both the amino and C termini are located on the
intracellular side of the membrane (5, 7). However, suchmodel
predictions regarding orientation and topology of NIS with
respect to the plasma membrane have yet to be confirmed
experimentally, and structureyfunction studies remain to be
performed to elucidate the molecular mechanism of NIS
activity. Until recently, a major limitation on efforts to further
characterize NIS was the unavailability of anti-NIS antibodies
(Abs). In this study we report the generation of a site-directed
polyclonal anti-C-terminal NIS Ab that immunoreacted with
various NIS polypeptide species. Using this Ab we have: (i)
confirmed experimentally that the C terminus of NIS is, as
predicted, on the cytoplasmic side of the membrane, (ii)
examined N-linked glycosylation of NIS, (iii) determined the
molecular mass and monitored the maturation of the NIS
precursor molecule, and (iv) demonstrated a direct correlation
between circulating levels of thyroid-stimulating hormone
(TSH) and NIS expression in the thyroid in vivo. It is clear that
the continued elucidation of structural domain topology of
NIS is required for the future design of studies to identify the
sodium and iodide bindingytranslocation sites on the NIS
molecule.

MATERIALS AND METHODS

Synthesis of the NIS C-Terminal Peptide. A peptide corre-
sponding to C-terminal sequence of NIS, amino acids 603–618:
AETHPLYLGHDVETNL was synthesized by solid phase
synthesis (8). The peptide was purified by reversed-phase
HPLC on a C-18 column. The purity of the peptide was
assessed by amino acid analysis.
Conjugation of the C-Terminal Peptide to Keyhole Limpet

Hemocyanin (KLH). The C-terminal peptide was coupled to
the carrier molecule KLH by incubating overnight, at 48C, 3.4
mmol of peptide with 0.5 nmol of KLH in the presence of 20
mmol of glutaraldehyde followed by overnight dialysis against
PBS (137 mMNaCly2.4 mMKCly10.4 mMNa2HPO4y1.8 mM
KH2PO1, pH 7.2).
Antibody Production. Ab was obtained by immunizing fe-

male New Zealand White rabbits with 0.5 mg of C-terminal
peptideyKLH conjugate emulsified in complete Freund’s ad-
juvant. The mixture was injected intradermally at '4 sites and
the animals were administered booster injections 5 weeks later
by intradermal injections of the same amount of conjugate in
incomplete Freund’s adjuvant. Blood samples were obtained
'10–14 days thereafter.
Purification of Anti-NIS Antibody. The C-terminal peptide

was coupled to an Affi-Gel 15 column (Bio-Rad) and was used
to purify the antibody as described in ref. 8.
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Growth of Cells. FRTL-5 and FRT cells derived from Fisher
rat thyroids (9) were cultured as originally reported (10). X.
laevis oocytes and COS cells were cultured as described (6).
Transport Assays. FRT and FRTL-5 membrane vesicles

were assayed exactly as described in ref. 11.
Immunoblot Analysis. SDSy9% PAGE and electroblotting

to nitrocellulose were performed as previously described (11).
All samples were diluted 1:2 with loading buffer and heated at
378C for 30 min prior to electrophoresis. Immunoblot analyses
were also carried out as described (11), with a 1:2,000 dilution
of anti-NIS containing sera, and a 1:1,500 dilution of a
horseradish peroxidase-linked donkey anti-rabbit IgG (Amer-
sham). Both incubations were performed for 1 hr. Proteins
were visualized by an enhanced chemiluminescence Western
blot detection system (Amersham).
Membrane Preparations from FRTL-5 Cells and NIS-

Expressing X. laevis Oocytes and COS Cells.Membranes from
FRTL-5 cells were prepared with protease inhibitors as de-
scribed (11). Microinjection of NIS cRNA and transfection of
COS cells with NIS cDNA were performed as reported (6).
Four days after microinjection X. laevis oocyte membranes
were isolated as follows:'40 oocytes were homogenized in 200
ml of a buffer containing 250 mM sucrose, 10 mMHepes-KOH
(pH 7.5), 1 mM EDTA, 1 mM phenylmethylsulfonyl f luoride
(PMSF), 10 mgyml leupeptin, and 10 mgyml aprotinin (Sigma).
The yolk was pelleted at 1,0003 g for 5min. Twentymicroliters
of 1MNa2C03 were added to the resulting supernatant and the
sample was incubated at 48C for 45 min (shaking). Membranes
were then pelleted in an airfuge at 100,0003 g for 15 min. COS
cells were transfected with 3 mg per 10-cm plate NIS cDNA in
pSV.SPORT (GIBCOyBRL) and harvested 2 days after trans-
fection. Membranes from COS cells were isolated exactly as
described for FRTL-5 cells with protease inhibitors (11).
Expression of NIS in E. coli. An oligonucleotide probe was

constructed (59-TCACCTGTCCATATGGAGGGTGCG-39)
to delete the 59 untranslated region and introduce an NdeI site
at the initiation codon (Met pos 1). NIS cDNA was then
subcloned into pET 28c(1) vector (Novagen) and transformed
into BL21(DE3) strain (GIBCOyBRL). An overnight culture
of cells was diluted 1:40 and grown until OD600nm reached 0.7.
Subsequently, cells were induced with 0.5 mM isopropyl
b--D-thiogalactopyranoside (IPTG) for 2 hr. Cells were pel-
leted and membranes were prepared as described in ref. 8.
PeptidylN-glycanase F Treatment.Membranes were treated

with N-glycanase following a modification of the manufactur-
er’s protocol (Genzyme). Membranes ('50–100 mg) were
resuspended in 10 ml 0.5 M TriszHCl pH 8.0 and 18.8 ml of
water was added either with 1.2 ml N-glycanase (333 milliunits,
Genzyme) or 1.2 ml of 50% glycerol. Membranes were then
incubated overnight at 378C (18 hr). When treatment was done
in the presence of lithium-dodecyl sulfate (LDS), 1.5 ml of 2%
LDS was added to the membranes. After the overnight incu-
bation, the reaction was diluted 1:2 with loading buffer (15 ml)
and samples incubated at 378C for 30 min prior to electro-
phoresis.
Immunofluorescence. FRTL-5 or FRT cells were seeded

onto poly-(lysine) coated coverslips. When cells reached 40–
50% confluence they were fixed with 4% paraformaldehyde
for 10 min then washed three times with 13 PBS. Cells were
permeabilized with methanol for 5 min and washed three times
with 13 PBS. Cells were then blocked with 4% BSAyPBS for
1 hr and subsequently incubated with anti-NIS Ab at 1:500
dilution in 4% BSAyPBS for 1 hr. Cells were washed 3 times
for 5 min with 0.2% Tween-20 in 13 PBS and once with 13
PBS only. Coverslips were then transferred onto 150 ml 13
PBS containing anti-rabbit f luorescein conjugated secondary
Ab (1:100 dilution; Pierce) for 1 hr in the dark and then washed
as above. Coverslips were air-dried for 3 min and were then
mounted onto slides containing 15 ml 13 PBS in 50% glycerol
with phenylenediamine. Coverslips were sealed with quick-dry

nailpolish and allowed to dry in the dark for 2 hr at room
temperature and then stored at 48C. Cells were visualized with
a Nikon Diaphot microscope equipped for epif luorescence
studies through a Nikon3100 oil-immersion lens. Images were
photographed using Kodak-Ektachrome 400 film.
35S Labeling of FRTL-5 Cells and Immunoprecipitation

with Anti-NIS Antibody. FRTL-5 cells were washed and
incubated with methionine-free RPMI 1640 medium supple-
mented with six hormones (10) for 30 min. Cells were labeled
with 480 mCiyml [35S]methionineycysteine (Promix, Amer-
sham) for 5 min followed by incubation with regular media
supplemented with 103 unlabeled methionineycysteine for
the indicated times. Cells were lysed in 1% SDSy13 PBS for
5 min on ice, followed by a 16-fold dilution with 50 mM
TriszHCl, pH 7.5y1%Triton X-100y1% deoxycholatey200 mM
NaCly1% BSA. Pre-immune sera was added at a 1:40 dilution
and incubated at 48C for 30 min, followed by the addition of
1y7th volume of a 50% slurry of protein G fast f low Sepharose
beads (Bio-Rad) incubated at 48C for 30 min. Lysate was
centrifuged at 14,000 3 g for 5 min. Supernatants were
centrifuged at 100,0003 g for 30 min. Anti-NIS sera was added
at a 1:40 dilution, incubated at 48C for 90 min, followed by the
addition of 1y7th volume of a 50% slurry of protein G fast f low
Sepharose beads incubated at 48C for 60 min. Beads were
centrifuged at 14,000 3 g for 5 min. Beads were washed
alternately three times with low- and high-ionic strength
buffers (10 mM TriszHCl, pH 7.5y150 mM NaCly1% Triton
X-100y1% deoxycholatey1 mMEDTA; the high ionic strength
buffer is the same plus 0.5 M LiCl). The final wash was done
with 10 mM TriszHCl (pH 7.5). Beads were heated at 378C in
loading buffer prior to SDS electrophoresis. After gels were
fixed, they were washed extensively with water and soaked in
Fluoro-Hance (Research Products International) for 30 min.
Gels were vacuum dried and exposed for autoradiography at
2808C.
In Vivo Regulation of NIS by TSH. Experimental hypothy-

roidism was induced by addition of 0.05% (wtyvol) of the
antithyroid agent 6-propyl-2-thiouracil (PTU) to the rats
drinking water for 2 weeks. A separate group of rats was
subjected to an iodine deficient diet (Harlan-Teklad) for 2–4
weeks. Hypophysectomized rats were obtained from Charles
River Breeding Laboratories. Bovine TSH (1 unit) was sub-
sequently injected into hypophysectomized rats. Thyroidecto-
mies of experimental and control rats were performed, and
thyroid membrane fractions were prepared for immunoblot
analysis (11) with anti-NIS Ab.

RESULTS AND DISCUSSION

Generation of an Anti-COOH Terminus NIS Ab. A peptide
corresponding in sequence to the last segment of the COOH
terminus of NIS was synthesized (Fig. 1A). The synthetic
peptide was coupled to the carrier molecule KLH and the
conjugate was injected into rabbits. Blood samples were ob-
tained 6 weeks after injection of the conjugate and sera were
screened by immunoblot analysis. Both intact and Na2CO3-
extracted membrane fractions from FRTL-5 cells were sub-
jected to NaDodSO4ypolyacrylamide electrophoresis;
polypeptides were electrotransferred to nitrocellulose and
probed with the antisera. Na2CO3-extracted fractions were
used because they are enriched in integral membrane proteins.
Reactivity of the anti-COOH NIS Ab was demonstrated with
a polypeptide of '87 kDa relative molecular weight in both
membrane preparations (Fig. 1B, lanes 1 and 3). Tellingly,
immunoreactivity was more pronounced in Na2CO3-extracted
membranes [Fig. 1B (compare lane 3 with lane 1)], suggesting
that the immunoreactive polypeptide is an integral membrane
protein. Immunoreactivity was competitively prevented by the
synthetic peptide (Fig. 1B, lanes 2 and 4), demonstrating that
the Ab was recognizing its predetermined epitope on the '87
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kDa-polypeptide, and thus indicating that this polypeptide is
NIS. It seems likely that the difference between the molecular
weight of the immunoreactive polypeptide ('87 kDa) and the
predicted molecular weight of NIS ('65.2 kDa) is due to such
posttranslational modifications as glycosylation. Therefore,
the observed '87 kDa molecular weight is consistent with the
notion that the immunoreactive polypeptide is NIS. In addi-
tion, immunoreactivity was occasionally observed with a'180
kDa- polypeptide, conceivably a NIS dimer species. Signifi-
cantly, no immunoreactivity was detected with polypeptides
from FRT cells (Fig. 1B, lane 5), a line of rat thyroid-derived
cells that exhibits no NIS activity (Fig. 1C). This observation
shows that the lack of I2 transport activity in these cells is due

to the absence of NIS, a notion further confirmed by the
immunofluorescence experiments (Fig. 2J).
Corroboration of the Predicted Cytosolic-Side Location of

the NIS COOH-Terminus Domain by Immunofluorescence.
Our secondary structure model (6, 7) predicts that the COOH-
terminus domain of NIS is located on the cytosolic side of the
membrane (Fig. 1A). This prediction was partly based on the
fact that the COOH terminus contains a large hydrophilic
region of '70 amino acids within which the only potential
cAMP-dependent protein kinase A phosphorylation domain
of the molecule is found (positions 549–552). To test this
prediction, indirect immunofluorescence experiments were
conducted in I2 transporting FRTL-5 cells and in non-I2
transporting FRT cells. Intact or permeabilized cells were
incubated with pre-immune or immune serum followed by
fluorescein-conjugated second Ab. As shown in Fig. 2, when
intact FRTL-5 cells were incubated with immune serum, a
diffuse background was observed (Fig. 2B). In contrast, when
FRTL-5 cells incubated with immune serum were permeabil-
ized with methanol, the cells displayed membrane-associated
fluorescence (Fig. 2D), which was abolished by addition of the
COOH-terminus synthetic peptide (Fig. 2F). Staining was
absent in permeabilized FRT cells incubated with immune
serum (Fig. 2J), and in permeabilized FRTL-5 cells incubated

FIG. 1. (A) NIS secondary structure model. Putative rat NIS
topology is shown as predicted on the basis of amino acid sequence (6).
The 12 putative transmembrane domains are indicated by rectangles.
Potential N-linked glycosylation sites are indicated by boldface aster-
isks. The C terminus region against which the anti-NIS Ab was
generated is shaded. (B) Immunoblot analysis of FRTL-5 membranes
with anti-NIS Ab. FRTL-5 and FRT membranes were isolated,
electrophoresed, and electrotransferred onto nitrocellulose as de-
scribed. Immunoblot analysis with anti-NIS Ab was conducted as
described. Lanes 1 and 2, total FRTL-5 membranes ('20 mg); lanes
3 and 4, FRTL-5 Na2CO3 (pH 11) extracted membranes ('20 mg);
lane 5, FRT total membranes ('20 mg). Lanes 2 and 4 had 100 mg of
peptide present during incubation with anti-NIS Ab. (C) Membrane
vesicles were prepared from FRT and FRTL-5 cells and assayed as
described (11). Shown is a time course of iodide uptake in membrane
vesicles from FRTL-5 (M) and FRT cells (L) done in the presence of
Na1. Points indicate average of triplicate determinations.

FIG. 2. Indirect immunofluorescence of FRTL-5 and FRT cells
using anti-NIS Ab. FRTL-5 and FRT cells were cultured as described
previously (10). Cells were trypsinized, harvested, and seeded onto
poly-(lysine)-coated coverslips ('50% confluence). Next day cells
were fixed in 4% paraformaldehyde and incubated either in the
presence of anti-NIS Ab (1:500 B, D, F, J) or pre-immune (H) or in the
presence (D, F, H, J) or absence (B) of methanol to expose intracellular
antigen. Cells in F were incubated with 20 mg of peptide. (Left) Phase
contrast images (A, C, E, G, and I) of Right side (B, D, F, H, and J).
Cells were visualized as described in Materials and Methods.
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with pre-immune serum (Fig. 2H). The Left side shows the
corresponding phase-contrast fields. Because methanol per-
meabilization makes the cytosolic side of the plasma mem-
brane accessible to the Ab, these results clearly confirm the
predicted cytosolic face location of the COOH terminus of
NIS, and also represent the first reported visualization of NIS
in situ.
Analysis of N-Linked Glycosylation of NIS. Immunoblot

analysis was also carried out with membranes from X. laevis
oocytes microinjected either with water or NIS cRNA (Fig. 3A,
lanes 2 and 3, respectively). Immunoreactivity was observed
predominantly with '55-kDa and '110-kDa polypeptide spe-

cies and occasionally with two other polypeptides of '87 kDa
and '180 kDa. These molecular weights are compatible,
respectively, with the putative nonglycosylated or partially
processed NIS, its dimer, and posttranslationally processed
NIS and its dimer. As expected, no immunoreactive polypep-
tides were detected in membranes from water-injected oo-
cytes. Immunoreactivity was competitively blocked by incuba-
tion of serum in the presence of the COOH synthetic peptide
(data not shown). These results strongly reinforce the notion
that the polypeptides identified with the Ab are different
species of NIS. Moreover, it is not surprising to find both
partially and fully processed NIS in oocytes, given that oocytes
are a heterologous expression system in which posttransla-
tional modifications occur, although with some differences
with respect to the native system.
When the NIS cDNA is transfected into COS cells, it elicits

significant Na1 dependent, ClO42 sensitive I2 uptake activity
(6). An immunoblot analysis of COS cells transfected with NIS
cDNA revealed a prominent '87 kDa polypeptide, as well as
three other polypeptide species, molecular weights'55,'110,
and '180 kDa (Fig. 3A, lane 5). No immunoreactive species
was observed in untransfected COS cells (Fig. 3A, lane 4).
Notably, the presumed nonprocessed NIS species (i.e., the
'55-kDa polypeptide species and its dimer) were not detected
in immunoblots of membrane fractions from FRTL-5 cells in
which NIS is an endogenous protein (Fig. 3A, lane 1). The'55
kDa molecular weight of the polypeptide detected in oocytes
and COS cells is closer to the predicted 65.2 kDa molecular
weight for NIS. Thus, the observed differences in molecular
weights of the immunoreactive polypeptides may be due to
differences in posttranslational processing of NIS between the
various cell types examined. Remarkably, an I2 concentration
gradient of '30-fold is generated by NIS in all three systems,
FRTL-5 cells (10, 11), COS cells (6), and oocytes (6), indicat-
ing that such differences in posttranslational processing are not
major factors affecting NIS activity.
Three potential Asn-glycosylation sites are present in NIS at

positions 225, 485, and 497. The last two are located in the 12th
hydrophilic sequence, a domain predicted to be on the extra-
cellular face of the membrane (Fig. 1A, asterisks). To test the
hypothesis that the '87 kDa is glycosylated NIS, membrane
fractions from FRTL-5 cells were subjected to treatment with
peptidyl N-glycanase F, an enzyme that cleaves all N-linked
oligosaccharides. Standard protocols for N-glycanase treat-
ment include use of the detergents SDS and Nonidet P-40 as
a means to unfold the proteins to be treated. However, use of
these detergents caused pronounced aggregation of NIS.
Therefore, N-glycanase treatment was performed either in the
absence of detergents or in the presence of a low concentration
(0.1%) of LDS. When detergents were absent, oligomerization
of NIS was markedly decreased and a broad polypeptide band
of'69 kDa was observed in the immunoblot (Fig. 3B, lane 2).
In the presence of LDS, N-glycanase treatment yielded an
'50-kDa polypeptide (Fig. 3B, lane 4). These findings suggest
that in the absence of detergent some N-linked carbohydrate
was inaccessible to the enzyme. The '50 kDa molecular
weight is lower than expected for nonglycosylated NIS (65.2
kDa), a common finding in the electrophoretic behavior of
highly hydrophobic integral membrane proteins (12–14). This
anomalous electrophoretic mobility might be due to high
binding of detergent, preservation of secondary structure
resulting in incomplete protein unfolding, or a combination of
both.
Membrane fractions prepared from NIS-expressing COS

cells and oocytes were subsequently analyzed. Treatment of
COS cells with N-glycanase in the absence of detergent (Fig.
3B, lane 6) produced a shift in the relative mobility of the
'90-kDa polypeptide to '70 kDa, and in the '55 kDa
polypeptide to'50 kDa. This indicates that even the'55-kDa
polypeptide contains some N-linked carbohydrate moieties.

FIG. 3. (A) Immunoblot analysis of membranes prepared from
either NIS-injected oocytes or transfected COS cells. Membranes from
FRTL-5 cells, COS cells, or oocytes were isolated as described.
Immunoblot analysis with anti-NIS Ab was conducted as described.
Lane 1, FRTL-5 membranes; lane 2, water-injected oocytes; lane 3,
NIS cRNA-injected oocytes ('50 ng); lane 4, untransfected COS cells;
lane 5, transfected COS cells. All samples contained '40 mg of total
membrane protein. (B) Immunoblot analysis of membranes treated
with peptidyl N-glycanase F. Membranes from FRTL-5 cells, COS
cells, and oocytes were prepared as described. Immunoblot analysis
with anti-NIS Ab was conducted as described. SDSyPAGE and
immunoblot analyses were carried out exactly as described in Fig. 2.
Samples ('80 mg of total protein) were incubated either with or
without N-glycanase in the presence or absence of LDS overnight at
378C as described. Lanes 1–4, FRTL-5 membranes; lanes 5–8, COS
cell membranes; lanes 9–11, oocyte membranes. In lanes 1, 3, 5, 7, and
9, N-glycanase was not present; in lanes 3, 4, 7, 8, and 11 (0.1%) LDS
was included in the incubation. (C) Lane 1, FRTL-5 membranes
without N-glycanase or (0.1%) LDS; lane 2, FRTL-5 membranes with
N-glycanase, without LDS; lane 3, FRTL-5 membranes with N-
glycanase, and (0.1%) LDS; lane 4, IPTG-treated E. coli membranes
('30 mg). Immunoblot analysis in C was conducted with affinity-
purified anti-NIS antibody.
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Significantly, in the presence of LDS both the '90- and
'55-kDa species were converted into '50 kDa species (Fig.
3B, lane 8), suggesting that when presumably all the N-linked
carbohydrate moieties are accessible the resulting unglycosy-
lated species is the same, regardless of the extent of processing
prior to enzyme treatment. As noted above, this was also the
case in FRTL-5 cells. Furthermore, similar results were ob-
tained when NIS-expressing oocytes were analyzed (Fig. 3B,
lanes 9–11). It is important to point out that the relative
molecular weight of NIS expressed in IPTG-induced E. coli is
also '50 kDa, indicating that all '50 kDa immunoreactive
polypeptides observed in the various cell systems correspond
to nonglycosylated NIS (Fig. 3C, lanes 3 and 4). No immuno-
reactive polypeptides were detected in noninduced E. coli
(data not shown).
In conclusion, treatment with the enzyme caused the '87-

kDa immunoreactive species to disappear from the immuno-
blots, apparently converting all putative NIS into a '69-or
'50-kDa species, depending on the absence or presence of
detergent (Fig. 3). Although the'55-kDa polypeptide is closer
to the predicted molecular weight of nonprocessed NIS (65.2
kDa), treatment with N-glycanase in the presence of LDS
yielded a faster migrating polypeptide of '50 kDa, showing
that the '55 kDa form is partially glycosylated and that the
polypeptide without N-linked carbohydrate migrates faster
than expected in SDS gels.
Biogenesis of NIS. To ascertain the relative molecular

weight of the NIS precursor molecule and follow NIS biosyn-
thesis, FRTL-5 cells were pulse-labeled with [35S]methionine
for 5 min, washed twice with PBS, and subjected to chase
periods from 0 to 180 min in the presence of unlabeled
methionine. Solubilized [35S]methionine-labeled proteins
were immunoprecipitated with either anti-COOH NIS Ab
(Fig. 4, lanes 2–5) or pre-immune sera (Fig. 4, lane 1),
denatured, reduced, released from the complex, and subjected
to SDSyPAGE. Analysis of autoradiograms containing pulse-
labeled NIS with a 10-min chase revealed the NIS precursor to
be a broad '56-kDa polypeptide (Fig. 4, lane 2). By a 60-min
chase period a broad '87-kDa polypeptide band also became
apparent, whereas the intensity of the '56-kDa band de-
creased (Fig. 4, lane 4). The '56-kDa precursor disappeared
by 180 min, at which time only the'87-kDa band, presumably
fully processed NIS, was visible. Even after a chase period of
48 hr no decrease of the '87-kDa polypeptide was observed
(not shown), indicating that the half-life (t1y2) of NIS is more

prolonged than those of most proteins, including transporters
such as the norepinephrine transporter (t1y2, 24 hr; ref. 13).
In Vivo Regulation of NIS by TSH. The effect of varying

concentrations of serum TSH on the expression of NIS in rat
thyroid in vivo was explored. Thyroid membrane fractions
were prepared from control, PTU-treated, iodine-deficient,
and hypophysectomized rats, the latter with or without sub-
sequent injection of bovine TSH. Membrane fractions were
subjected to immunoblot analysis with anti-NIS Ab. Because
PTU inhibits I2 organification and therefore the biosynthesis
of thyroid hormones, PTU treatment results in an increase of
TSH production in the hypophysis (15). Rats subjected to an
iodine-deficient diet also develop hypothyroidism and exhibit
a compensatory rise in TSH production and release (16).
Hypophysectomized rats, which display a very low level of
circulating TSH, are a model of secondary (pituitary) hypo-
thyroidism (17). Fig. 5 shows an immunoblot analysis of
thyroid membrane fractions from control and experimental
rats and from the FRTL-5 cell line as an additional positive
control. The expression of NIS corresponds to the '90-kDa
band. Lane 1 displays NIS expression in control (i.e., non-
treated) rats. PTU-treated rats and rats subjected to an
iodine-deficient diet both exhibited increased NIS expression
with respect to control levels (lanes 2 and 3, respectively),
whereas hypophysectomized rats exhibited a dramatic reduc-
tion in NIS expression (lane 4). Injection of TSH to hypoph-
ysectomized rats resulted in restoration of NIS expression back
to control levels (Lane 5, HPX1 TSH). Thyroidal I2 transport
under these conditions (3, 4) correlated with our observed NIS
expression levels. Because of the homogeneity of the prepa-
ration, NIS expression in FRTL-5 cells (lane 6) was more
pronounced than in thyroid membranes from control animals
(lane 1). In conclusion, a direct correlation has been demon-
strated between circulating levels of TSH and NIS expression
in the thyroid in vivo.

FIG. 4. Biogenesis of NIS. FRTL-5 cells were pulsed for 5 min with
[35S]methionine and chased for the indicated time spans. Cells were
harvested and immunoprecipitated with either pre-immune (lane 1) or
immune (lanes 2–5) sera as described. Samples were electrophoresed,
enhanced, and dried as described. Autoradiogram was exposed for 48
hr at 2808C.

FIG. 5. In vivo regulation of NIS. Thyroidectomies were performed
on control, experimental, or hypophysectomized female Fisher rats
(Charles River Breeding Laboratories). Hypophysectomy was carried
out 10–20 days prior to thyroidectomy. Thyroid membrane fractions
were subjected to immunoblot analysis with anti-NIS Ab as described
in Fig. 1. Thyroid membrane fractions (140mg of protein) from control
rats, lane 1; PTU-treated rats, lane 2; iodide-deficient rats, lane 3;
hypophysectomized rats (HPX), lane 4; hypophysectomized rats that
received bovine TSH (1 international unit, Calbiochem) administered
intraperitoneally 24 hr prior to thyroidectomy (HPX 1 TSH), lane 5;
FRTL-5 membranes (40 mg of protein), lane 6.
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The lack of any anti-NIS Abs has until recently been a major
stumbling block in the study of this key transporter. The
anticarboxyl NIS Ab used here was the first anti-NIS Ab
reported (18), whereas an Ab against a Glutathione S-trans-
feraseyN-terminal NIS (amino acids 1–231) fusion protein has
also been recently obtained (19). The availability of immuno-
logical tools and the results presented in this manuscript
suggest that long overdue structureyfunction studies of NIS are
now feasible. Such studies are likely to shed light on the iodide
transport process at the molecular level.
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