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ABSTRACT The Na*/I” symporter (NIS) is a plasma
membrane glycoprotein that mediates active I™ trans-
port in the thyroid, the first step in the biosynthesis of
the iodine-containing thyroid hormones T; and T,.
Several NIS mutants have been identified as a cause of
congenital I” transport defect (ITD), and their investi-
gation has yielded valuable mechanistic information on
NIS. Here we report a thorough characterization of the
ITD-causing NIS mutation in which the sixth intracel-
lular loop residues 439-443 are missing. This mutant
protein was intracellularly retained, incompletely glyco-
sylated, and intrinsically inactive. Engineering 5 Ala at
positions 439-443 partially recovered cell surface tar-
geting and activity (~15%). Strikingly, NIS with the
sequence 439-AANAA-443, in which Asn was restored at
position 441, was targeted to the plasma membrane and
exhibited ~95% the transport activity of WT NIS.
Based on our NIS homology model, we propose that
the side chain of N441, a residue conserved throughout
most of the SLC5 family, interacts with the main chain
amino group of G444, capping the o-helix of trans-
membrane segment XII and thus stabilizing the struc-
ture of the molecule. Our data provide insight into a
critical interhelical interaction required for NIS folding
and activity.—Li, W., Nicola, J. P., Amzel, L. M.,
Carrasco, N. Asn441 plays a key role in folding and
function of the Na™ /I~ symporter (NIS). FASEB J. 27,
3229-3238 (2013). www.fasebj.org
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Sfolding

Tue NA™ /17 symMporRTER (NIS) is a plasma membrane
glycoprotein that plays a key role in thyroid physiology
and pathophysiology. NIS mediates the active transport
of I in the thyroid gland and other tissues, including
salivary glands, stomach, intestine, and lactating breast
(1-5). I is an essential constituent of the thyroid

Abbreviations: Endo H, endo-B-acetylglucosaminidase H;
FACS, fluorescence activated cell sorting; HA, hemagglutinin;
HBSS, Hanks’ balanced salt solution; ITD, I™ transport
defect; MDCK-II, Madin-Darby canine kidney; MV, mem-
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hormones Ty and T, (triiodothyronine and thyroxine,
respectively), which are critical for the development
and maturation of the central nervous system, lungs,
and skeletal muscle in the fetus and newborn, as well as
for intermediary metabolism in virtually all tissues
starting in childhood and continuing throughout adult-
hood (6).

Our group cloned NIS and has since characterized it
extensively (2, 7-21). Our experimentally tested NIS
secondary structure model shows a protein with 13
transmembrane segments (TMSs), an extracellularly
facing amino terminus, and a cytosolic carboxyl termi-
nus (see Fig. 1A and refs. 10, 14). Although NIS is
highly N-glycosylated, glycosylation is not critical for
NIS targeting to the plasma membrane or function
(10). NIS activity results from coupling the inward
translocation of Na* down its electrochemical gradient
to the inward transport of I~ against its electrochemical
gradient, with an electrogenic 2 Na™:1 1~ stoichiometry
(8). The driving force for this process is the inwardly
directed Na* gradient generated by the Na® /K™ AT-
Pase. Significantly, we have demonstrated that NIS
translocates different substrates with different stoichi-
ometries, as NIS-mediated transport of the environ-
mental pollutant perchlorate (ClO, ) or perrhenate
(ReO, ") is electroneutral, i.e., 1 Na*:1 ClO,” /ReO,~
(16, 21).

I transport defect (ITD) is a rare autosomal reces-
sive disorder caused by naturally occurring mutations
in the NIS gene (22, 23). Patients with ITD lack the
ability to actively accumulate I in thyroid follicular
cells, thus leading to congenital hypothyroidism. The
general clinical picture of ITD consists of a variable
degree of hypothyroidism; reduced to absent thyroid
uptake of radioiodide or pertechnetate, as determined
by scintigraphy; and low I saliva to plasma ratio (24,
25). To date, 14 ITD-causing NIS mutations have been
identified: —54C>T, V59E, GI93R, R124H, A142-323,
Q267E, C272X, A287-288, T354P, G395R, A439-443,
frameshift 515X, Y531X, and Gb43E (22, 26).

Studies of different ITD-causing NIS mutations in
our laboratory have provided key mechanistic informa-
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tion on NIS maturation, trafficking, and structure/
function relations (16-20, 27, 28). A detailed analysis
of the T354P mutation revealed that the hydroxyl
group at the B-carbon of the residue at position 354 is
essential for NIS function and that other (B-hydroxyl-
containing residues in TMS IX are involved in Na™
binding/translocation (18). Similarly, the investigation
of the G93R mutation led to the discovery that position
93 in TMS III is critical for substrate selectivity and
stoichiometry and that changes from an outwardly to
an inwardly open conformation during the transport
cycle use G93 as a pivot (16). Recently the R124H NIS
mutant was shown to be intracellularly retained, yet
intrinsically active, and R124 was demonstrated to play
a structural role by bridging together IL-2 and 6, thus
allowing a local folding required for NIS maturation
and trafficking to the plasma membrane to occur (15).

The ITD-mutant A439—443 NIS was first described in
an Italian patient with congenital hypothyroidism car-
rying a homozygous mutation c.1314_1328del (29).
Amino acids 439-443 are putatively located in IL-6
connecting TMSs XI and XII (see Fig. 14). When
expressed in COS-7 cells, A439-443 NIS did not trans-
port I, suggesting that the deletion is the direct cause
of ITD (29). Here we have carried out a thorough
molecular analysis of the A439-443 NIS deletion. We
found that A439-443 NIS is retained intracellularly
and intrinsically inactive, as determined by I transport
assays in membrane vesicles. Engineering 5 Ala at the
positions of the missing amino acids significantly im-
proved cell surface targeting and partially recovered 1™
transport. Furthermore, we identified N441 as a critical
amino acid involved in NIS folding. Our results suggest
that the side chain of N441, a conserved residue in most
members of the SLC5 family of transporters, interacts
with the main chain amino group of G444, as part of an
N-terminal helix-capping motif.

MATERIALS AND METHODS
Cell culture and transient transfection

COS-7 and Madin-Darby canine kidney (MDCK-II) cells were
obtained from the American Type Culture Collection (Ma-
nassas, VA, USA) and cultured in Dulbecco’s modified Ea-
gle’s medium (Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (Gemini BioProducts, West
Sacramento, CA, USA), 2 mM r-glutamine, and antibiotics.

Cells were transfected with 4 pg plasmid using Lipo-
fectamine Reagent enhanced with Plus Reagent (Invitrogen)
according to the manufacturer’s instructions. Flow cytometry
analysis was performed 1 d after transfection. Cells were
assayed for I™ uptake, cell surface biotinylation, and immu-
noblot and immunofluorescence analysis 48 h posttransfec-
tion.

Stable MDCK-II polyclonal populations were selected and
propagated in growth medium containing 1 g/L G418 (Me-
diatech, Herndon, VA, USA) as described previously (30).

Site-directed mutagenesis

Mutations in human NIS containing an amino terminus
hemagglutinin (HA) epitope tag cloned into pcDNA3.1 vec-
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tor were introduced using QuikChange Site-Directed Mu-
tagenesis kit (Strategene, La Jolla, CA, USA) as reported
previously (31). Individual mutagenic oligonucleotides were
generated using Strategene’s QuickChange primer design
program. All constructs were sequenced to verify the specific
nucleotide substitutions.

Preparation of membrane vesicles

Membrane vesicles were prepared as described previously (9,
20). Briefly, cells were resuspended in ice-cold 250 mM
sucrose, 1 mM EGTA, and 10 mM Hepes (pH 7.5) containing
protease inhibitor cocktail (Roche Applied Science, India-
napolis, IN, USA) and disrupted with a motor-driven teflon-
pestle homogenizer. The homogenate was centrifuged at 500
g for 15 min at 4°C, and the supernatant was ultracentrifuged
at 100,000 g for 1 h at 4°C. The resulting pellet was resus-
pended in ice-cold 250 mM sucrose, 1 mM MgCl,, and 10 mM
Hepes (pH 7.5).

I" transport in cells and membrane vesicles

I transport assays in COS-7 or MDCK-II cells was performed
as described previously (16, 32). Briefly, cells were incubated
in Hanks’ balanced salt solution (HBSS) containing 20 uM I~
supplemented with 100 pCi/pmol carrier-free  Na'®’I
(PerkinElmer, Boston, MA, USA) for 45 min at 37°C. NIS-
specific I” uptake was assessed in the presence of the NIS
inhibitor ClO,~ (80 wM). Reactions were terminated by
aspirating the radioactive solution and washing with ice-cold
HBSS. Accumulated '*°I” was extracted with ice-cold ethanol
and then quantified in a Wizard y counter (PerkinElmer).
DNA was determined by the diphenylamine method after
trichloroacetic acid precipitation (1). Iodide uptake was
expressed as picomoles of I” per pg DNA (pmol/uwg DNA)
and standardized by NIS expression, as analyzed by fluores-
cence activated cell sorting (FACS) under permeabilized
conditions.

For I"-dependent kinetic analysis, cells were incubated for
2 min in HBSS buffer containing 2.5-320 uM I". Initial-rate
data were analyzed by nonlinear regression using the follow-
ing equation for I"-dependent I™ uptake: v = (V..
[I"1)/(K,, + [I7]). Background obtained from nontrans-
fected cells was subtracted. Data were analyzed with Gnuplot
software (http://www.gnuplot.info).

I” uptake in membrane vesicles was performed as de-
scribed previously (9, 20). Aliquots containing 100 g of
protein were assayed for '*’I” uptake by incubating for 3 min
at room temperature with an equal volume of a solution
containing 80 pM I™ (supplemented with 100 pCi/pumol
carrier-free Na'*’I), 1 mM MgCl,, 10 mM Hepes (pH 7.5), 2
mM methimazole, and 200 mM NaCl. Reactions were termi-
nated by the addition of 4 ml of ice-cold quenching solution
containing 1 mM Tris-HCI (pH 7.5), 250 mM KCI, and 1 mM
methimazole followed by rapid filtration through wet
0.22-pum nitrocellulose filters (EMD Millipore, Billerica, MA,
USA). Radioactivity retained by membrane vesicles (MVs) was
determined as described above.

Deglycosylation assays

Membrane vesicles (10 pg) were deglycosylated with endo-3-
acetylglucosaminidase H (Endo H; New England Biolabs,
Ipswich, MI, USA) in 50 mM sodium citrate (pH 5.5) at 37°C
for 2 h. As negative control, membrane vesicles were incu-
bated in the same buffer without enzyme. After treatment,
samples were subjected to immunoblot analysis.
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Immunoblotting

SDS-PAGE, electrotransference to nitrocellulose membranes,
and immunoblotting were performed as described previously
(9, 33). Membranes were incubated with 4 nM of an affinity-
purified polyclonal anti-human NIS Ab directed against the
last 13 residues of the cytosolic NIS carboxyl terminus (2).
Equal loading or purification controls were assessed by strip-
ping and reprobing the same blot with 0.25 g/ml monoclo-
nal anti-a-tubulin Ab (Sigma-Aldrich, St. Louis, MO, USA) or
0.5 pg/ml monoclonal anti-Na*/K* ATPase al-subunit Ab
(Affinity BioReagents, Golden, CO, USA). Horseradish per-
oxidase (HRP)-linked secondary anti-mouse and anti-rabbit
Abs were obtained from Jackson ImmunoResearch (West
Grove, PA, USA) and Amersham Biosciences (Piscataway, NJ,
USA), respectively. Proteins were visualized using the en-
hanced chemiluminescence Western blot detection system
(Amersham Biosciences). Band intensities were measured
densitometrically using the Image] image software (U.S.
National Institutes of Health, Bethesda, MD, USA).

Flow cytometry and cell sorting

Cells were stained using indirect immunofluorescence proce-
dures (19, 20). Briefly, paraformaldehyde-fixed cells were
incubated in PBS containing 0.2% BSA (Sigma-Aldrich) for
nonpermeabilized conditions or an additional 0.2% saponin
for permeabilized conditions with 3 nM anti-HA rat mono-
clonal antibody (Roche Applied Science) or 1:50 anti-human
NIS VJ1 mouse monoclonal antibody directed against an
undefined extracellular conformational epitope of NIS (34).
After washing, cells were incubated with 50 nM of Alexa-488-
conjugated goat anti-mouse antibody or R-phycoerythrin
(PE)-conjugated goat anti-rat antibody (Life Technologies,
Grand Island, NY, USA). The fluorescence of 10* cells/tube
was assayed in FACSCalibur flow cytometer (BD Biosciences,
San Jose, CA, USA). All data were analyzed with Flow]o
software (Tree Star, Ashland, OR, USA).

Cell surface biotinylation

Biotinylation of cell surface proteins was performed as de-
scribed previously (18, 19). Briefly, transfected cells were
incubated with 1 mg/ml of the membrane-impermeable
biotin reagent sulfo-NHS-SS-biotin (Pierce Chemical, Rock-
ford, IL, USA), which covalently interacts with extracellular
primary amines. Cells were lysed, and biotinylated proteins
were precipitated overnight with streptavidin-coated beads
(Pierce Chemical). Beads were washed and adsorbed proteins
were eluted with sample buffer containing 10 mM dithiothre-
itol at 75°C for 5 min and analyzed by immunoblot.

Immunofluorescence

Cells seeded onto glass coverslips were fixed in 2% parafor-
maldehyde, quenched with 50 mM NH,ClI in PBS containing
1 mM CaCl, and 0.1 mM MgCl, (PBS/CM), and permeabil-
ized or not in PBS/CM supplemented with 0.2% (v/v) Triton
X-100, and 5% (v/v) goat serum (Life Technologies). Cells
were immunostained with 4 nM polyclonal anti-human NIS
antibody, 3 nM anti-HA antibody or 1:50 anti-NIS VJ1 anti-
body in PBS/CM containing 0.2% BSA. For analysis under
permeabilized conditions an additional 0.1% Triton was
added. Secondary staining proceeded with 50 nM anti-rabbit
Alexa-488 and anti-mouse Alexa-594 antibodies (Life Tech-
nologies). Coverslips were mounted with a DAPI-containing
mounting medium (Vector Laboratories, Berlingame, CA,
USA), and images were acquired on a Bio-Rad Radiance 2000
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scanning laser confocal microscope. Image editor software
Adobe Photoshop (Adobe, San Jose, CA, USA) was used to
prepare digitized images.

Modeling

The homology model of residues 50-476 of NIS has been
described previously (16). Modeling of the deletion and the
different amino acid substitutions was carried out using
PyMol (Schrodinger, Portland, OR, USA).

Statistical analysis

Statistical analysis was performed by GraphPad Prism (Graph-
Pad Software, San Diego, CA, USA) from =3 independent
experiments. Multiple group analysis was conducted by 1-way
ANOVA. As posttest, the Newman-Keuls multiple comparison
test was used. Comparisons between 2 groups were made
using unpaired 2-tailed Student’s ¢ test. Differences were
considered statistically significant at values of P < 0.05.

RESULTS

A439-443 NIS is intracellularly retained

According to our experimentally tested NIS secondary
structure model, the missing residues of A439-443 NIS
are located in intracellular loop 6 (IL-6), which con-
nects TMSs XI and XII (Fig. 1A). COS-7 cells were
transfected with wild-type (WT) or A439-443 NIS
c¢DNA and assayed for I transport. As reported previ-
ously (29), at steady state, no perchlorate (ClO, )-
inhibited I" accumulation was observed in A439-443
NIS-transfected cells, in contrast to control WT NIS-
expressing cells (Fig. 1B and refs. 7, 9, 19, 27, 28). We
assessed whether the absence of I transport in A439-
443 NIS-expressing cells was due to faulty targeting of
the transporter to the plasma membrane. Flow cytom-
etry (FACS) showed that A439-443 NIS was not tar-
geted to the cell surface (Fig. 1C). When FACS was
performed under permeabilized conditions to deter-
mine total NIS protein expression, we observed staining
in both WT and A439-443 NIS-expressing cells. In
contrast, when the experiments were performed in
nonpermeabilized cells to ascertain NIS expression
at the plasma membrane only, using an anti-HA Ab
directed against an extracellular HA tag engineered
onto the amino terminus of NIS, staining was evident
exclusively in WT NIS-transfected cells (Fig. 1C). In
addition, immunofluorescence analysis under per-
meabilized conditions showed that, consistent with
our FACS results, A439—-443 NIS was retained intra-
cellularly (Fig. 1D).

A439-443 NIS is intrinsically inactive

I transport in intact cells is only observed when NIS is
targeted to the plasma membrane (35). A439-443 NIS
is not active in transiently transfected COS-7 cells
ultimately because it is retained intracellularly. How-
ever, the lack of I transport in these cells does not
necessarily mean that A439-443 NIS is intrinsically
inactive. Therefore, we prepared MVs from COS-7 cells
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Figure 1. Characterization of expression and activity of A439-443 NIS. A) NIS
secondary structure model. Cylinders represent the 13 TMS, in Roman numerals;
branches indicate Mlinked glycosylation sites. The amino acid sequence deleted in the
ITD-causing A439-443 NIS mutant in IL-6 is depicted in blue. B) Steady state I~
transport assays in nontransfected (Nt), wild-type (WT), or A439-443 NIS cDNA-
transiently transfected COS-7 cells. Cells were incubated with 20 wuM I™ in the absence
(dark bars) or presence (light bars) of 80 uM ClO, for 45 min at 37°C, as described
in Materials and Methods. Results are expressed as means = sp (pmol I" /ug DNA).
Values are representative of =3 different experiments; each experiment was performed
in triplicate. C) Representative FACS analysis of total (top panel) and plasma membrane

(bottom panel, surface) NIS expression in COS-7 cells nontransfected (solid gray) or transfected with WT (blue line) or
A439-443 NIS (red line). Cells were stained with anti-HA Ab, followed by R-phycoerythrin-conjugated anti-rat Ab. D)
Immunofluorescence analysis of permeabilized COS-7 cells expressing WT or A439-443 NIS. Cells were stained with
anti-human NIS Ab, followed by anti-rabbit Alexa 488-conjugated Abs (green). Nuclei were stained with DAPI (blue). White
scale bar: 20 wm. £) I uptake in MVs prepared from WT or A439-443 NIS-expressing COS-7 cells. MVs were incubated
with 40 uM I in the absence (dark bars) or presence (light bars) of 80 uM CIO, . Results are expressed as means * sp (pmol
I /mg protein). The experiment shown is representative of 3 independent experiments; each experimental point was

performed in triplicate.

expressing either WT or A439-443 NIS and assayed
them for active I" accumulation. As expected, MVs
from WT NIS-expressing cells exhibited ClO, -inhibit-
able I transport (Fig. 1E and ref. 20). In contrast, no
significant I accumulation was detected in MVs from
A439-443 NIS-expressing cells (Fig. 1E). These results
show that, in addition to impaired trafficking to the cell
surface, A439—443 NIS may either be intrinsically inac-
tive or have undetectable activity.

Insertion of 5 Ala partially rescues NIS plasma
membrane targeting

To investigate the role of the deleted amino acids (aa
439-443) in NIS function, we engineered a mutant
containing 5 Ala (bA NIS) at the positions of the
missing amino acids. We generated permanently trans-
fected MDCK-II cells expressing either WT, A439-443,
or bA NIS and assayed them for I transport. In
agreement with our data in COS-7 cells, A439-443
NIS-expressing MDCK-II cells did not transport I, in
contrast to WT NIS-expressing cells (Fig. 24). Remark-
ably, bA NIS-expressing cells displayed ClO, -inhibit-
able I transport, albeit at a modest level (Fig. 2A).
A439-443 and 5A NIS were expressed at levels compa-
rable to those of WT NIS, as shown by FACS under
permeabilized conditions (Fig. 2B, total). However,
under nonpermeabilized conditions, 5A NIS was found
to be partially targeted to the cell surface, whereas
A439-443 NIS was retained intracellularly (Fig. 2B,
surface), as in COS-7 cells. Consistent with these find-
ings, cell surface biotinylation experiments showed
that, as expected, the 75- to 100-kDa mature NIS
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polypeptide was at the plasma membrane, whereas no
biotinylated NIS polypeptides were detected in A439-
443 NIS-transfected cells (Fig. 2C, third lane). More-
over, a modest amount of mature BA NIS was demon-
strated at the plasma membrane, in agreement with the
partial recovery of I transport mediated by this mu-
tant.

To investigate the impaired plasma membrane tar-
geting of A439-443 NIS, we first assessed whether
A439-443 NIS was properly glycosylated. Membrane
fractions from permanently transfected MDCK-II cells
were assayed by Western blot using an anti-NIS Ab. As
reported (15, 20), the electrophoretic pattern of WT
NIS comprised immaturely glycosylated (~60 kDa,
band A) and mature or fully glycosylated (~100 kDa,
band B) polypeptides (Fig. 2D). The mature NIS poly-
peptide was absent in A439-443 NIS-expressing cells,
suggesting that this mutant NIS species was not fully
processed (Fig. 2D). Significantly, we barely observed
the fully glycosylated NIS polypeptide in 5A NIS-
expressing cells.

To investigate A439-443 NIS glycosylation further,
we used endo-B-acetylglucosaminidase H (Endo H)
treatment. As proteins that mature beyond the medial-
Golgi are Endo H resistant, sensitivity to Endo H
indicates that the protein in question has not been
processed past the medial-Golgi. Endo H caused the
disappearance of partially glycosylated polypeptides
from WT, A439-443, and 5A NIS (Fig. 2E, band A) and
a simultaneous appearance of the ~50 kDa nonglyco-
sylated NIS polypeptide (Fig. 2F, band AA). However,
as expected, the mature WT and 5A NIS polypeptides
were Endo H resistant (Fig. 2E, band B). These findings
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brane targeting. A) Steady-state 1™
uptake in nontransfected (NT), and permanently expressing WT, A439-443 (A), or 5A NIS MDCK-II cells. Cells were
incubated with 20 uM I in the absence (dark bars) or presence (light bars) of 80 uM ClO, . Results are expressed as
means * sp (pmol I /g DNA). Values are representative of =3 different experiments; in each experiment activity was
analyzed in triplicate. B) Representative FACS analysis of NIS expression under permeabilized (top panel, total) and
nonpermeabilized (bottom panel, surface) conditions. Cells were stained with anti-HA Ab, followed by R-phycoerythrin-
conjugated anti-rat Ab. Nontransfected cells are represented in solid gray; WT NIS in blue line; A439-443 NIS in red line,
and 5A NIS in green line. C) Immunoblot analysis of cell surface-biotinylated proteins from nontransfected and WT,
A439-443, or A NIS-expressing MDCK-II cells, performed with anti-human NIS Ab (top panel). The plasma membrane
marker Na™* /K" ATPase was used as a positive control (bottom panel). D) Immunoblot analysis of membrane fractions from
WT, A439-443, or HA NIS-transfected MDCK-II cells performed with anti-human NIS Ab (upper panel). The NIS
electrophoretic pattern includes immaturely glycosylated (~60 kDa, band A), and mature or fully glycosylated (~100 kDa,
band B) polypeptides. The housekeeping protein a-tubulin was used as loading control (bottom panel). £) Immunoblot
analysis of membrane proteins treated (+) or not (—) with Endo H, and immunoblotted with anti-human NIS Ab. Right
side of the blot indicates the relative electrophoretic mobilities of the corresponding NIS polypeptides (AA: ~50, A: ~60,

B: ~100 kDa), depending on glycosylation status.

show that, whereas A439-443 NIS is initially glycosy-
lated, it is ultimately retained in intracellular compart-
ments prior to the medial-Golgi, in contrast to some bA
NIS molecules, which mature fully and reach the
plasma membrane.

Deletion A439-P443 affects the extracellular
conformational epitope V]J1

As expected, WT NIS-expressing MDCK-II cells, under
nonpermeabilized conditions, showed a plasma mem-
brane-associated immunofluorescence staining pattern
with anti-HA Ab. (Fig. 1 and Fig. 3, staining in green).
In contrast, there was no staining in A439-443 NIS-
expressing cells when probed under nonpermeabilized
conditions, in agreement with the notion that A439—
443 NIS is retained intracellularly. Indeed, staining was
observed in A439-443 NIS-expressing cells only under
permeabilized conditions, as demonstrated previously
in COS-7 cells (Fig. 1D). In addition, 5A NIS was mainly

Permeabilized

expressed intracellularly and barely detected at the
plasma membrane (Fig. 3).

Interestingly, staining with the anti-human NIS VJ1
Ab, which recognizes an extracellularly facing confor-
mational epitope, revealed fewer positive A439-443
and HA NIS- than WT NIS-expressing cells (Fig. 3,
staining in red), even though the total number of cells
expressing each mutant and WT NIS was similar, as
shown by HA Ab staining. These findings raised the
possibility that the anti-NIS VJ1 Ab has a lower affinity
for A439—-443 and HA NIS than for WT NIS as a result
of conformational changes affecting the VJ1 epitope, a
notion quantitatively investigated below.

Engineering of N441 into 4-Ala NIS fully restores
targeting of NIS to the plasma membrane

To determine the importance of the amino acids
deleted in A439-443 NIS for targeting to the plasma
membrane and function, we engineered cDNA con-

Non-permeabilized

HA NIS Vi1 HA
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NIS Vi1

Figure 3. Deletion A439—-443 affects the confor-
mational epitope VJ1. Inmunofluorescence anal-
ysis of permeabilized or nonpermeabilized per-
manently transfected MDCK-II cells stained with
anti-HA or anti-human NIS V]J1 Abs, followed by
R-phycoerythrin-conjugated anti-mouse (red) or
Alexa 488-conjugated anti-rat (green) Abs, re-
spectively. Under permeabilized conditions, pic-
tures were taken at 2 different resolutions (X600
and X1200). Scale bars = 20 pm.
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structs individually restoring each native amino acid at
positions 441 and 442 into a 4-Ala (4A) NIS back-
ground to generate MDCK-II cells expressing N441/4A
or T442/4A NIS. N441/4A NIS-mediated I transport
was comparable to that by WT NIS, whereas T442/4A
NIS displayed ~60% of WT NIS uptake (Fig. 44). Total
expression levels of all 3 NIS proteins were similar;
however, T442/4A NIS showed reduced plasma mem-
brane targeting, as assessed by FACS analysis (Fig. 4B).
Initial rates of I transport revealed that the K, values
for I” of N441/4A and T442/4A (23£3 and 304 pM,
respectively) were similar to that of WT NIS (27%3
wM), whereas that of 5A NIS was 4-fold higher (10114
wM), indicating that 5A NIS has a lower apparent
affinity for I than the other 3 NIS proteins (Fig. 4C).
Moreover, the presence of Asn at position 441 suffices
to restore not only NIS targeting to the cell surface but
also its K,, for I".

To explore the possible reduced affinity of anti-V]1
Ab for A439-443 and 5A NIS (Fig. 3), MDCK-II cells
were stained with anti-VJ1 and anti-HA Abs and ana-
lyzed by FACS under permeabilized conditions. Evalu-
ation of the ratio of mean fluorescence intensity of
positive cells stained with VJ1 over HA quantitatively
confirmed a reduced affinity of anti-VJ1 Ab for A439—
443 NIS (Fig. 4D). Insertion of 5A residues modestly
restored the conformational epitope VJ1. Interestingly,

engineering Asn-441, but not Thr-442, completely re-
covered the affinity of the conformational Ab, suggest-
ing that Asn-441 plays a significant role in NIS folding.
No differences in staining efficiency were observed
between an anti-human NIS Ab directed against the
NIS carboxyl terminus and an anti-HA Ab (not shown).

The anti-VJ1 Ab recognizes an extracellular confor-
mational epitope proposed to contain amino acids
from the last extracellular loop (34). As this loop is
glycosylated at 2 positions (N489 and N502), and
A439-443 NIS is partially glycosylated, we investigated
whether the carbohydrate moieties constitute part of
the epitope recognized by the Ab. We engineered a NIS
mutant where Asn residues present in the 3 core
glycosylation sites N225, N489, and N502 were replaced
by Gln to yield nonglycosylated NIS (NIS TQ; Fig. 4F,
band AA). COS-7 cells were transiently transfected with
WT NIS and NIS TQ cDNAs and anti-V]1 staining was
assessed by FACS under permeabilized condition.
There was no difference in mean fluorescence intensity
of positive cells (Fig. 4F), indicating that the carbohy-
drate moieties are not part of the V]J1 epitope.

N441 participates in helix N-capping of TMS XII

In a-helices, the backbone carbonyl groups make H-
bonds with the main-chain amino groups of the fourth

A w0, W20uM - B o C - WT & T442/4A ?12
W20 UM - NA41/4A 100 @ 5A - N441/4A =
2T 60 80 uM ClOg- T442/4A - i
] g P 8 g oo 1.0 *
g = ™ = £
= g 40 g o . EQ 60 .E
8= %5 Surface 33 gos
i : W g3 :
2 8 20 = N441/4A TE T 06
= T442/4A 22 2 e
3 0 S
J 3 DA g ; - . .
NT WT N44l T442 e O 80 160 240 320 WT A 5A N441T442
T H.E;\i " 10 10 (17 (uMm) 4 4A
E Fr HA] Figure 4. N441 in 4A NIS fully rescues protein targeting to the
WT plasma membrane. A) Steady state I” uptake in nontrans-
NT WT TQ TQ fected (Nt) and permanently expressing WT, N441/4A, or
kDa - T442/4A NIS MDCK-II cells. Cells were incubated with 20 uM
100- ré I" in the absence (dark bars) or presence (light bars) of 80
75- i NIS 5 NIS V1 wM ClO, . Results are expressed as means = sp (pmol I /pg
50- AA ® WT DNA). Values are representative of =3 different experiments;
= Lo in each experiment activity was analyzed in triplicate. B)
50 I o-Tubulin é Representative FACS histograms showing NIS expression un-
g der permeabilized (top panel, total) and nonpermeabilized
| Nllg ot 10 (bottom panel, surface) conditions. Cells were stained with

anti-HA Ab, followed by R-phycoerythrin-conjugated anti-rat
Ab. Nontransfected cells are represented in solid gray and cells stably expressing WT, N441/4A, or T442/4A are indicated
in blue, green, and red, respectively. C) Initial rates of I uptake were determined at the indicated concentrations of I".
Calculated curves (smooth lines) were generated using the equation v = (V. *[17])/(K,+[I"]) adjusted to consider
background data obtained in nontransfected cells. Shown is a representative experiment of 3 independent experiments. D)
Relative affinity of anti-human NIS-V]1 Ab for WT NIS and NIS mutants. Permanently expressing MDCK-II cells were
immunostained under permeabilized conditions with anti-human NIS-V]J1 or anti-HA Abs, followed by Alexa 488-conjugated
anti-mouse or R-phycoerythrin-conjugated anti-rat Abs, respectively. The ratio of mean fluorescence intensity in the positive
population of cell stained either with anti-human NIS V]J1 or anti-HA Abs was calculated for each mutant. The ratio obtained
for WT NIS expressing cells was arbitrarily defined as 1. ¥*P < 0.05 (ANOVA, Newman-Keuls test). £) Immunoblot analysis
of membrane fractions from WT and nonglycosylated (TQ) NIS-transfected COS-7 cells performed with anti-human NIS Ab.
Relative electrophoretic mobilities of the corresponding NIS polypeptides (AA: ~50, A: ~60, B: ~100 kDa) are indicated.
F) FACS histograms showing NIS expression under permeabilized conditions. Cells were stained with anti-HA or anti-human
NIS-VJ1 Abs. Nontransfected cells are represented in solid gray and COS-7 cells expressing either WT or TQ NIS are
indicated by blue and red lines.
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residue farther along in the helix. This structural
characteristic leaves the initial 4 amide hydrogens of
the helix with unsatisfied H-bonding potential. There-
fore, these amino groups are satisfied by side-chain
H-bond acceptor groups of polar residues preceding
the beginning of the helix, thus terminating and stabi-
lizing the a-helix at the amino-terminal end (36, 37).
Similarly, a complementary arrangement is also found
at the carboxyl terminus of o-helices. This motif,
termed helix capping, has been shown to play an
important role in the folding, stability, and function of
proteins (38, 39). The functional relevance of helix
capping is highlighted by mutations associated with
inherited disorders such as neurodegenerative diseases
or diabetes mellitus (40, 41).

We have recently generated a NIS homology model
(16) using as a template the crystal structure of the
Vibrio  parahaemolyticus Na™ /galactose symporter
(vVSGLT), the only structure determined of any protein
belonging to the SLC5 family (42). On the basis of our
NIS homology model, we propose that the main chain
amino group of G444 at the beginning of TMS XII is
capped by the carboxamide side-chain of N441 (Fig.
5A). To test this hypothesis, we substituted N441 with
Gln, an amino acid reported to participate in N-cap-
ping (37), in the background of 4A NIS (Q441/4A
NIS). This mutant was transiently transfected into
COS-7 cells and assayed for I transport. At steady state,
Q441 /4A NIS exhibited the same levels of I transport
and cell surface expression as those of WT NIS (Fig. 5B,
C). In stark contrast, when GIn was substituted at
position 440 rather than 441 (Q440/4A NIS), the
resulting protein did not transport I (Fig. 5B) and
barely reached the cell surface (Fig. 5C). This may be so
because the distance between Q440 and the amide
group of G444 in TMS XII may be too long to allow for
the formation of an H bond, leaving the helix back-
bone amino group unsatisfied. Consistent with these
observations, when we introduced an Asn at position
440 (N440/4A NIS), the same phenomenon occurred

W20 M I-

20 uM I-
80 M CIOg~

lodide uptake
{pmol/pg DNA)

NT WT N440 Q441 Q440

4A  4A  4A

(Fig. 5B). The only mutants that reached the plasma
membrane, as shown by immunfluorescence, were
those in which the N-capping amino acids Asn or Gln
were located at position 441 (Fig. 5D), in agreement
with our FACS data. These results are consistent with
the notion that N441 participates in N-capping of
TMS XII.

Conserved residue N441 is required for NIS targeting
to the plasma membrane

NIS belongs to the SLCHA family of transporters, which
couple the inward “uphill” translocation of their sub-
strates to the inward “downhill” transport of Na™.
Interestingly, N441 is highly conserved throughout the
family (Fig. 6A4). To assess the role of this residue, we
generated the N441A and N441Q NIS mutants in the
WT NIS background and assayed I uptake in tran-
siently transfected COS-7 cells. N441A NIS only re-
tained less than half of the transport activity displayed
by WT NIS, whereas N441Q) NIS exhibited an activity
comparable to that of WT NIS, consistent with the
structural similarity and capping properties of Asn and
GIn (Fig. 6B). Although Asn is preferred to Gln at the
N-cap position (37), Gln is structurally and chemically
perfectly suited to participate in helix N-capping; it is
just less frequently observed than Asn. Plasma mem-
brane targeting of N441A NIS was partially impaired,
even though its expression levels were comparable to
those of N441Q) and WT NIS (Fig. 6C), which explains
the lower I accumulation by N441A NIS. In conclu-
sion, our findings strongly suggest that N441 partici-
pates in TMS XII stabilization by capping the helix.
This proposal is supported by the observation that, in
the experimental structure of vSGLT (42), the template
used for the NIS homology model, Thr452, the equiv-
alent residue to Asn44l, is directly involved in an
N-capping interaction.

c @l D

Non-permeabilized
N440/4A

Qa41/4A Permeabilized

N440/4A

yr Y

Surface

WT
0441/48
N440/4A

;v\\m\

|
HA-NIS

Q440/4A

Count (% of Max)

Figure 5. N441 participates in N-capping of TMS XII. A) Close-up of NIS homology model based on the structure of vSGLT
showing IL-6 connecting TMS XI and XII. Structural and biochemical data indicate the participation of N441 in N-terminal
helix-capping of TMS XII. The carboxamide side chain of N441 may form an H bond (dotted line) with the main chain NH
group of G444. B) Steady-state I" uptake in nontransfected (Nt) and transiently transfected COS-7 cells expressing WT,
N440/4A, Q441/4A, and Q440/4A NIS. Cells were incubated with 20 puM I™ in the absence (dark bars) or presence (light bars)
of 80 uM ClO, . Results are expressed as means * sp (pmol I"/ug DNA). Values are representative of =3 different
experiments; in each experiment, activity was analyzed in triplicate. C) Representative FACS histograms showing NIS expression
under permeabilized (top panel, total) and nonpermeabilized (bottom panel, surface) conditions. Cells were stained with
anti-HA Ab, followed by R-phycoerythrin-conjugated anti-rat Ab. Nontransfected cells are represented in solid gray; cells
expressing WT, Q441/4A and N440/4A NIS are indicated by blue, red, and green lines. D) Immunofluorescence analysis
of nonpermeabilized (left panels) and permeabilized (right panels) transiently transfected COS-7 cells stained with
anti-HA Ab, followed by R-phycoerythrin-conjugated anti-rat Ab (green). Cell nuclei were stained with DAPI (blue). Scale
bars = 20 pm.
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SLC5A10 (SGLTS) 431 GVFW RRA N EQ GAFWG =
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Figure 6. Conserved residue N441 is required for NIS targeting to the plasma membrane. A) Sequence alignment of IL-6 of SLC5A
family members. The N441 position in NIS and corresponding residues in other members are indicated in blue. Left and right shaded
sequences represent fragments of TMS XI and XII, respectively, according to the crystal structure of vSGLT. B) Steady-state I uptake
in nontransfected (Nt) or transiently transfected COS-7 cells expressing WT, N441Q), or N441A NIS. Cells were incubated with 20 uM
I"” in the absence (dark bars) or presence (light bars) of 80 uM ClO, . Results are expressed as means = sp (pmol I /g DNA).
Values are representative of =3 different experiments; in each experiment activity was analyzed in triplicate. C) Representative FACS
histograms showing NIS expression under permeabilized (top panel, total) and nonpermeabilized (bottom panel, surface)
conditions. Cells were stained with anti-HA Ab, followed by R-phycoerythrin-conjugated anti-rat Ab. Nontransfected cells are
represented in solid gray; WT NIS, blue line; N441Q) NIS, red line; and N441A NIS, green line.

DISCUSSION

ITD is an uncommon autosomal-recessive condition
caused by naturally occurring mutations in the SLC5A5
gene, which encodes NIS (23). The identification of
disease-causing NIS mutations has been made possible
by the availability of the NIS ¢cDNA sequence (7). To
date, 14 such mutations have been reported (—54C>T,
V59E, GI93R, R124H, A142-323, Q267E, A287-288,
C272X, T354P, A439-443, G395R, G543E, frameshift
515X, and Y531X). The investigation of NIS mutations
has been an extremely valuable approach to elucidate
structure and function relations in NIS. Some of these
ITD mutants, including V59E, G93R, R124H, Q267E,
T354P, G395R, and G543E, have been studied in detail
and have provided key mechanistic information on NIS
(15-20, 27, 28). For example, an analysis of the T354P
substitution revealed that this position requires an OH
group at the B-carbon and led us to study other
B-OH-containing residues in TMS IX. We have shown
that these amino acids are involved in Na™ binding
and translocation, and we have proposed a structural
homology between the leucine transporter from
Aquifex aeolicus (LeuT; ref. 43) and NIS, even though
they belong to different families and there is no
primary sequence homology between them (18). A
remarkable surprise was that the V. parahaemolyticus
Na™/galactose symporter, which belongs to the same
family as NIS, actually displays the same fold as LeuT
(42, 44). Furthermore, we have recently reported
that position 93 in NIS is critical for substrate selec-
tivity and stoichiometry (16).

Five of the previously studied NIS mutants (V59E,
GI3R, T354P, G395R, and Q267E) are fully glycosy-
lated and properly targeted to the plasma membrane
(16-19, 27, 28). In sharp contrast, the NIS mutants
R124H and G543E were found to mature only partially
and be retained in intracellular organelles instead of
being expressed at the cell surface (15, 20). Here we
report on the extensive characterization of the ITD-
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causing A439-443 NIS mutant. As previously shown
(29), we observed that cells expressing the mutant
A439-443 NIS did not display any I” accumulation
(Figs. 1B, 2A), a finding consistent with the idea that
the mutation was the direct cause of ITD. In addition,
we determined that the A439-443 NIS mutant matures
only partially and is retained intracellularly (Figs. 1C,
2B). We also showed that A439-443 NIS failed to
accumulate I in membrane vesicles (Fig. 1F), indicat-
ing that the deletion causes the protein to be intrinsi-
cally inactive.

To understand the role played by the deleted amino
acids in NIS structure, we engineered a mutant contain-
ing 5 Ala residues (bA NIS) replacing the amino acids
missing in A439-443 NIS. Surprisingly, we found that
5A NIS was partially targeted to the cell surface and
displayed modest I uptake levels, indicating that re-
storing the missing amino acid segment, even if it
consists of 5 Ala, brings partial NIS activity back (Fig.
24). Although we demonstrated that A439-443 NIS
was incompletely glycosylated, some 5A NIS molecules
were completely glycosylated (Fig. 2C-E). However, the
incomplete glycosylation of A439-443 NIS is unlikely
to be the direct cause of the protein’s intracellular
retention, since studies carried out in our laboratory
have demonstrated that glycosylation is not essential for
NIS targeting to the plasma membrane or transport
activity (10). Therefore, our findings suggest that addi-
tional structural changes other than those causing
impaired glycosylation are likely to be present in A439—
443 NIS.

Significantly, the anti-NIS VJ1 Ab, which recognizes
an extracellular conformational epitope proposed to
contain amino acids from the last extracellular loop
(34), seems to display a lower affinity for A439-443
than for WT NIS (Figs. 3 and 4D). Given that the last
extracellular loop of NIS is glycosylated at 2 positions,
we investigated whether the carbohydrate moieties con-
stitute part of the epitope recognized by the Ab and
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demonstrated that this was not the case (Fig. 4F). An
altered conformation of the VJ1 epitope in A439-443
NIS may be caused by the shorter distance between
TMS XI and XII in the mutant, thus explaining the
lower affinity of the anti-VJ1 Ab for A439-443 NIS
relative to WT NIS. Consistent with this notion, we
detected a higher affinity of the anti-VJ1 Ab for 5A NIS
than for A439-443 NIS, and virtually the same affinity
for N441/4A NIS and WT NIS (Fig. 4D). Thus, intro-
ducing N441 alone was enough to restore the immu-
norecognition of the protein by the anti-VJ1 Ab. Strik-
ingly, N441/4A NIS exhibited targeting to the plasma
membrane and I transport properties comparable to
WT NIS (Fig. 4A, B), suggesting a significant structural
role for N441, a highly conserved residue in all mem-
bers of the SLC5A family of proteins except for SGLT4
(Fig. 6A). It is noteworthy that the C440A substitution
had no effect on NIS function and targeting to the
plasma membrane (15). Moreover, the N441A substi-
tution significantly decreased I uptake and targeting
to the plasma membrane, whereas replacing Asn441
with Gln, a residue that may participate in helix cap-
ping, yielded a protein that behaved similarly to WT
NIS (Figs. 6B, C). Although Gln is not as preferred as
Asn at the N-cap position (37), structurally and chem-
ically it is perfectly suited to participate in helix N-cap-
ping; it is just less frequently observed than Asn.
Disruption of stability by mutations that affect helix
capping has been reported in proteins such as HNF1-a,
resulting in monogenic diabetes mellitus, and in a
prion protein fragment (40, 41). Helix capping motifs
have also been invoked in the stabilization of the TMS
VI of several GPCRs (39, 45).

Protein Scheme  Activity PM expression
WT 100% +++
£439-443 ND ND
SA ~15% +
i ~95% +H+
Q440/aA ND +/-

Figure 7. Summarized schematic representation of the re-
sults. Cylinders represent TMS, connecting black lines intra-
cellular loop 6, black circles the indicated amino acid resi-
dues, and orange circles N-capping. Activity denotes I~
transport; PM, plasma membrane; ND, nondetectable.

STABILIZATION OF NIS BY HELIX CAPPING

Our NIS homology model based on the structure of
the bacterial Na™ /galactose symporter (vSGLT; ref. 16)
shows that IL-6 between TMS XI and XII in WT NIS is
~12 A in length. We propose that the amide hydrogen
in the main chain at the beginning of TMS XII (G444)
is capped by the side chain of N441 (Fig. 5A). In
contrast, the corresponding distance is markedly
shorter in A439-443 NIS. Bringing the amino terminus
of TMS XII and the carboxyl terminus of TMS XI
together requires large changes in the orientation of
the 2 helices with respect to each other, to the rest of
the molecule, and to the membrane. With these
changes the protein is neither targeted to the cell
surface nor functional (Fig. 1 and Fig. 7), whereas in
the 5A mutant, the consecutive Ala residues may form
a helix that increases the distance between TMS XI and
XII to 5-7 A, shorter than the original 12 A but long
enough to allow the protein to be partially folded and
minimally targeted to the plasma membrane, albeit
with a lower apparent affinity for I than WT NIS (Figs.
2, 4C, and 7). For their part, both N441/4A and
Q441/4A NIS mimic WT NIS, likely because in these
mutants TMS XII is capped. In contrast, neither
N440/4A nor Q440/4A NIS is targeted to the plasma
membrane (Figs. 5, 7), possibly because in these mu-
tants the distance between N440 or Q440 and TMS XII
may be too long for N-capping to occur.
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