
Introduction
Iodide (I–) is an essential constituent of the thyroid
hormones T3 and T4 (triiodothyronine and thyroxine, or
tetraiodothyronine, respectively). These hormones play a
central role in the intermediary metabolism of virtually all
tissues and are vital for the development of the central nervous
system in the fetus and the newborn. The thyroid has a highly
specialized plasma membrane glycoprotein, the sodium/iodide
symporter (NIS), that mediates the active transport of I– from
the bloodstream into the thyroid follicular cells. The presence
of NIS in the thyroid may be an apparent adaptation to
overcome the scarcity of I– in the environment (Stephenson et
al., 2000). NIS couples the inward transport of Na+, which
occurs in favor of its electrochemical gradient, to the
simultaneous inward translocation of I– against its
electrochemical gradient. NIS activity is electrogenic: two Na+

ions are translocated per I– ion (Dai et al., 1996; Eskandari et
al., 1997). NIS-mediated active I– transport is driven by the Na+

gradient generated by the Na+/K+-ATPase. NIS concentrates I–

in thyroid cells by a factor of 20-40 with respect to the blood
under physiological conditions (Carrasco, 1993).

The rat and human NIS cDNAs encode a 618 and a 643
amino acid protein, respectively (Dai et al., 1996; Smanik et
al., 1996; Smanik et al., 1997). Human NIS has an 84% amino
acid identity and a 93% similarity to rat NIS. The current NIS

secondary structure model (Fig. 1A) depicts NIS as a protein
with 13 transmembrane segments, the amino terminus facing
the extracellular milieu, and the carboxyl terminus facing the
cytosol; the location of both termini has been confirmed
experimentally (Levy et al., 1997; Levy et al., 1998b). Several
extensive reviews on recent NIS research have been published
(Levy et al., 1998a; De la Vieja et al., 2000; Spitzweg et al.,
2002; Chung, 2002; Dohan et al., 2003).

Before isolation of the NIS cDNA, several cases of
congenital hypothyroidism due to an I– transport defect (ITD)
(OMIM 274400; online, Mendelian Inheritance in Man,
http://www.ncbi.nlm.nih.gov/OMIM) were reported (Wolff,
1983). ITD is an uncommon condition caused by NIS
mutations with an autosomal recessive inheritance pattern. The
isolation of the NIS cDNA made it possible to address the
molecular basis of ITD. 

The general clinical picture of ITD consists of a variable
degree of hypothyroidism; large or small goiter; reduced or
absent thyroid uptake of radioiodide or pertechnetate, as
determined by scintigraphy; and a low I– saliva to plasma
(S/P) ratio (normal >20). Ten NIS ITD mutations have been
identified so far: V59E, G93R, Q267E, C272X, G395R, T354P,
frame-shift 515X, Y531X, G543E and ∆M143-Q323 (Fujiwara
et al., 1997; Matsuda and Kosugi, 1997; Fujiwara et al., 1998;
Kosugi et al., 1998a; Kosugi et al., 1998b; Pohlenz et al., 1997;
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The Na+/I– symporter (NIS) is a key plasma membrane
glycoprotein that mediates active iodide (I–) transport in
the thyroid and other tissues. Since isolation of the cDNA
encoding NIS (G. Dai, O. Levy, and N. Carrasco (1996)
Nature 379, 458-460), ten mutations in NIS have been
identified as causes of congenital iodide transport defect
(ITD). Two of these mutations (T354P and G395R) have
been thoroughly characterized at the molecular level. Both
mutant NIS proteins are inactive but normally expressed
and correctly targeted to the plasma membrane. The
hydroxyl group at the ββ-carbon of residue 354 is essential
for NIS function, whereas the presence of a charged or
large side-chain at position 395 interferes with NIS
function. We report the extensive molecular analysis of the
Q267E mutation in COS-7 cells transfected with rat or
human Q267E NIS cDNA constructs. We used site-directed
mutagenesis to engineer various residue substitutions into

position 267. In contrast to previous suggestions that
Q267E NIS was inactive, possibly because of a trafficking
defect, we conclusively show that Q267E NIS is modestly
active and properly targeted to the plasma membrane.
Q267E NIS exhibited lower Vmax values for I– than wild-
type NIS, suggesting that the decreased level of activity of
Q267E NIS is due to a lower catalytic rate. That Q267E
NIS retains even partial activity sets this ITD-causing
mutant apart from T354P and G395R NIS. The presence
of charged residues (of any polarity) other than Glu at
position 267 rendered NIS inactive without affecting its
expression or targeting, but substitution with neutral
residues at this position was compatible with partial
activity.
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Pohlenz et al., 1998; Kosugi et al., 1999; Kosugi et al., 2002;
Levy et al., 1998c) (Fig. 1A). They are either nonsense,
alternative splicing, frame-shift, deletion or missense
mutations of the NIS gene. Although the clinical picture and
genetic alterations of patients with these defects are well
described, the molecular mechanisms underlying the effects of
these mutations have yet to be elucidated, with the exception
of T354P (Levy et al., 1998c) and G395R (Dohan et al., 2002).

The Q267E substitution was detected in a patient who carried
a compound heterozygous mutation (Pohlenz et al., 1998).
From the maternal allele, the patient inherited a substitution of
cytosine by guanidine at nucleotide 1940 at exon 13. From the
paternal allele, the patient inherited a substitution of cytosine
by guanidine at nucleotide 1146 (exon 6) that resulted in a Gln-
for-Glu amino acid replacement (Q267E). This mutation is
located in the intracellular loop between transmembrane
segments VII and VIII (Fig. 1A). Although the patient carries
a compound heterozygous mutation, the final functional result
is equivalent to being homozygous for the Q267E mutation.
Pohlenz et al. reported in 1998 that COS-7 cells transfected with
the Q267E NIS cDNA did not exhibit I– transport activity
(Pohlenz et al., 1998). Subsequently, Pohlenz et al. (Pohlenz et
al., 2000) detected no Q267E NIS by flow cytometry analysis
in the plasma membrane of Q267E-NIS-expressing COS-7
cells, a finding they attributed to impaired trafficking caused by
the mutation.

We have carried out a thorough molecular analysis of the
Q267E NIS substitution. Using a wide variety of approaches
(flow cytometry, immunoblot analysis, immunofluorescence
and biotinylation), we found, surprisingly, that Q267E NIS
is correctly targeted to the plasma membrane. Furthermore,
initial-rate and steady-state analysis of I– transport activity
showed that COS-7 cells transfected with Q267E NIS do
actively concentrate I–, if only by a factor of ~2.5. By
comparison, wild-type (WT) NIS concentrates I– >30 fold. Our
results demonstrate that the Q267E mutation leads to a marked
decrease, but not a total absence, of I– transport activity. This
decrease, in turn, is due to a pronounced lowering of the NIS
Vmax for I–, not to a trafficking defect.

Materials and Methods
Site-directed mutagenesis
Individual mutagenic oligonucleotides were generated to make
the following substitutions at the Q267 position. rQ267A:
GCCCAGGTAGCACGCT ATGTGG; rQ267P: GCCCAGGTACCG-
CGCTATGTGG; rQ267N: GCCCAGGTAAACCGCTATGTGG;
rQ267W: GCCCAGGTATGGCGCTATGTGG; rQ267D: GCCCA-
GGTAGACCGCTATGTGG; rQ267E: GCCCAGGTAGAACGCTA-
TGTGG; rQ267K: GCCCAGGTAAAGCGCTATGTGG; rQ267R:
GCCCAGGTACGCCGCTATGTGG. The initial PCR extensions
were performed using reverse primers complementary to the 3′ end.
These fragments were gel purified and used for a second round PCR
extension with primers complementary to the 5′ end. Fragments with
the mutant sequences were obtained by digestion of the final PCR
products with the appropriate unique restriction enzymes that would
yield the smallest mutant fragments. These fragments were ligated
into WT NIS cDNA (pSVSport-rNIS) and the mutant inserts were
sequenced past their respective cloning sites.

The pSVSport-flag-rNIS WT cDNA (Levy et al., 1998b) was
subcloned into a pCDNA3.1- vector (Invitrogen) by EcoRI/HindIII
restriction sites to insert the flag sequence at the N terminus of the

protein. pSVSport-rQ267E was subcloned into pcDNA3.1-flag-rNIS
by BlpI/HindIII restriction sites to obtain pcDNA3.1-flag-rQ267E
cDNA. WT hNIS cDNA inserted into the pcDNA3.1- vector by
XbaI/HindIII restriction sites (pcDNA3.1-hNIS) was kindly provided
by BRAHMS Diagnostica (Germany). hQ267E NIS cDNA
(pcDNA3.1-hQ267E) was kindly provided by Dr Samuel Refetoff
(University of Chicago, Chicago, Illinois).

Transient transfection
COS-7 cells were cultured and transfected as previously reported
(Levy et al., 1998b). Briefly, COS-7 or HEK293 cells were transfected
by the DEAE-Dextran method with 1 µg/ml rNIS or rat mutant
cDNAs in pSV.SPORT (Gibco-BRL), and hNIS or human mutant in
pcDNA3.1(–). After 2 days they were assayed for I– uptake, and
analyzed by immunoblotting, immunofluorescence and/or flow
cytometry.

Membrane preparation
Membrane fractions were prepared from transfected cells as described
previously (Levy et al., 1997).

Transport
Cells transiently transfected with WT or mutant NIS cDNA were
assayed for I– transport under steady-state conditions as described
previously (Weiss et al., 1984; Levy et al., 1998b). For I–-dependent
kinetic analysis, cells were incubated with the indicated
concentrations of I– (2.5-200 µM) and 140 mM NaCl for 4 minutes.
For Na+ dependence of I– uptake, cells were incubated with the
indicated concentration of Na+ (0-200 mM) and 20 µM I– for 4
minutes; isotonicity was maintained constant with choline chloride.
Results are the average of at least five different experiments performed
in triplicate or sextuplicate. 

Initial-rate data were analyzed by nonlinear regression using
the following equation for I–-dependent I– uptake: v([I–])=
(Vmax*[I –])/(Km+[I–])+0.037*[I–]+0.171. The terms 0.037*[I–]+0.171
correspond to background adjusted by least squares of the
data obtained with non-transfected cells. In the Na+-dependent
I– uptake analysis, data were analyzed using the equation:
v([Na+])=(Vmax*[Na+]2)/(Km+[Na+]2)-0.001*[Na+]+0.87. The terms
–0.001*[I–]+0.87 correspond to the background adjusted by linear
regression analysis obtained with non-transfected cells. Data were
fitted by nonlinear least squares using the Marquard-Levenberg
algorithm (Press et al., 1986).

Statistical analysis
Data were analyzed with GraphPad Prism (Intuitive software for
science, San Diego, CA) and Gnuplot (www.gnuplot.info). I– uptake
values are the mean±s.d. Statistical significance was determined by
t-test analysis using two-tailed P values, and differences were
considered significant at P<0.05. Km and Vmax values are the average
of at least five experiments and are expressed as mean±s.e.m.

Antibodies
Anti-Ct-rNIS: affinity-purified site-directed polyclonal antibody was
used at a final concentration of 2 nM in immunoblot, flow cytometry
and immunofluorescence analyses. This antibody was generated
against the last 16 amino acids of rat NIS (Levy et al., 1997). 

Anti-Ct-hNIS: affinity-purified site-directed polyclonal antibody
was used at a final concentration of 4 nM in immunoblot, flow
cytometry and immunofluorescence analyses. This antibody was
generated against the last 13 amino acids of human NIS (Tazebay et
al., 2000).
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Anti-hNIS VJ1: monoclonal antibody that recognizes the last two
extracellular segments of human NIS protein (kindly provided by Dr
S. Costagliola, Institute of Interdisciplinary Research, Free University
of Brussels, Brussels, Belgium) was used at a 1:50 dilution in flow
cytometry and immunofluorescence analyses (Pohlenz et al., 2000).
Anti-tubulin (Sigma) and anti-Na+/K+-ATPase alpha Abs (Affinity
BioReagents) were used following the manufacturers’ instructions.

Immunoblotting
SDS-9%PAGE, electroblotting to nitrocellulose, and probing with the
corresponding Abs were performed as described previously (Levy et
al., 1997). 

Flow cytometry
Cells in suspension were stained using indirect immunofluorescence
procedures (Jocobberger et al., 1986; Jocobberger, 1991). All
procedures were carried out at 4°C. The fluorescence of 10,000
cells/tube was assayed by a FACS scan flow cytometer (Beckton
Dickinson and Co.). 

Immunofluorescence
Immunofluorescence was carried out as
described previously (Levy et al., 1997).
Confocal images were generated on a BioRad
Radiance 2000 scanning laser confocal
microscope. Confocal xz sections were
generated using a 0.2 µm motor step.

Immunohistochemistry
Immunohistochemistry experiments were
performed as described previously (Dohan et al.,
2001).

Biotinylation
Cell surface proteins were labeled by two
different methods. First, cells were labeled
with the membrane-impermeable biotinylation
reagent Sulfo-NHS-SS-biotin (Pierce Chemical
Co.), as described by Chen et al. (Chen et al.,

1998), and the final immunoblots were probed with anti-NIS Ab.
Second, cell surface proteins were labeled with the membrane-
impermeable biotinylation reagent Sulfo-NHS-LC-biotin (Pierce
Chemical Co.), then immnunoprecipitated with anti-NIS Ab (Levy et
al., 1997), and the immunoblots were probed with streptavidin-HRP
(1:500; Amersham).

Results
NIS is overexpressed in thyroid sections from a patient
with the Q267E NIS mutation
Using a polyclonal anti-carboxyl-terminus hNIS Ab, we
analyzed, by immunohistochemistry, paraffin-embedded
sections (kindly provided by Dr Refetoff, Chicago University)
from the thyroid of a patient with the Q267E NIS mutation
(Pohlenz et al., 1998) and compared them to control normal
thyroid sections (Fig. 1B-E). Consistent with previous
observations (Castro et al., 1999; Dohan et al., 2001), modest
NIS staining was evident in the normal thyroid only in some

Fig. 1. Human NIS (hNIS) secondary structure
model and immunohistochemistry of thyroid
tissue from the Q267E NIS patient. (A) Current
WT hNIS 13-transmembrane-segment
secondary structure model; ITD-causing
mutations are shown in rectangles by the WT
residue involved, indicating its position and the
substituted residue. The single-letter amino
acid code is used. X, stop codon; fS, frame
shift; ∆, deletion. (B-E) NIS expression was
analyzed in paraffin-embedded sections of
thyroid by immunohistochemistry using anti-
carboxyl terminus hNIS Ab. (B) Normal
thyroid staining. (C) Thyroid from a patient
with Graves’ disease and (D,E) thyroid from a
patient with the Q267E NIS mutation (kindly
provided by Dr Refetoff, Chicago University).
Pronounced NIS protein staining was observed
in both these cases. No immunoreactivity was
detected in the presence of the C-terminus
synthetic peptide (not shown). Magnifications:
B,D, 250×; E,C, 1000×.
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cells (Fig. 1B). Thyroid sections from the patient bearing the
Q267E NIS mutation had much more pronounced NIS
staining, which was present both intracellularly and at the
plasma membrane (Fig. 1D,E), in contrast to the pattern
observed in thyroid sections from patients with Graves’
disease, where plasma membrane staining was predominant
(Fig. 1C). No immunoreactivity was detected in the presence
of the C-terminus synthetic peptide (not shown).

The Q267E NIS mutant protein is normally expressed
and exhibits modest activity in COS-7 cells
To investigate the expression and activity of Q267E NIS, we
transfected rat or human Q267E NIS cDNA constructs, as well
as control WT NIS cDNA, into COS-7 cells. NIS protein
expression, as assessed by immunoblot analysis of membrane
fractions, was similar in all transfected cells (Fig. 2A). hNIS
(643 amino acids, see right panel) migrates slightly slower than
rNIS (618 amino acids, left panel); both proteins are highly
glycosylated. We then assayed cells for Na+-dependent,
perchlorate-inhibitable I– transport at an external concentration
of 20 µM I– (Fig. 2B). I– accumulation under steady-state
conditions was ~2.5 times higher in Q267E-NIS-expressing
cells (green bars) than in non-transfected cells (blue bar),
although it was still markedly lower than in cells expressing
WT NIS (red bars). This threefold rise in I– transport activity
observed in Q267E-NIS-expressing cells relative to non-
transfected cells was statistically significant (Fig. 2B). The
time course of transport obtained in all cells revealed that I–

accumulation takes longer to reach a plateau in Q267E-NIS-
(60 minutes) than in WT-NIS-expressing cells (20 minutes)
(Fig. 2C). Steady-state measurements at different I–

concentrations (Fig. 2D) showed that the difference in
accumulation between cells expressing WT NIS and Q267E
NIS decreases at higher substrate concentrations. The
observation of NIS activity in Q267E-NIS-expressing cells
demonstrates that at least some Q267E NIS is targeted to the
plasma membrane, the only site where the driving force for
NIS (i.e., the Na+ gradient generated by the Na+/K+ ATPase)
is present. 

Targeting of Q267E NIS to the plasma membrane is
indistinguishable from that of WT NIS
Given the report by Pohlenz et al. (Pohlenz et al., 2000) that
trafficking of Q267E NIS to the cell surface was impaired,
a conclusion that conflicts with the above findings, we
thoroughly examined the targeting of Q267E NIS to the plasma
membrane by cytometric analysis, surface biotinylation and
confocal immunofluorescence (Figs 3-6). Our flow cytometry
showed that, consistently with our I– transport findings, Q267E
NIS was properly targeted to the plasma membrane, in a
fashion that was indistinguishable from WT NIS targeting (Fig.
3). When flow cytometry was monitored with an Ab directed
against the NIS carboxyl terminus, which is an intracellularly
oriented epitope, flow cytometry was only positive in
permeabilized cells, where the Ab had access to the epitope
(Fig. 3A,B). Moreover, flow cytometry of Q267E NIS was also
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Fig. 2.Characterization of expression and
activity of Q267E NIS in transfected COS-
7 cells. (A) Immunoblot analysis.
Membrane fractions (20 µg) were isolated
from non-transfected COS-7 cells (NT)
(lanes 1 and 4) or from COS-7 cells
transfected either with WT rNIS (lane 2),
rQ267E NIS (lane 3), WT hNIS (lane 5) or
hQ267E NIS (lane 6). Membrane fractions
were then electrophoresed,
electrotransferred and immunoblotted with
either 2 nM anti-Ct-rNIS Ab (lanes 1-3) or
4 nM anti-Ct-hNIS Ab (lanes 4-6). This is
a representative immunoblot. Protein
loading was standardized with anti-tubulin
Ab (not shown). Expression of both NIS
and tubulin was quantified in five different
experiments. No statistically significant
difference was found in the NIS/tubulin
expression ratio of Q267E NIS when
compared to WT NIS. (B) I– transport.
Assays were performed in the presence of
20 µM I–/140 mM Na+ (colored bars) or 20
µM I–/140 mM Na+ plus 80 µM
perchlorate (white bars). Results are
expressed as the percentage I– uptake with
respect to WT NIS. Values represent the
average of at least five different experiments; in each experiment, activity was analyzed in triplicate or sextuplicate. (C) Time-course of I–

uptake in cells transfected with either WT rNIS (red squares) or rQ267E NIS (green triangles). Cells were incubated with 20 µM I–/140 mM
Na+ for the indicated times. Values obtained with non-transfected cells were subtracted. (D) Effect of increasing concentrations of I– on I–

uptake. COS-7 cells not transfected (black circles) or transfected with either WT rNIS (red squares) or rQ267E NIS (green triangles) were
assayed at steady-state (60 minutes) in the presence of the indicated I– concentrations. I– uptake values are the mean±s.d. Statistical significance
of the data was calculated by t-test analysis using two-tailed P values. *P<0.05. Y-axes have been split into two scales (B–D).
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positive in both non-permeabilized and permeabilized cells
when using anti-hNIS VJ1 (Fig. 3C,D), an anti-NIS Ab
directed against an extracellularly facing yet unknown epitope
(Pohlenz et al., 2000). The fluorescence shift in the cells
expressing Q267E NIS was virtually identical to that of WT
NIS (Fig. 3B-D). 

Surface biotinylation analysis was performed with the amino-
specific and membrane-impermeable reagent Sulfo-NHS-SS-
biotin. The entire biotinylated fraction was isolated with
streptavidin-coated beads and immunoblotted with anti-NIS
Abs. The observed levels of Q267E NIS at the plasma membrane
were similar to those of WT NIS (Fig. 4A,D). The absence of
staining on the immunoblot when the control anti-tubulin Ab
was used confirmed that Sulfo-NHS-SS-biotin did not cross the
plasma membrane (data not shown). Nitrocellulose membranes
were stripped and reprobed with anti-Na+/K+-ATPase alpha

subunit Ab (data not shown). Both protein bands
were quantified, revealing no statistically
significant difference in the NIS/ATPase-alpha-
subunit expression ratio of Q267E NIS as
compared to WT NIS. To rule out the unlikely
possibility that NIS itself was not biotinylated
directly but, instead, was precipitated with avidine
as a result of NIS interaction(s) with other
membrane protein(s) that were biotinylated, we
used an alternative method: we precipitated the
biotinylated fraction with anti-Ct-rNIS (Fig. 4B)

or anti-Ct-hNIS (Fig. 4E) Ab, and probed the blot with
streptavidin-HRP. To confirm the specificity of the observed NIS
bands, we then stripped the nitrocellulose membranes and
probed them with anti-Ct-rNIS (Fig. 4C) or anti-hNIS VJ1 (Fig.
4F), thus conclusively demonstrating that Q267E NIS is targeted
to the plasma membrane. 

In addition, confocal immunofluorescence studies
revealed a clear plasma membrane-associated
immunofluorescent NIS staining pattern in COS-7 cells
transfected with Q267E NIS cDNA constructs (either
human or rat) (Figs 5, 6). This pattern was also
indistinguishable from that observed with WT NIS. When
using anti-Ct-NIS Abs, immunofluorescence was only
present in permeabilized cells expressing rNIS (Fig. 5) or
hNIS (Fig. 6A-D). When anti-hNIS VJ1 Ab was used (Fig.
6E-H), immunofluorescence was observed in both

Fig. 3. Flow cytometry analysis of Q267E NIS. Non-
permeabilized (A,C) or permeabilized (B,D) COS-7
cells not-transfected (black dotted line) transfected
with WT hNIS (red line) or hQ267E NIS (green line)
were incubated with 4 nM anti-Ct-hNIS Ab (A,B) or
with a 1:50 dilution of anti-hNIS VJ1 Ab (C,D),
followed by incubation with fluorescein-conjugated
goat anti-rabbit Ab (A,B) or fluorescein-conjugated
anti-mouse Ab (C,D). Aliquots containing 2×106

cells were subjected to flow cytometry.

Fig. 4.Surface biotinylation analysis of Q267E NIS.
Non-transfected COS-7 cells (NT) or COS-7 cells
transfected with WT rNIS, rQ267E NIS, WT hNIS
or hQ267E NIS were biotinylated with 1 mg/ml
Sulfo-NHS-SS-biotin (A,D) or Sulfo-NHS-LC-
biotin (B,C,E,F). Immunoblot analysis of surface
biotinylated polypeptides precipitated with
streptavidin-agarose beads was performed with
either 2 nM anti-Ct-rNIS Ab (A) or 4 nM anti-Ct-
hNIS Ab (D). This is a representative immunoblot.
Nitrocellulose membranes were stripped and
reprobed with anti-Na+/K+-ATPase alpha subunit
antibody (not shown). Expression of both NIS and
Na+/K+ ATPase alpha subunit was quantified in five
different experiments. No statistically significant
difference was found between the NIS/ATPase-
alpha-subunit expression ratio of Q267E NIS and
WT NIS. (B,E) Blot analysis of surface-biotinylated
polypeptides immunoprecipitated with anti-Ct-rNIS (B) or anti-Ct-hNIS (E) and probed with streptavidin-HRP. (C,F) Stripped nitrocellulose
membranes were reprobed with anti-Ct-rNIS (C) or anti-hNIS VJ1 (F).
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permeabilized and non-permeabilized cells, because of the
outwardly facing epitope. These findings provide further
proof that Q267E NIS is properly targeted to the cell
surface. 

The presence of charged residues other than glutamate
at position 267 renders NIS inactive without affecting its
expression or targeting to the plasma membrane
The Q267E mutation involves the presence of Glu, a residue
with a negatively charged side-chain, in place of the neutral
Gln. To investigate the importance of charge at position 267,
we studied the effects of substituting other charged side-
chains at this position. Using site-directed mutagenesis, we
engineered Asp, Lys, or Arg into position 267. All constructs
were transiently transfected into COS-7 cells. Transport assays
showed that Q267D, Q267K and Q267R NIS mutant proteins
were inactive at I– concentrations in the range of 5-640 µM.
Results obtained at 20 µM I– are shown in Fig. 7A.
Interestingly, all analyzed substitutions yielded normally
expressed proteins (see western blot analysis in Fig. 7B). The
levels of NIS reaching the plasma membrane were similar in
all cases, as shown by cell surface biotinylation (Fig. 7C).
Comparable plasma membrane-associated fluorescence was
observed in cells expressing each of the NIS mutants (Fig. 7D).
Clearly, all Q267 NIS mutants studied were normally
expressed and properly targeted to the plasma membrane,
regardless of which charged side-chain was engineered into
the transporter molecule. Therefore, the effect of all three
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Fig. 5. Immunofluorescence analysis of COS-7 cells not transfected
or transfected with WT rNIS or rQ267E NIS. Non-permeabilized
(A,C) or permeabilized (B,D) transfected COS-7 cells were incubated
with 2 nM anti-Ct-rNIS Ab followed by fluorescein-conjugated goat
anti-rabbit Ab. The rectangular panels above B and D show xzcross-
sectional images obtained using a confocal microscope 

Fig. 6. Immunofluorescence analysis of COS-7 cells transfected with WT hNIS or hQ267E NIS. Non-permeabilized (top panels) or
permeabilized (bottom panels) transfected COS-7 cells were incubated with 4 nM anti-Ct-hNIS Ab (A-D) or with anti-hNIS VJ1 Ab (1:50) (E-
H). A second incubation was performed with fluorescein-conjugated goat anti-rabbit Ab (A-D) or fluorescein-conjugated anti-mouse Ab (E-H).
The upper rectangular panels show xzcross-sectional images obtained using a confocal microscope.
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substitutions was to render NIS inactive without altering NIS
expression or trafficking.

The presence of a neutral side-chain at position 267 is
compatible with partial NIS activity without affecting NIS
expression or targeting to the plasma membrane
To study the effects of neutral side-chain amino acid
substitutions at position 267 on NIS expression, activity and
targeting to the plasma membrane, we engineered the following
residues into this position: Asn (an uncharged and polar residue,
similar to the original glutamine, except with one fewer
methylene group); Ala (an aliphatic, non-polar and α-helix-
stabilizing residue); Pro (an aliphatic, non-polar and α-helix-
destabilizing residue); and Trp (an aliphatic and non-polar
residue with a large side-chain). I– uptake was analyzed under
steady-state conditions. At an external I– concentration of 20
µM, Q267N and Q267A NIS exhibited I– accumulation values
of 29.5±7.5% and 18.7±3.9%, respectively, relative to WT NIS
(Fig. 8A). Similar results were obtained at a saturating I–

concentration (i.e., 160 µM; Fig. 8B); I– was accumulated by
Q267N and Q267A NIS (28.3±7.6%, 22.8±7.5, relative to WT
NIS). Also, modest I– accumulation (lower than in the Glu
substitution, however) was barely detected in cells expressing
Q267P or Q267W NIS (data not shown). As in the charged side-
chain 267 NIS amino acid substitutions, all neutral replacements
yielded normally expressed (Fig. 8C) and properly targeted
proteins, as shown by both surface biotinylation (Fig. 8D) and
confocal immunofluorescence analyses (Fig. 8E).

Q267A, Q267N and Q267E NIS all exhibit decreased
Vmax values for I– as compared to WT NIS
Fig. 9A shows the kinetic properties of I– uptake in COS-7 cells

expressing Q267A, Q267N, Q267E or
WT NIS. Initial rates were estimated
by measuring I– accumulation at 4
minutes over a range of I–

concentrations (2.5-200 µM). In all
cases, transport showed typical
Michaelis-Menten kinetics. No
significant variations in the affinity for
I–, as indicated by Km values, were

observed among cells expressing the mutant proteins with
respect to WT NIS (Table 1). The maximal rate of I– uptake
(Vmax) was diminished in all mutants relative to WT NIS (Table
1). Given that Q267A, Q267N and Q267E NIS were all
normally expressed (Fig. 8C) and properly targeted to the
plasma membrane (Fig. 8D,E), these kinetic findings suggest
that these mutations cause a reduction in the transporter
turnover number.

Q267A and Q267N NIS exhibit lower Vmax for I– uptake
as a function of the extracellular Na+ concentration,
further supporting the notion of lower turnover numbers
for these mutants as compared to WT NIS
We then studied the kinetic properties of I– uptake as a function
of increasing concentrations of extracellular Na+ in COS-7
cells expressing Q267A, Q267N, Q267E and WT NIS (Fig.
9B). The initial rate of transport was estimated by measurement
of I– accumulation after 4 minutes over a range of Na+

Fig. 7.Effect of charged side-chain Q267
substitutions on NIS expression.
(A) Non-transfected COS-7 cells (NT) or
COS-7 cells transfected with either WT
rNIS or rQ267D, rQ267K or rQ267R NIS
were assayed for I– transport activity at
20 µM I– at steady-state. Assays were
performed in the presence of 20 µM
I–/140 mM Na+ (colored bars) or 20 µM
I–/140 mM Na+ plus 80 µM perchlorate
(white bars). Results are expressed as a
percentage of WT NIS activity. The y-
axis has been split into two scales.
(B) Immunoblot. (C) Surface
biotinylation. (D) Immunofluorescence
analysis. Procedures were performed as
described in Figs 3, 5 and 6, and in
Materials and Methods.

Table 1. Kinetic parameters
I– Na+

Km±s.e.m. Km±s.e.m. 
Vmax±s.e.m. (µM) Vmax±s.e.m. (mM)

rNIS 67.4±2.1 34.8±2.8 23.8±3.8 71.9±1.7
rQ267E 6.5±0.5 70.5±11.7 2.7±1.0 67.0±6.3
rQ267A 11.0±0.5 46.6±4.6 4.0±0.7 61.7±4.4
rQ267N 13.3±0.5 40.5±3.9 4.8±0.5 59.2±4.8

Results from 5, for iodide (I–) dependence and 3, for sodium (Na+)
dependence, kinetic experiments were adjusted to compensate for the
transfection efficiency and analyzed as described in Materials and Methods.
Km and Vmax values are expressed as mean±s.e.m.
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concentrations (0-200 mM) and at 20 µM I–. All NIS proteins
exhibited saturating I– transport activity with typical sigmoidal
Na+ dependence, with no significant change in their affinity for
Na+ as compared to WT NIS. However, the rate of transport
activity (i.e., Vmax for Na+) was diminished in cells expressing
Q267A and Q267N NIS (Table 1). This finding is compatible
with a decrease in turnover numbers for these mutants. 

Discussion
We present a thorough analysis of the Q267E mutation of NIS.
The identification and characterization of NIS mutations that
occur naturally in patients with ITD is undoubtedly a valuable
approach to study the mechanism of NIS activity and NIS
structure/function relations. According to our current NIS
secondary structure model (Fig. 1A), two of the ITD-causing
NIS mutations are located in intracellular loops (Q267E,
C272X), one in an external hydrophilic loop (fS-515X), and
six within transmembrane segments (V59E, G93R, T354P,
G395R, Y531X, G543E). There is also one deletion between
TMS III to IX (∆M143-Q323). The Q267E NIS mutation
decreases (but does not abolish) I– transport activity by
lowering the turnover number of the molecule, without
affecting NIS expression or trafficking to the plasma
membrane, and without altering the affinity of NIS for I– or
Na+. Moreover, our findings conflict with two previous studies
of the Q267E NIS mutation, by Pohlenz et al. (Pohlenz et al.,
1998; Pohlenz et al., 2000), who concluded that Q267E NIS
was not functional and that its lack of function was due to
impaired targeting of the transporter to the plasma membrane.

Our evidence is abundant. First, we showed by
immunohistochemistry that NIS is overexpressed in thyroid
sections from a patient with the Q267E NIS mutation (Fig.

1D,E). NIS staining was present
both intracellularly and at the
plasma membrane, a finding
compatible with the possibility that
Q267E NIS might be reaching the
cell surface. Considering that the
patient has long been receiving

thyroid hormone treatment, the observation that NIS is
overexpressed in the patient’s thyroid is surprising. A possible
explanation is that the patient may have been noncompliant
with her substitutive hormonal treatment, as suggested by
several elevated serum TSH values that have been recorded
over an 11-year follow-up period (Pohlenz et al., 1998).

Second, we observed that the Q267E NIS mutant protein is
normally expressed and, most importantly, exhibits modest
activity in COS-7 cells transfected with Q267E NIS cDNA rat
and human constructs (Fig. 2). Whereas the observed activity
of Q267E NIS was admittedly much lower than that of WT
NIS, the activity of Q267E NIS was clearly not entirely
abolished. Indeed, Q267E NIS activity exhibited a statistically
significant 2.5-fold increase over the level recorded in control
non-transfected cells. Moreover, we showed that the difference
in accumulation between cells expressing WT NIS and those
expressing Q267E NIS decreased at higher substrate
concentrations. The demonstration of any level of significant
NIS activity in Q267E-NIS-expressing cells constitutes
unequivocal proof that at least some Q267E NIS molecules do
reach the plasma membrane. Tellingly, the ~2.5 saliva/plasma
(S/P) I– ratio originally reported for the patient bearing the
Q267E NIS mutation (Pohlenz et al., 1998) reflects the 2.5-fold
transport rate measured in Q267E-NIS-expressing COS-7 cells
with respect to non-transfected cells. This suggests that ~2.5-
fold was approximately the level range of NIS activity in the
patient in vivo. By comparison, the (S/P) I– ratios are much
lower (~1) in patients bearing either the T354P or G395R NIS
mutations (Fujiwara et al., 1997; Matsuda and Kosugi, 1997;
Fujiwara et al., 1998; Kosugi et al., 1998a; Kosugi et al., 1999),
an observation consistent with the total absence of NIS activity
detected in COS-7 cells transfected with cDNA constructs for
these mutants.
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Fig. 8.Effect of neutral and polar
side-chain Q267 substitutions on NIS
expression. Non-transfected COS-7
cells (NT) or COS-7 cells transfected
either with WT rNIS, rQ267A or
rQ267N NIS were assayed for I–

transport activity at 20 (A) or 160 (B)
µM I–. Assays were performed in the
presence of 20 µM or 160 µM I–/140
mM Na+ (colored bars) or 20 µM or
160 µM I–/140 mM Na+ plus 80 µM
perchlorate (white bars). Results are
expressed in percentages with respect
to WT NIS activity. y-Axis has been
split into two scales. (C) Immunoblot.
(D) Surface biotinylation.
(E) Immunofluorescence analysis. All
procedures were performed as
described in Figs 3, 5 and 6, and in
Materials and Methods.
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The discrepancy between our findings and those of Pohlenz
et al. (Pohlenz et al., 1998; Pohlenz et al., 2000) may be the
result of differences in transfection efficiency. We observed
that when the transfection efficiency was lower than 10%, as
assessed by flow cytometry, no significant differences of I–

accumulation were observed between Q267E NIS-expressing
COS-7 cells, non-transfected cells, or cells transfected with the
empty vector only. Therefore, as Q267E NIS is considerably
less active than WT NIS, the transfection efficiency is critical
to detect activity. It is possible that the transfection efficiency
in the studies by Pohlenz et al. (Pohlenz et al., 1998; Pohlenz
et al., 2000) may have been below the 10% threshold.

Third, we conclusively demonstrated that targeting of
Q267E NIS to the plasma membrane is indistinguishable from
that of WT NIS by flow cytometry, surface biotinylation and
confocal immunofluorescence (Figs 3-6). Analysis by flow
cytometry revealed Q267E NIS in the plasma membrane by the
use of either the anti-carboxyl terminus NIS Ab, which is
directed against an intracellularly oriented epitope, or the
monoclonal anti-hNIS VJ1 Ab, directed against an
extracellularly oriented epitope (Fig. 3). A similar percentage
of cells expressing Q267E or WT NIS was detected by flow
cytometry with either antibody (Fig. 3), thus showing no
quantitative trafficking differences between both proteins.
Similar immunofluorescence and flow cytometry results were
observed when flag-rNIS and flag-rQ267E constructs were
transfected in COS-7 cells (data not shown). Surface
biotinylation studies also revealed similar levels of Q267E and
WT NIS at the plasma membrane (Fig. 4). Both the
immunoblot analysis showing the same degree of expression
of mutant and WT NIS and the biotinylation analysis
displaying similar levels of both proteins at the plasma
membrane were confirmed in transiently transfected HEK-293
cells as well (data not shown).

Our confocal immunofluorescence experiments showed a
clear plasma membrane-associated immunofluorescent NIS
staining pattern in COS-7 cells transfected with either Q267E
NIS cDNA constructs (human or rat) or WT NIS (Figs 5, 6).
Plasma membrane-associated immunofluorescence observed

with the use of the anti-carboxyl terminus NIS Ab may reflect
either actual plasma membrane localization of the protein or
localization in plasma membrane-associated organelles rather
than the plasma membrane itself, given the intracellular
orientation of the carboxy terminus. Hence, we also
demonstrated a similar plasma membrane-associated
immunofluorescent NIS staining pattern using the monoclonal
anti-hNIS VJ1 Ab, which recognizes the last two extracellular
loops of NIS (Pohlenz et al., 2000). This provides additional
evidence supporting the conclusion that Q267E NIS is properly
targeted to the cell surface. In stark contrast to all the above
findings, we have observed that a different ITD-causing NIS
mutation, namely G543E, actually causes NIS to be retained
intracellularly (De la Vieja et al., unpublished).

To better understand the effects and structure/function
implications of the Q267E mutation, we engineered several
residue substitutions at position 267 by site-directed
mutagenesis. We observed that the presence of virtually any
charged side-chain at this position, with the important
exception of Glu (i.e., the original mutation), renders NIS
inactive without affecting its expression or its targeting to the
plasma membrane (Fig. 7). In contrast, the presence of a
neutral side-chain at position 267 is compatible with partial
NIS activity, without affecting NIS expression or targeting to
the plasma membrane (Fig. 8). Both at subsaturating (20 µM)
and saturating (160 µM) external concentrations of I–, NIS with
Asn at position 267 accumulated ~30% and with Ala ~20% of
wild-type levels. Gln (volume 143.9 Å3) and Asn (volume
117,1 Å3) have polar side chains that can form hydrogen bonds
with the amide groups functioning as hydrogen donors and the
carbonyl groups functioning as acceptors. However, Gln has
one more methylene group than Asn; this allows Gln to reach
further than Asn, provides the polar group more flexibility, and
reduces its interaction with the main peptide chain. It is
therefore not surprising that Q267N NIS is active, even though
it displays lower activity than WT NIS, probably because of
the existence of weaker hydrogen bonds, as the Asn side chain
has a shorter reach than that of Gln. Q267A NIS activity could
be explained by the possibility that the absence of one

Fig. 9. Kinetic analysis of I– uptake in
transfected COS cells. (A) Initial rates (4-
minute time points) of I– uptake were
determined at the indicated concentrations of
I–, as described in Materials and Methods.
Calculated curves (smooth lines) were
generated using the equation:
v([I –])=(Vmax×[I –])/(Km+[I–])+0.03×I–]+0.37.
The terms 0.03×[I –]+0.37 correspond to
background adjusted by least squares to the
data obtained with non-transfected cells. Vmax-
I– and Km-I– values are indicated in Table 1.
Symbols: non-transfected cells (black circles),
WT NIS (red squares), rQ267E (green
triangles), rQ267A (blue diamonds) and
rQ267N (gray circles). (B) Na+-dependent
kinetic analysis. To assess Na+ dependence of
I– uptake, cells were incubated for 4 minutes with the indicated concentrations of Na+; isotonicity was maintained constant with choline
chloride. Na+ dependence data were analyzed using the equation v=(Vmax×[Na+]2)/(Km+[Na+]2)-0.001×[Na+]+0.87. The term
0.001×[Na+]+0.87 corresponds to the background adjusted by lineal regression analysis obtained with non-transfected cells. Data were fitted by
non-linear least squares using the Marquard-Levenberg algorithm (Press et al., 1986). Vmax-Na+ and Km-Na+ values are indicated in Table 1. 
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methylene and the carboxyamide of Gln leaves enough space
for a water molecule to occupy the position of the
carboxyamide and partially replace the hydrogen bond donor
and acceptor functions of Gln, as has been shown to occur in
the case of the N105A substitution in T4 lysozyme (Xu et al.,
2001).

As protonated glutamic acid is much more similar to Gln
than unprotonated glutamate, the markedly reduced activity
(5.9%) of Q267E NIS may be a result of the thermodynamic
cost (1-3 kcal/mol) this molecule incurs to become protonated.
For its part, the complete absence of function in Q267D may
be attributed to the combination of both (30%×6%=1.8%) the
shorter reach and the energetic cost. The kinetic properties of
Q267E NIS protein were barely measurable because of the
small amount of I– transport. Q267E NIS showed a lower
apparent affinity for I– (70.5 µM) than WT NIS did (34.8 µM);
however, this lower affinity is not enough to account for the
dramatic decrease in Vmax Q267E NIS (6.5 pmol I–/µg DNA/4
minutes) versus WT NIS (67.4 pmol I–/µg DNA/4 minutes). In
the case of Q267A and Q267N NIS, the apparent affinities for
Na+ and I– are quite similar to those of WT NIS (Fig. 9 and
Table 1). Taken together, these results suggest that Q267 must
not be a part of the Na+ and/or I– binding sites. Therefore, the
most likely explanation for the absent (Q267D,R,K,P,W) or
reduced (Q267E<A<N) activity displayed by the different NIS
proteins is that Q267 provides key internal hydrogen bonds that
stabilize the initial or final state of a conformational change
involving the intracellular hydrophilic segment that joins TMS
VII and VIII.

That only 29 ITD mutations of NIS cDNA have been
sequenced to date does not exclude the prospect that more
mutations in the NIS molecule will be found. It is possible that
other mutations only partially affect NIS function. In a normal
or high I– diet, those molecules could transport enough I– to
maintain adequate thyroid hormone levels. However, these
‘moderate or mild’ ITDs could be a major problem in I–-
deficient areas. Knowledge obtained from the molecular
analysis of ITDs should enable us to differentiate between
mutations that partially (e.g., Q267E) or totally (e.g., T354P,
G395R) impair NIS function: the hydroxyl group at the β-
carbon of the residue at position 354 is essential for NIS
function (Levy et al., 1998c), whereas the presence of a
charged or large side-chain at position 395 interferes with NIS
function (Dohan et al., 2002).

In summary, Q267E NIS is correctly targeted to the plasma
membrane. Initial-rate and steady-state analysis of I– transport
activity showed that Q267E NIS is active, but only
concentrates I– by a factor of ~2.5. The molecular analysis of
different residue substitutions at position 267 suggests that the
presence of the carboxyamide group and the size of the side-
chain are important for NIS function. The structural effects of
the Q267E mutation result in a decrease of the maximal rate
of transport.
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