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The Iodide Transport Defect-Causing Y348D Mutation
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Background: The sodium/iodide (Na+/I-) symporter (NIS) mediates active transport of I- into the thyroid gland.
Mutations in the SLC5A5 gene, which encodes NIS, cause I- transport defects (ITDs)—which, if left untreated,
lead to congenital hypothyroidism and consequent cognitive and developmental deficiencies. The ITD-causing
NIS mutation Y348D, located in transmembrane segment (TMS) 9, was reported in three Sudanese patients.
Methods: We generated cDNAs coding for Y348D NIS and mutants with other hydrophilic and hydrophobic
amino acid substitutions at position 348 and transfected them into cells. The activity of the resulting mutants was
quantitated by radioiodide transport assays. NIS glycosylation was investigated by Western blotting after en-
doglycosidase H (Endo H) and PNGase-F glycosidase treatment. Subcellular localization of the mutant proteins
was ascertained by flow cytometry analysis, cell surface biotinylation, and immunofluorescence. The intrinsic
activity of Y348D was studied by measuring radioiodide transport in membrane vesicles prepared from Y348D-
NIS-expressing cells. Our NIS homology models and molecular dynamics simulations were used to identify
residues that interact with Y348 and investigate possible interactions between Y348 and the membrane. The
sequences of several Slc5 family transporters were aligned, and a phylogenetic tree was generated in ClustalX.
Results: Cells expressing Y348D NIS transport no I-. Furthermore, Y348D NIS is only partially glycosylated, is
retained intracellularly, and is intrinsically inactive. Hydrophilic residues other than Asp at position 348 also yield
NIS proteins that fail to be targeted to the plasma membrane (PM), whereas hydrophobic residues at this position,
which we show do not interact with the membrane, rescue PM targeting and function.
Conclusions: Y348D NIS does not reach the PM and is intrinsically inactive. Hydrophobic amino acid substitutions at
position 348, however, preserve NIS activity. Our findings are consistent with our homology model’s prediction that
Y348 should face the side opposite the TMS9 residues that coordinate Na+ and participate in Na+ transport, and with the
notion that Y348 interacts only with hydrophobic residues. Hydrophilic or charged residues at position 348 have
deleterious effects on NIS PM targeting and activity, whereas a hydrophobic residue at this position rescues NIS activity.
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Introduction

Iodine is an essential constituent of the thyroid hormones
(THs), which are not only crucial for the early develop-

ment and maturation of the central nervous system, skeletal
muscle, and lungs but are also master regulators of interme-

diary metabolism. Iodide (I-) is scarce in the environment,
and an insufficient dietary supply of I- remains a major health
problem worldwide (1,2).

The sodium/iodide (Na+/I-) symporter (NIS) is the key
plasma membrane (PM) glycoprotein that mediates the active
transport of I- from the bloodstream into the thyroid gland,
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the first step in the biosynthesis of the THs (3–5). NIS-
mediated I- transport is electrogenic: 2 Na+ ions are trans-
located per I- ion (6). A remarkable property of NIS is that
although its KM for I- transport is 5–10 lM, it transports I-

efficiently, even though the extracellular concentration of I-

is in the sub-lM range. This is because, at the physiological
Na+ concentration, more than 79% of the NIS molecules
have 2 Na+ ions bound to them, so NIS is poised to co-
transport I- (7). NIS is the molecule at the center of the
treatment for thyroid cancer based on radioiodide adminis-
tered after thyroidectomy, the most effective internal radia-
tion cancer treatment available (8).

To date, 19 mutations in the gene that encodes NIS
(SLC5A5) have been identified in patients (8–11). These mu-
tations cause I- transport defects (ITDs), which, if not
detected and treated immediately after birth, can lead to
congenital hypothyroidism (CH), goiter, stunted develop-
ment, and cognitive impairment (10,12–16).

NIS has 13 transmembrane segments (TMSs), with an
extracellular amino terminus and intracellular carboxy
terminus (Fig. 1A) (5,17). The molecular characteriza-
tion of NIS mutant proteins found in patients has yielded
a wealth of mechanistic information about the transporter
(8,16–26).

FIG. 1. The Y348D amino acid substitu-
tion, which is in TMS9, yields a NIS
protein that does not transport I-.
(A) Experimentally tested secondary
structure model of NIS showing 13 TMSs
(colored cylinders) and 3 glycosylation sites
(branches). ITD-causing NIS mutations,
including Y348D, are shown next to the
affected positions. Mutations that yield
proteins that are both intrinsically inactive
and retained intracellularly are shown in
orange rectangles, nonfunctional proteins in
green rectangles, and intrinsically active but
intracellularly retained proteins in blue
rectangles. An extracellularly facing HA tag
was engineered at the N-terminus. (B) NIS
homology model [cf. (23)] (inwardly open
conformation). (C) New NIS homology
model (outwardly open conformation), gen-
erated using as a template the Na+-coupled
sialic acid symporter, which has 25% se-
quence identity and 46% sequence similarity
to NIS. The location of the Y348 residue
(yellow) in TMS9 (orange) is shown in both
B and C. (D, E) Y348 is on the side in
TMS9 opposite that of S353 and T354,
which coordinate Na+ (21). (F) Electrostatic
surface of WT and Y348D NIS. Positive and
negative potentials are shown in blue and
red, respectively, and the position of Y348 is
indicated by a black arrow. (G) Steady-state
I- transport assay (30 min) in MDCK II cells
transfected with control (pcDNA3.1), human
WT, or Y348D NIS HA-cDNA in the pres-
ence or absence of ClO4

- (gray bars) at
10 lM I-/140 mM Na+. ClO4

-, perchlorate;
HA, hemagglutinin; I-, iodide; ITD, I-

transport defect; MDCK-II, Madin-Darby
canine kidney; NIS, sodium/iodide sympor-
ter; TMSs, transmembrane segments; WT,
wild type.
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Watanabe et al. (10) identified, in three siblings, a homo-
zygous missense mutation in the SLC5A5 gene that causes a
Tyr-to-Asp substitution at position 348 of NIS. The younger
siblings were diagnosed with CH at 8 and 22 days of age
and developed properly owing to levothyroxine treatment.
However, the oldest sibling was diagnosed at 40 days of age and
developed a cognitive deficit because she was treated too late
(10). These authors noted that the mutation is located in TMS9
of NIS (Fig. 1A), which contains several amino acid residues
important for Na+ binding and/or translocation (21,27).

In this study, we investigate the effects of the Y348D
mutation on NIS subcellular localization and function. Our
findings demonstrate that Y348D NIS is both retained intra-
cellularly and intrinsically inactive. Y348 does not face the
Na+ translocation pathway but rather is located on the other
side of the helix and is surrounded mostly by hydrophobic
residues. In the context of the evolutionary conservation of
the residue at position 348 in the SLC5A5 family, we suggest
that a hydrophobic residue is needed at that position to sat-
isfy structural and functional requirements.

Materials and Methods

Site-directed mutagenesis, cell culture transfection and
transduction, I- uptake in whole cells and in membrane ves-
icles (MVs), flow cytometry, cell surface biotinylation, im-
munofluorescence, deglycosylation assays, and immunoblot
were carried out as described previously (16,20,23).

NIS homology models

Our homology model of NIS in the inwardly open con-
formation (23) was based on the bacterial Na+/galactose
transporter (vSGLT) (PDB ID: 3DH4, 2XQ2; identity 27%
and similarity 45%) (28,29). Our model of NIS in the out-
wardly open conformation (residues 11–550; the last extra-
cellular loop was shortened by 40 residues) was generated
using as a template the Na+-coupled sialic acid symporter
SiaT (PDB ID: 5NVA; 25% identity and 46% similarity to
NIS) (30). Modeling was carried out with Modeller and the
SwissProt server. The initial models were carefully analyzed,
and insertions and deletions in helices were corrected; in
addition, the hydropathy of aligned residues was matched.
After several rounds of corrections, the inwardly and out-
wardly open models were aligned to ensure that the helices in
the two structures aligned correctly. Clashes were removed
by energy minimization using Gromacs (31,32). Residues
with side chain non-hydrogen atoms 5 Å or less from the
Y348 side chain were identified using PyMOL and an in-
house Python script (as described in Computational studies).

Computational studies

All-atom isothermal-isobaric simulations of inwardly and
outwardly open NIS were run with the CHARMM 36 force-
field (33) at 310 K using periodic boundary conditions and
Ewald summation. The time step was 2-fs recording frames
every 20 ps. A Langevin thermostat was used to heat the
systems. The protein was solvated with the TIP3P water
model and packed into a central 1-palmitoyl-oleoyl-sn-gly-
cerol-phosphocholine (POPC) using the CHARMM-GUI web
server (34–36). To prevent ion gradients established across
the NIS-containing membrane from being dissipated by the

periodic boundary conditions, a 1,2-dilauroyl-sn-glycero-3-
phosphocholine (DLPC) bilayer was manually added to the sys-
tem. Two sodium ions, as well as the I- NIS ligands, were placed
at the positions we determined previously. The three ions were
positionally restrained with a force constant of 2.4 kcal/mol/Å2.
The inwardly and outwardly open NIS conformations were
equilibrated in six steps before the production molecular dy-
namics (MD) runs. An in-house Python script was used to find
residues that contact Y348 in the MD simulations. This script
identifies as a contact in a frame a residue containing a side chain
non-hydrogen atom5 Åor less from the side chainatomsofY348.

All frames from the simulation were used in the contact
analysis (20,001 frames for the inwardly open conformation
and 25,001 frames for the outwardly open conformation).
The frequencies for this analysis were computed as the
fraction of all frames in which the contact was present. In the
cases in which multiple side chain non-hydrogen atoms in a
residue were 5 Å or less from the side chain atoms of Y348,
the highest frequency interaction was reported.

Sequence analysis

Representative SLC5 sequences were obtained by the
BLAST search and aligned with ClustalX. A phylogenetic
tree was inferred using the neighbor-joining method using
only positions without gaps and with corrections for multiple
substitutions, also in ClustalX. The drawing of the tree was
facilitated by dendrogram.

Results

Cells transfected with Y348D NIS cDNA exhibit no I-

transport activity

Y348 is located in the middle of TMS9 (Fig. 1A–F). Our
homology models of NIS in the inwardly (23) and outwardly
open orientations predict that Y348 should face the side of the
helix opposite S353 and T354 (Fig. 1D–E), residues that are
key for the binding of Na+ to the Na2 binding site (21,27). This
suggests that the effect of the Y348D substitution is not related
to Na+ binding or translocation (21). To elucidate the effect of
the Y348D substitution on NIS, we transfected wild-type (WT)
or Y348D NIS cDNAs into Madin-Darby canine kidney
(MDCK-II) cells and assayed them for I- transport in the
presence and absence of perchlorate (ClO4

-), a competitive
NIS inhibitor that is also transported by NIS (37) (Fig. 1G).

Consistent with the observations from the patients carrying
the Y348D NIS mutant protein (10), the cells expressing
Y348D NIS transported no I-, even when the assay was
carried out at 100 lM I- (Supplementary Fig. S1), a con-
centration 10 times the KM of human NIS (hNIS) for I- (16).

Y348 is found in an uncharged hydrophobic region of NIS
(as shown by the electrostatic surface; Fig. 1F). Thus, a
charged residue at this position—such as Asp in Y348D NIS—
probably destabilizes the interaction between TMS9 and the
neighboring NIS helices, preventing the protein from being
correctly assembled and properly inserted into the membrane.

Y348D NIS is retained intracellularly

NIS is glycosylated at Asn residues at positions 225, 489,
and 502 (Fig. 1A). We carried out immunoblot analyses of
membrane protein fractions from MDCK-II cells transfected
with WT or Y348D NIS cDNA using our high-affinity
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antibody against the carboxy terminus of hNIS (16,38). As
expected, WT NIS was detected as a mature *75–100 kDa
polypeptide. Strikingly, however, no mature *75–100 kDa
Y348D NIS polypeptide was detected (Fig. 2A), even when
the amount of protein electrophoresed was five times the
amount of WT NIS. The partially glycosylated WT NIS and
Y348D NIS polypeptides (*60 kDa) were readily apparent.
NIS-mutant proteins that are not fully glycosylated oligo-
merize (20,26). This oligomeric species (*120 kDa) was
also observed not only with Y348D NIS but also with NIS
mutants with other amino acid substitutions at position 348
that prevent the proteins from being fully glycosylated.

Endoglycosidase H (Endo H) does cleave Asn-linked hybrid
and high-mannose oligosaccharides, but not complex oligo-
saccharides, which are added to glycoproteins in the trans-
Golgi. Endo H treatment of the membrane fraction shifted the
partially glycosylated WT NIS from 60 kDa down to the
*50 kDa non-glycosylated form—but there was no effect on
the mature *75–100 kDa protein, in agreement with previous
findings (16,20,24,26). Endo H treatment similarly shifted the
immature core-glycosylated 60 kDa Y348D NIS and its dimer
to its non-glycosylated *50 and *100 kDa forms (Fig. 2A).
PNGase F is an amidase that cleaves between the innermost
N-acetylglucosamine and Asn residues of high-mannose, hy-
brid, and complex oligosaccharides.

PNGase F treatment of the membrane fraction shifted both
the mature *75–100 kDa and the partially glycosylated
60 kDa WT NIS polypeptide, as well as the partially glyco-
sylated *60 kDa Y348D NIS polypeptide, down to their
*50 kDa non-glycosylated forms (Fig. 2B). These findings
indicate that Y348D NIS is core-glycosylated, yielding a
partially glycosylated polypeptide similar to its WT NIS
counterpart, but Y348D NIS undergoes no further glycosyl-
ation in the trans-Golgi and therefore does not mature com-
pletely. Although we have reported that glycosylation is not
required for WT NIS to be properly targeted to the PM and
fully functional (5,24), most ITD-causing NIS mutants that
are not properly targeted to the PM are not fully glycosylated
(20,24,26). Therefore, we investigated the subcellular local-
ization of Y348D NIS.

We carried out flow cytometry (FC) analyses of non-
permeabilized and permeabilized WT or Y348D NIS-

expressing MDCK-II cells, using an anti-hemagglutinin (HA)
antibody directed against an HA tag engineered onto the
amino-terminus of NIS (Fig. 1A). Although the total expression
of Y348D NIS was indistinguishable from that of WT NIS
(Fig. 2C, left panel), the expression of Y348D NIS at the PM
was negligible, in contrast to that of WT NIS (Fig. 2C, right
panel). Cell surface biotinylation experiments were also per-
formed with the membrane-impermeant compound sulfo-
NHS-SS-biotin. An *100 kDa polypeptide corresponding to
mature WT NIS was observed in WT NIS-expressing cells, but
not in Y348D NIS-expressing cells (Fig. 2D), providing further
evidence that Y348D NIS does not reach the cell surface.

This conclusion was also supported by our immunofluo-
rescence results. Using an anti-HA antibody, we investigated
the subcellular localization of WT and Y348D NIS in
MDCK-II cells. Under nonpermeabilized conditions, which
reveal only proteins at the PM, WT NIS was readily apparent,
but Y348D NIS was not (Fig. 2E). Under permeabilized
conditions, Y348D NIS was clearly located exclusively in-
side the cell. In addition, Y348D NIS colocalized with the
GM-130 protein, a cis-Golgi marker, but not with the Na+/K+

ATPase, a PM marker (Fig. 2F).

Y348D NIS is not only retained intracellularly
but also intrinsically inactive

To determine whether the intracellularly retained Y348D
NIS mutant is intrinsically active, we investigated I- trans-
port in MVs prepared from WT or Y348D NIS-expressing
Cos-7 cells, enabling us to gain access to NIS molecules in
intracellular compartments. As expected (16,20,24), WT
NIS-expressing cells transported I- avidly (Supplementary
Fig. S2), and MVs prepared from these cells transported I- in
a Na+-dependent manner (Fig. 2G). In stark contrast, MVs
derived from cells expressing Y348D NIS transported no I-,
demonstrating that Asp at position 348 renders NIS intrinsi-
cally inactive.

Hydrophilic residues at position 348 also impair NIS
targeting to the cell surface

Cells expressing either Y348H or Y348Q NIS exhibited
no ClO4

--sensitive I- transport at 10 lM I- or at 100 lM I-

‰

FIG. 2. Y348D NIS fails to mature fully and is retained intracellularly. Immunoblot analysis of membrane proteins (10 lg)
extracted from MDCK II cells transfected with WT or Y348D NIS cDNA and treated with (+) or without (-) Endo H (A) or
PNGase-F (B). NIS protein forms were detected using an affinity-purified anti-hNIS antibody against residues 618–633 of the
carboxy terminus of hNIS. Letters to the right of the blots indicate differently glycosylated states of NIS with different relative
electrophoretic mobilities (A: *90 kDa: mature NIS protein; B, B¢: *60 and *120 kDa: core glycosylated NIS and its dimer,
respectively; C, C¢: *50 and *100 kDa: deglycosylated NIS and its dimer, respectively). E-cadherin was used as a loading
control. (C) Flow cytometry analysis (FACS) using an anti-HA antibody to detect total NIS expression (permeabilized cells) or
exclusively at the cell surface (nonpermeabilized cells) in MDCK II cells. (D) Cell surface biotinylation reveals fully glycosylated
WT NIS (A) but not Y348D NIS at the PM of MDCK II cells. NIS was detected by immunoblot using the same anti-NIS
antibody as in panels (A, B). The alpha subunit of the Na+/K+ ATPase was used as a loading control. (E) Immunofluorescence
reveals WT but not Y348D NIS at the PM in nonpermeabilized cells, indicated by colocalization with the Na+/K+ ATPase
(merge). (F) Immunofluorescence under permeabilized conditions shows WT NIS at the PM and expressed intracellularly.
Y348D NIS is retained intracellularly. Nonpermeabilized and permeabilized WT and Y348D NIS-transfected MDCK II cells
were immunostained with an anti-HA, an anti-Na+/K+-ATPase, and an anti-GM130 antibody, followed by anti-rabbit Alexa 488
and anti-mouse Alexa 594-conjugated antibodies. The overlay of the two images is shown (merge). Scale bar = 10 lm. (G) I-

transport assays in MVs from control, WT, and Y348D NIS-transduced COS-7 cells carried out at 20 lM I- in the presence or
absence of 100 mM Na+ for the periods of time indicated (100 lg of protein for each time point). Navy blue (WT, +Na+), pink
(WT, –Na+), cyan (Y348D, +Na+), red (Y348D, –Na+), yellow (control). Error bars indicate SE for triplicate determination. COS-
7, African green monkey kidney fibroblast-like cell line 7; Endo H, endoglycosidase H; FC, flow cytometry; GM130, Golgi
matrix protein 130; MVs, membrane vesicles; PM, plasma membrane; SE, standard error; hNIS, human NIS.
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(Fig. 3A). FACS (Fig. 3B) and Endo H-plus-Western blot
(Fig. 3C) analyses strongly suggest that the defect in Y348Q
and Y348H NIS (like that in Y348D NIS) is due to faulty
protein processing—specifically, to incomplete glycosyla-
tion and impaired delivery to the cell surface. However,
when the Western blot for Y348Q and Y348H NIS was
overexposed, mature NIS was detected in Y348H NIS-
expressing cells, although at very low levels (A *100 kDa in
Supplementary Fig. S3A).

Hydrophobic residues at position 348 rescue NIS
targeting to the PM and NIS activity

Given that Y348 is located in a hydrophobic region of NIS
(Figs. 1F and 4A), we engineered three hydrophobic residues
at position 348—yielding Y348A, Y348L, and Y348F NIS—
to ascertain whether they would rescue NIS activity. Indeed,
these mutant proteins transported I- at significant levels, and
Y348F NIS, in particular, transported I- virtually to the same

FIG. 3. Hydrophilic amino acids at position 348 render NIS inactive. MDCK-II cells were transfected with control
(pcDNA3.1) WT, Y348H, or Y348Q NIS cDNAs. (A) Steady-state I- transport assay (30 min) carried out in the absence
(blue bars) or presence (gray bars) of ClO4

- at 10 lM or 100 lM I-/140 mM Na+. Error bars indicate SE for four inde-
pendent experiments. (B) Flow cytometry analysis (FACS) using an anti-HA antibody to detect NIS expression in MDCK-II
cells at the cell surface (nonpermeabilized) or anywhere within the cell (permeabilized). (C) Immunoblot analysis of
membrane proteins (10 lg) obtained from MDCK-II cells transfected with WT, Y348H, or Y348Q NIS, treated with (+) or
without (-) Endo H. Letters to the right indicate the relative electrophoretic mobility of the NIS molecules, which depends
on the glycosylation of the proteins, as in Figure 2.
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extent as WT NIS (Fig. 4B). As expected, all three proteins
reach the PM (Fig. 4C), and they are fully glycosylated
(Fig. 4D), just like WT NIS (Fig. 3C). Taken together, these
results demonstrate that a hydrophobic residue at position
348 is necessary for proper folding of NIS and for its ex-
pression at the PM and that an aromatic ring side chain at this
position is required for optimal activity.

The requirement of a hydrophobic residue at position 348
is not due to the interaction of the phenolic ring of Y348 with
the membrane fatty acids. Our MD simulations of WT NIS

demonstrate that Y348 interacts primarily with hydrophobic
residues (i.e., residues side chain non-hydrogen atoms are 5 Å
or less from the Y348 side chain). In inwardly open NIS, the
side chains of residues L24, L156, L344, A345, L352, and
I174 (Fig. 4A) were found to interact with the side chain of
Y348 (frequencies: 99.79%, 99.75%, 97.40%, 95.80%,
85.91%, and 98.53%, respectively). In outwardly open NIS,
the frequencies were 96.83%, 25.40%, 90.40%, 96.66%,
99.42%, and 15.50%, respectively. Other hydrophobic resi-
dues whose side chains frequently interact with Y348 in both

FIG. 4. Hydrophobic resi-
dues at position 348 yield
active NIS proteins.
(A) Localization of Y348D
in TMS9 and residues in
TMS1 (L24), TMS5 (L156,
S170, and I174), and TMS9
(L344, A345, and L352) that
may interact with Y348D.
(B) Steady-state I- transport
assay (30 min) in control,
WT, Y348A, Y348L, and
Y348F NIS-transfected
MDCK II cells in the absence
(blue bars) or presence (gray
bars) of ClO4

- at 10 lM or
100 lM I- and 140 mM Na+.
(C) Flow cytometry analysis
of total expression and cell
surface expression of NIS
mutants, carried out as in the
experiment whose results are
shown in Figure 3B.
(D) Immunoblot analysis of
membrane proteins (10 lg)
obtained from MDCK-II
cells transfected with
Y348A, Y348L, or Y348F
NIS and treated with (+) or
without (-) Endo H. Letters
to the right indicate the rela-
tive electrophoretic mobility
of the NIS molecules, which
depends on the glycosylation
of the proteins (cf. Fig. 2).
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inwardly and outwardly open NIS include F20 (99.34%,
99.66%) and P152 (99.62%, 98.08%). These findings to-
gether with the evidence that the Y348F mutation rescues
NIS activity to near-WT levels, whereas hydrophilic muta-
tions abrogate I- transport, support the notion that the hy-
drophobic environment surrounding residue 348 is an
important determinant of NIS stability and function.

Discussion

The ITD-causing mutation Y348D NIS was first identified
in three Sudanese patients, one of whom developed a cog-
nitive impairment because she was diagnosed and treated too
late (at 40 days of age), whereas her younger siblings, who
were diagnosed and treated earlier (at 8 and 22 days of age),
developed normally (10). In this study, we report on the
molecular characterization of the Y348D NIS mutant and on
the requirements at position 348 for NIS function and for the
targeting of NIS to the PM.

Although Y348D NIS-expressing cells transported no I-,
even at extremely high concentrations of I- (10 times the KM

of hNIS) (Fig. 1G and Supplementary Fig. S1), it remained to
be determined whether the lack of transport resulted from
impaired trafficking of the mutant protein to the PM, im-
paired intrinsic activity, or both. We demonstrated by gly-
cosidase treatment plus Western blot, FACS, cell surface
biotinylation, and immunofluorescence analyses that Y348D
NIS is retained intracellularly and that its trafficking to the
PM is impaired at or before the medial-Golgi (Fig. 2A–F).

Defects in the biosynthesis of PM proteins that prevent
them from being trafficked to the cell surface have been
shown to cause loss of function in several other membrane
transporters belonging to the Slc5 family (39–42). In our
study, we found that Y348D NIS is only partially glycosy-
lated. However, this alone may not account for the protein’s
intracellular retention and loss of activity since non-
glycosylated NIS is targeted to the PM and has kinetic
parameters very similar to those of WT NIS (5,24). Instead, it
is likely that Y348D NIS is retained intracellularly because
it is improperly folded—although, if so, nothing can be
concluded from this about the protein’s intrinsic activity.

Some ITD-causing NIS mutants are retained intracellularly
either partially or completely but are nonetheless intrinsically
active (16,26); by contrast, some other mutants are intracel-
lularly retained and intrinsically inactive (20,24). MVs pre-
pared from cells expressing Y348D NIS transported no I-,
demonstrating that this NIS mutant, in addition to being re-
tained intracellularly, is also intrinsically inactive (Fig. 2G).

Not all ITD-causing NIS mutants are retained intracellularly.
Indeed, several mutants are trafficked to the PM but intrinsi-
cally nonfunctional (17,18,23). One of these—T354P NIS—
was the very first ITD-causing NIS mutant identified in a patient
(14,17), and the investigation of the molecular requirements
of NIS at position 354 has yielded a great deal of valuable
mechanistic information (21). Ultimately, on the basis of
experiments guided by MD simulations informed by our NIS
homology model, we reported that, in addition to S353 and
T354, four other residues—S66, D191, Q194, and Q263—
participate in Na+ coordination at the Na2 binding site (21,27).

According to our NIS homology model, although Y348 is
also located in TMS9, it does not face the Na+ translocation
pathway. Instead, Y348 is on the opposite side of the helix,

where it is surrounded mostly by hydrophobic residues
(Fig. 1D–F). Because TMS9 is tilted with respect to the plane
of the membrane, the residue at position 348 is in contact
with several other residues, which contribute to maintaining
its geometric relation to the TMSs perpendicular to the
membrane. Consistent with this notion, NIS proteins with
hydrophobic residues at position 348 are properly trafficked
to the PM, and they partially or fully retain transport activ-
ity (Fig. 4B). In contrast, the presence of Asp, a negatively
charged residue, at position 348 may prevent TMS9 from
being properly inserted into the membrane during NIS bio-
synthesis, thus destabilizing the folding of the protein and
interfering with its activity (Fig. 1G). This idea is supported
by our finding that other hydrophilic residues at position 348
also impair NIS trafficking to the PM and NIS-mediated I-

transport (Fig. 3A–C).
A homology model of hNIS was recently proposed by

Zhekova et al. (43). Although their article describes an ex-
tensive procedure involving multiple sequence alignment and
threading with several structural templates, the final NIS
model they used for refinement and MD simulations was
based on the structure of vSGLT, the same structural template
that we used to generate the model we have published
(16,23,24,26) and that we used in this work for the inwardly
open NIS. Although Zhekova et al. did not present a model of
outwardly open NIS, they mentioned the outward-facing
structure of SiaT when describing the putative mechanism
associated with the transition between the outwardly and
inwardly facing conformations of NIS. Our model and MD
simulations of outwardly open NIS are based on the structure
of SiaT. Overall, the predictions emerging from our homol-
ogy models and MD simulations are consistent with all
published experimental data on NIS.

A phylogenetic analysis of the SLC5 family demonstrates
that a hydrophobic residue at the position corresponding
to NIS-348 is highly conserved across all members of the
family (Supplementary Figs. S4 and S5).

ITD must be detected by early neonatal screening to ensure
that the condition can be treated with THs before it causes
permanent cognitive and developmental deficits. I- supple-
mentation during pregnancy is also beneficial, especially in
countries where I- deficiency is still prevalent. ClO4

- pollu-
tion in water sources should also be taken into consideration.

We have demonstrated that ClO4
- is not only transported

by NIS as a substrate (37) but also that ClO4
- allosterically

prevents Na+ from binding to one of its binding sites (44).
This has a profound effect on the mechanism by which NIS
transports I-: ClO4

- changes the stoichiometry of I- transport
from electrogenic (2 Na+:1 I-) to electroneutral (1 Na+:1 I-),
markedly decreasing I- transport in the thyroid, and conse-
quently reducing biosynthesis of the THs (44). Thus, expo-
sure to high concentrations of ClO4

- may be more deleterious
than previously thought, particularly to pregnant and nursing
women and their fetuses and newborns.

Our findings indicate that Y348 plays a significant role in
both the activity of NIS and its targeting to the PM, demon-
strating that a single amino acid mutation in a key protein
can have severe health effects that can last a lifetime. It is
imperative that the thyroid status of all newborns be moni-
tored so that, when early interventions are necessary, they
can be carried out immediately, before the newborns suffer
irreversible cognitive damage.
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