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Abstract

The human sodium iodide symporter (hNIS) is a theranostic reporter gene which concentrates
several clinically approved SPECT and PET radiotracers and plays an essential role for the
synthesis of thyroid hormones as an iodide transporter in the thyroid gland. Development of hNIS
mutants which could enhance translocation of the desired imaging ions is currently underway.
Unfortunately, it is hindered by lack of understanding of the 3D organization of hNIS and its
relation to anion transport. There are no known crystal structures of hNIS in any of its
conformational states. Homology modeling can be very effective in such situations; however, the
low sequence identity between hNIS and relevant secondary transporters with available
experimental structures makes the choice of a template and the generation of 3D models
nontrivial. Here, we report a combined application of homology modeling and molecular
dynamics refining of the hNIS structure in its semioccluded state. The modeling was based on
templates from the LeuT-fold protein family and was done with emphasis on the refinement of the
substrate-ion binding pocket. The consensus model developed in this work is compared to
available biophysical and biochemical experimental data for a number of different LeuT-fold
proteins. Some functionally important residues contributing to the formation of putative binding
sites and permeation pathways for the cotransported Na* ions and 1~ substrate were identified. The
model predictions were experimentally tested by generation of mutant versions of hNIS and
measurement of relative (to WT hNIS) 125~ uptake of 35 hNIS variants.

Graphical Abstract
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l. INTRODUCTION

Sodium (Na*) iodide symporter, or NIS, is a secondary transporter from the SLC5 sodium/
solute symporter family, which includes several sodium-dependent glucose transporters such
as hSGLT1 and hSGLT2.1 NIS is found predominantly in the basolateral membranes of
thyrocytes, where it transports the 1~ ions necessary for the biosynthesis of thyroid hormones
against their concentration gradient by coupling to the symport of Na* ions along their
electrochemical gradient. NIS is expressed also in a variety of organs, including the
stomach, intestines, salivary glands, placenta, lactating breast, lungs, and testes, where its
role is not well understood.? lodide transport defects (ITD) in the function of human NIS
(hNIS) due to missense pathological mutations and deletions result in iodide deficiency and
disorders like goiter and congenital hypothyroidism, which can lead to lifelong cognitive and
physical disability. Several mutations related to 1TD have been reported in patients.3

Electrophysiology studies performed on rat NIS showed that it enables secondary transport
for a number of monovalent anions with remarkable differences in size and molecular shape
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(e.g., 17, NO3~, SCN~, TcO,~, BF47).245 The common environmental pollutant perchlorate
(CIO47), which is also a transported substrate of NIS, serves as a potent competitive
inhibitor of the transport of 1~ and other NIS substrates.®

Since hNIS is expressed and functional in differentiated thyroid cancers, some breast
cancers, and cholangiocarcinoma,? its ability to transport selected positron emission
tomography (PET) and single-photon emission computed tomography (SPECT) radiotracers
(e.g., 12517, 9¥9MTc0O,~, [18F]-BF47) can be potentially harnessed for early detection of these
cancers.”10 The transport of 1311~ by hNIS has already been used for treatment of Graves
disease, toxic nodular goiter, and benign nontoxic goiter and offers potential therapeutic
implementations of hNIS in differentiated thyroid tumors, breast cancer, and other
malignancies where hNIS is present.3 Importantly, recent advances in gene targeting
methods have paved the way for potential use of hNIS for in vitro and in vivo PET and
SPECT imaging with selected radiotracers in preclinical models and human subjects.11-14
Maximizing the potential of hNIS for such applications relies on the expression of
engineered mutants of hNIS which are transport efficient even in the presence of background
ion blockers in the cells of interest (e.g., cancer cells). The administration of the competitive
inhibitor ClO,4~ can effectively suppress radiotracer uptake in all healthy cells expressing
wild type hNIS, while cancer cells containing engineered variants of hNIS will accumulate
the radiotracer. This procedure would eliminate uptake of radiotracers and cytotoxicity in the
healthy tissues expressing wild type hNIS and would prevent background signal interference
in the PET/SPECT measurements. Pertechnetate, 99MTcO,", used in SPECT imaging and
tetrafluoroborate, [18F]-BF,~ (TFB), used in PET imaging are among the most promising
radiotracers of hNI1S,1%.16 given their short half-life times (6 h for #MTcO,4~ and 109.8 min
for [18F]-BF,47)1917 and high quality of the produced imaging signal. Thus, it is desirable
that hNIS mutants which are optimized to transport efficiently these two radiotracers in the
presence of ClO4~ are developed. The rational optimization of hNIS for in vivo or in vitro
imaging however is hindered by lack of crystal structures of hNIS and by often-conflicting
uptake mechanisms reported for NIS-mediated transport.

Rat NIS, which has a high sequence identity with human NIS, was cloned successfully in
1996 and kickstarted the molecular characterization of the structure and function of N1S.18
Although a crystal structure of NIS is yet to be resolved, a number of studies have elucidated
possible structure/activity determinants. Hydropathy analyses, coupled with mutagenesis
studies, have shed light on the overall secondary structure of N1S.19 It is accepted that NIS
features 13 transmembrane domains (TMs), with an N-terminus in extracellular orientation
and a long cytoplasmic C-terminus tail. Glycosylation and phosphorylation positions have
been identified in the extracellular loops of TMs 6 and 7 and 12 and 13.19

The transport motif of NIS is composed of TMs 2-11 and likely possesses the 5 + 5 inverse
repeat?0 found in the crystal structures of the bacterial leucine transporter LeuT?! and
various other secondary transporters, including the galactose transporter vSGLT of Vibrio
parahemolyticus,?2 which is regarded as a homologue of the SLC5 family members hSGLT1
and hSGLT2.1 Moreover, rat NIS is reported to exhibit either electrogenic (Na*:substrate =
2:1) or electroneutral (Na*:substrate = 1:1) transport, depending on the transported anion.
24-6 Fynctional mutagenesis studies along with the known pathological 1TD mutations have
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identified several amino acids in NIS as critical for I~ transport.23-46 The overall geometry
of NIS, the structure of its binding sites, and its transport mechanism, however, remain
poorly understood.

Some information about NIS has been obtained from comparison to other proteins which
have the same 5 + 5 LeuT-fold as NIS. Among these proteins are two homologues of hNIS,
VSGLT, whose structure has been resolved with X-ray diffraction,22 and the proline
transporter, PutP, which has been extensively studied with functional mutagenesis.#’-61 In
the absence of actual crystallographic structures, computational modeling provides an
avenue for exploration of structural characteristics and their potential effect on protein
function. Validated homology models of PutP, based on vSGLT, have been reported
before®6:57 and offer the opportunity for structure/activity analysis of PutP in analogy to
VSGLT and other LeuT-fold transporters. Homology models of hNIS based on the vSGLT
structure have also been reported in recent articles?:344-46 without extensive cross-
validation. Furthermore, some of the studies did not consider the copermeant Na* ions that
are required for substrate or inhibitor binding.#°

Given the potential importance of hNIS as a reporter and therapeutic gene used for early
cancer detection and treatment, and the need for better understanding of the transport
mechanism in hNIS for construction of engineered strains with enhanced selectivity for 1™,
99mMTc0,~, and [18F]-BF,4, even in the presence of competitive inhibitors like CIO,~, we
report here a thoroughly validated homology model of hNIS, consistent with the available
experimental data. Several hNIS models based on different combinations of LeuT-fold
templates were constructed, and a combination of Grand Canonical Monte Carlo (GCMC)%2
and all-atom molecular dynamics simulations was employed with the aim of identification of
putative binding sites for Na* and I~ and other structural elements of relevance to transport.
The molecular simulations were used to guide mutagenesis and uptake experiments by
mapping residues essential for substrate and copermeant ion binding. The final validated
structure of our human NIS model is available upon request.

. METHODOLOGY

Choice of Templates

It has been suggested that hNIS has a similar architecture as the vSGLT galactose
transporter,2 a bacterial orthologue of hSGLT1 and hSGLT2 from the SLC5 protein family
to which hNIS belongs.! The sequence similarity, however, remains relatively low (<35%).
VSGLT features the typical 5 + 5 LeuT-fold inverted repeat which is found in a number of
proteins transporting a wide range of diverse substrates.2 For sequence alignment,
necessary for the construction of the homology models of hNIS, we chose six LeuT-fold
proteins crystallized in the occluded or semioccluded state, including vSGLT22 (Na*-
coupled galactose transporter, PDB code 3DH4), LeuT2! (Na*-coupled leucine transport,
PDB code 2A65), AdiC53 (Na*-independent arginine/agmantine antiport, PDB code 3L1L),
Mhp1%4 (Na*-coupled hydantoin transport, PDB code 4D1B), BetP® (Na*-coupled betaine
transport, PDB code 4D0J), and dDAT66 (Na*-coupled dopamine transport, PDB code
4XPA). The substrates of these templates are neutral or positively charged organic molecules
of different sizes and shapes and have very different physical and chemical properties from
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iodide. Therefore, for construction of alternative models of hNIS and assessment of its
overall 3D structure, we also used transporters involved in selective anion uptake with
available high-resolution X-ray or cryo-EM structures such as the bicarbonate transporters
(hAE187 and hNBCe168) from the SLC4 family and the chloride/proton antiporter CLC-
ec159 from the CLC family of chloride channels and transporters. The sequence identity for
hNIS and all of the selected templates is low (20%-30%). The highest sequence identity was
observed with the LeuT-fold proteins, especially for the 5 + 5 motifs.

Multiple Sequence Alignment Protocols

Three separate alignments were made for hNIS with respect to each of the available protein
folds (LeuT-fold with six templates, SLC4-fold with two templates, and CLC-fold with one
template). The multiple sequence alignments were performed with the align tool of Modeller
9.18,70 which overlaps the template crystal structures and uses structural information from
this overlap to assign the amino acid sequences to helices and loops. In the case of the LeuT-
fold-based models, to improve alignment in the ion/substrate binding domain of hNIS, the
putative sequences of TMs 1, 12, and 13 of hNIS were removed, and the remaining 5 + 5
fold of hNIS (residues 50-439) was aligned with the 5 + 5 folds of the six selected
templates. TMs 1 and 12 of hNIS were modeled after TMs 1 and 12 of vSGLT (from PDB
codes 2XQ2 and 3DH4, respectively), since the rest of the templates showed significant
differences in this area. TM13 of hNIS was excluded from modeling with the LeuT-fold
templates due to poor sequence identity with all templates. The refined alignment for the
LeuT-fold models is presented in Figure S1 of the Supporting Information. For the models
based on SLC4 and CLC templates, we prepared alignments using the full hNIS sequence.
The sequence identity in both cases was lower than 20%.

3D Threading and Refinement of Models

3D models of hNIS with the three different protein folds (CLC, SLC4, and LeuT) were
constructed with Modeller 9.1870 and then used to map key transport residues known from
functional mutagenesis in NIS. The three models based on the different templates are
presented in Figure 1. Only the LeuT-fold model of hNIS satisfied basic considerations of
protein structure and provided structural consistency with the mutagenesis data. Therefore,
only LeuT-fold templates were used for further modeling of hNIS. 3D structures of hNIS
were built using the automodel function in Modeller 9.1879 with alpha helical constraints
imposed on residues 85-99, 279-296, 393-401, 409-425, and 428-438 for better
reproduction of the helical transmembrane domains. LeuT,?! AdiC,53 BetP,5% and dDAT®6
show notable differences from vSGLT?2 and Mhp184 in the structure and orientation of
TM11 which implies differences in the gating and overall transport mechanism. Such subtle
mechanistic differences are also inferred from DEER measurements on Mhp1 and LeuT.20
After assessment of similarities in the 3D structure of the six overlapped LeuT-fold
templates, they were divided in two groups: vSGLT-like (including vSGLT and Mhp1) and
LeuT-like (including LeuT, AdiC, BetP, and dDAT). Three LeuT-fold models of hNIS were
generated afterward: a vSGLT-like model based on vSGLT and Mhpl, a LeuT-like model
based on LeuT, AdiC, BetP, and dDAT, and a mixed model based on all six templates. For
each model, 500 structures were generated with Modeller 9.18, using automodel, and the
quality of the structures was assessed with pdfpdb,’? DOPE,” and GA34172 scores.
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Afterward, 5 to 10 structures with the lowest DOPE and highest GA341 scores were selected
and overlapped with the templates for assessment of overall backbone structure and position
of residues identified as important from experimental data (X-ray diffraction where possible
and functional mutagenesis).

Comparison of the three different types of hNIS models revealed significant structural
differences in the area of extracellular gating (Figure S2), with the LeuT-like and mixed
hNIS models adopting helical organization closer to the helical organization in LeuT.
Considering the homology between vSGLT and hNIS, only the vSGLT-like model was then
used for further structural refinement and MD simulations. The three vSGLT-like structures
with the best side-chain overlap with the corresponding residues of interest in the vSGLT
and Mhp1 templates were selected for further side-chain relaxation with ROSETTA MP.73

Side-Chain Relaxation with ROSETTA

The three vSGLT-like hNIS structures selected from the previous step were subjected to
side-chain relaxation with the ROSETTA MP protocols’3 in the presence of an implicit
membrane. The span files for the membrane were prepared manually with topology based on
the initial 3D structures of hNIS. 2000 decoy structures were generated for each of the three
individual hNIS models and were scored with the mpframework_smooth_fa_2012 function.
The resultant structures were clustered with the cluster tool provided in ROSETTA. The
center of the largest lowest energy cluster was chosen as a representative hNIS model for the
remaining GCMC and MD simulations and is displayed in Figure 2A.

Putative Binding Sites from GCMC and PB Mapping

Identification of binding sites for ions in the protein scaffold is challenging. This work
adapts a strategy used previously to map binding sites in the Gltpy, transporter.’* Briefly,
water molecules were used to sample polar cavities in the protein core with a combination of
GSBP/GCMC algorithms allowing flexibility of the reduced protein system and representing
the membrane/solvent environment implicitly.62.75 For the Grand Canonical Monte Carlo
(GCMC) calculations, only the protein residues within a sphere with a 15 A radius centered
at the center of mass for the consensus hNIS model were treated explicitly, with the rest of
the system represented as generalized solvent boundary potential (GSBP).”> The GCMC
simulation was run for 150 cycles with 5000 MC steps at 300 K with excess chemical
potential (4) for the external water reservoir set to —6.2 kcal/mol. The produced hNIS
structures were relaxed with Langevin dynamics for 2 ps per GCMC cycle. Here, 50 relaxed
structures from the GCMC calculations were then randomly selected and submitted for
electrostatic potential calculations using linear Poisson—-Boltzmann (PB) equations and an
implicit membrane default setup from the PBEQ solver tool in the CHARMM-GUI server.
76,77 The resulting electrostatic density maps were overlapped with the water density map
evaluated from the GCMC trajectories, and the areas of highest water density in the putative
binding cavity were assigned as either positively charged (putative anion binding area) or
negatively charged (putative cation binding area). The position of the putative anion and
cation binding sites are shown in Figure 2B as blue or red spheres, respectively.
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Refinement of Binding Sites with MD Simulations

The putative binding sites identified from the GCMC/PB calculations were used for further
assessment of Na* and 1~ binding in hNIS with MD simulations. The MD models included
the two proposed transport stoichiometries for rat NIS (1:1 Na*:substrate and 2:1 Na
*:substrate)® 78 and were tested with both 1~ and ClO4~ as substrates. In all simulations, one
Na* was placed in a negatively charged area of the protein identified from our GCMC/PB
calculations which corresponds to the Na2 binding site in the crystal structure of vSGLT.22
The models with 2:1 Na*:substrate stoichiometry had a second Na* ion bound at the site
with the negative electrostatic potential overlapping with the location of the Nal site in
LeuT?! (Figure 2B). For each anionic substrate (1~ or ClO,") and each tentative transport
stoichiometry (1:1 and 2:1 Na*:substrate), 13 different substrate binding positions in the
large slightly positive substrate binding cavity of hNIS, inferred from our GCMC
calculations, were used as the initial guess for MD simulations (Figure 2B, blue spheres). In
addition, all calculations were done with either no water molecules present in the substrate
binding cavity at the initial MD step or with 12 water molecules at the remaining 12 out of
the predicted 13 GCMC/PB substrate positions (excluding the site for the bound anion).
Thus, a total of 104 separate models were constructed for all-atom MD simulations aimed at
the refinement of binding sites in hNIS.

The hNIS structures with the respective ions and (where applicable) water molecules were
then positioned in a tetragonal periodic box of size 90.44 A x 90.44 A x 101.83 A,
containing a POPC bilayer (95 and 92 POPC molecules in upper and lower leaflet,
respectively), water (20 A layers), and 0.15 M KClI solution with the CHARMM-GUI server.
76,79.80 The orientation of the hNIS protein in the lipid bilayer was based on the vSGLT
membrane orientation evaluated from the OPM server.81 The prepared hNIS models were
equilibrated with NAMD 2.1282 following the standard six-step protocol for constrained
equilibration.83 The CHARMMB36 force field was used for protein, lipids, counterions, and
water molecules.8485 Jodide parameters were taken from ref 86. CHARMM-compatible
parameters were developed for CIO,~ using the GAAMP protocol8” (Table S1). The 50 ns
long MD trajectories for each of the developed hNIS models were performed in the NPaT
ensemble at 7=310 K and £= 1 atm. The aggregate sampling time was 5.2 /5. The
trajectories were then analyzed with in-house tcl scripts developed for VMD 1.9.3.88

Experimental Protocols

For further validation of our hNIS model, selected residues mapped as important for Na* or
substrate binding or gating modification in hNIS were evaluated experimentally for their
roles in transporter uptake efficiency. We focus our experimental studies on positions/
substitutions without published data.

Site-Directed Mutagenesis

Targeted mutagenesis of specific residues in human WT hNIS was performed using a
QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara,
CA). Nucleotide substitutions were confirmed by sequencing analysis. A human influenza
hemagglutinin (HA) tag was added at the C-terminus of hNIS to enable detection of mutant
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hNIS protein expression using an anti-HA tag antibody. The hNIS mutants were subcloned
into a lentiviral expression vector.

Generation of Stable Cell Line

VSV.G pseudotyped lentiviral vectors encoding human NIS WT or human NIS mutants were
generated by triple transfection of packaging and vector plasmids with FUGENE HD
(Promega, Madison, W1) into 293T cells as previously described.8? Titers of lentiviral
vectors were determined by transduction of HeLaH1 cells and quantitated as transducing
units/mL using quantitative PCR. HeLaH1 cells stably expressing the various hNIS mutants
were generated by transduction of cells at a multiplicity of infection (MOI) of 2. Cells were
placed under puromycin selection (0.5 pg/mL). Puromycin-resistant HeLaH1-NIS cells were
characterized by flow cytometry analysis with 1:50 dilution of Alexa Fluor 647 conjugated
antibodies recognizing the HA Tag 6E2 (Cell Signaling, Danvers, MA). Median
fluorescence intensity of Alexa Fluor 647 positive cells was analyzed using the FlowJo
(Ashland, OR) software.

In Vitro Uptake Assay

HeLaH1 cells stably expressing human WT hNIS or hNIS mutants were seeded in 12 well
plates at a density of 3 x 10° cells/well for 1 day prior to experiments. Cells were washed
once in Hanks’ balanced salt solution (HBSS, Gibco) supplemented with 10 mM HEPES
(Genesee Scientific, San Diego, CA). The cells were incubated with the 1251~ radioisotope
(~100,000 cpm) in a HBSS/HEPES buffer at 37 °C for 1 h. Cells were washed twice with
cold HEPES/HBSS and lysed with 1 M NaOH for 10 min. Radioactivity was quantified with
a PerkinElmer Wizard-2 2470 gamma counter for 125=. All the experiments were performed
in triplicate and repeated at least three times. To allow comparison between experiments, the
uptake of 1251~ by the hNIS mutants was normalized with the uptake of 1251~ by WT hNIS.
Results for the mutants were represented as fractions of the WT hNIS uptake, where the WT
hNIS uptake is equivalent to 1 (Figure 3).

Ill. RESULTS AND DISCUSSION

Consensus 3D Structural Model of the Semioccluded State of hNIS

Figure 1 displays the 3D hNIS models (cylindrical representation) built with templates from
three different protein families: hAE167 and hNBCe1%8 from the SLC4 family of anion
transporters, CLC-ec159 from the CLC family of chloride transporters and channels, and
vSGLT?2 and Mhp1%4 from the LeuT-fold transporters. The positions of basic and acidic
residues in the models are indicated with blue and red colors, respectively. The hNIS models
based on the SLC4 and CLC templates led to regions composed of acidic or basic residues
exposed to the hydrophobic core of the membrane. Many of the functionally relevant
residues (yellow spheres) mapped from mutagenesis studies appear either in the connecting
loops or in the peripheral helices in contradiction to the experimental data reviewed in this
work. Only the hNIS model based on the LeuT-fold templates has a structure consistent with
the expected membrane protein organization, featuring charged residues concentrated in the
hydrophilic loop regions, with the exception of the catalytically relevant D191 which
appears to be oriented toward the ion binding cavity. The putative binding residues implied
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from functional mutagenesis studies are located in the protein core, where the sodium and
substrate binding areas have been found in all LeuT-fold transporters with known structures.
90 Therefore, hNIS almost certainly has a LeuT protein fold as suggested by previous
homology and hydropathy modeling? instead of a protein fold characteristic for known
secondary transporters of anions. The final 3D model of hNIS used in this study (Figure 2) is
therefore based on two LeuT-fold proteins (vSGLT and Mhpl), chosen due to their overall
structural similarities in the areas of outward-facing and inward-facing gates (which implies
similarity of the transport mechanism), the homologous relation to hNIS (in the case of
vSGLT),12 and the presence of multiple structures in different conformations (in the case of
Mhp1).64.91,92

Putative Binding Sites for Cotransported Cations and Substrate in hNIS from Molecular

Modeling

The location of the binding sites in the LeuT-fold family has been well established in several
available X-ray structures from various structurally similar proteins?:20.21.63,64,66.90-95 g g
plethora of experimental mutagenesis and uptake studies (Table S2). The LeuT-fold proteins
feature a variety of transport stoichiometries, where the coupling Na* ions vary in numbers
from 7= 0 (e.g., the Na*-independent arginine transporter AdiC)®3 to 7= 3 (human betaine/
GABA transporter).%8 In some cases, K*- and CI~-dependent transport is also observed.
66,96-98 Most of the LeuT-fold proteins have at least one Na* ion bound at a conserved
sodium binding site, which corresponds to site Na2 in LeuT.20:99.100 | eyT features also a
second sodium ion bound at its Nal binding site, in immediate proximity to the primary
substrate binding site often referred to as the S1 site.2! The hNIS homologues from the
human SGLT family use a different number of cations coupled to substrate cotransport
depending on the particular family member: hSGLT1 and hSGLT2 couple two or one Na*
ions to glucose transport, respectively.191 Cation binding sites labeled Nal and Na2 as well
as a primary substrate binding site S1 have been identified in several LeuT-fold proteins with
available high-resolution X-ray structures.1%0 A recent structure of an outward-facing open
state of the sialic acid transporter, SiaT, which belongs to the LeuT-fold family of proteins,
features a new Na* binding site, labeled as Na3,102 close to site Na2 in vSGLT. The location
of the second sodium binding site in hSGLT1 has recently been delegated to the Na3 site.103
The vSGLT and Mhp1 templates used for our hNIS model feature a single sodium ion in the
Na2 binding site.22:64 Taken together with the diverse substrates transported by the LeuT-
fold proteins, it is evident that the LeuT-fold organization of the transmembrane domains
supports a fairly powerful mechanism of secondary transport that can be easily adapted to
the chemistry and geometry of many different substrates. The transport stoichiometry for
human NIS is as of yet unknown. The available electrophysiological evidence suggests a 2:1
Na*:1~ transport stoichiometry in rat NIS and is in support of two cation (Na*) binding sites
which we label Nal and Na2, respectively, in analogy to the Na* binding sites in LeuT. We
have probed both tentative sites Nal and Na2 in our hNIS model.

While all of the known secondary transporters feature a primary binding site for a substrate
(site S1), the existence of a second, presumably allosteric, substrate binding site, S2, has also
been proposed in LeuT transporters based on molecular modeling, single-molecule, and
functional studies.94:194-107 The LeuT-fold protein, L-Trp transporter MhsT, features two
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substrate binding sites labeled S1 and S2 using nomenclature introduced for substrate
binding sites in LeuT.19%8 Two substrate binding sites have been identified in the human
serotonin transporter hNSERT and have been discussed in relation to therapies for mental
disorders and addiction.%8:109 Existence of a second substrate binding site has been
suggested for the galactose transporter, vSGLT, and for the proline transporter, PutP, based
on a combination of saturation, mutagenesis, and uptake data.*’ vSGLT and PutP are the
most likely homologues of the SLC5 protein family and its members hSGLT1, hSGLT2, and
hNIS.4” Therefore, hNIS may potentially feature two substrate binding sites for its anionic
substrates referred in our work as sites S1 and S2, respectively.

The first step in the elucidation of the potential locations of ion and substrate binding sites in
our hNIS model was the collection of excess density maps for a polar molecular probe
(water in this work) complemented by ensemble-averaged Poisson—-Boltzmann electrostatic
potential maps. The combined GCMC/PB data in Figure 2B highlights well-defined binding
cavities attractive to cations as well as a well-defined binding pocket for I. GCMC/PB
mapping suggests a potential Na™ binding site in the vicinity of the D191 residue, which
corresponds to the Na2 binding site preserved in most known LeuT transporters2%:99.100 op
the Na3 site in the sialic transporter SiaT.192.103 Another potential sodium binding site,
corresponding to site Nal in LeuT2! was found in the area of S66 and F67. The remaining
portion of the cavity is positively charged and expected to attract negative substrates, such as
I”. It can be divided into two sections corresponding to the S1 and S2 sites found in vSGLT
(Figure 2B).47

To assess in more detail the sodium and substrate binding in hNIS, we ran a number of 50 ns
long MD simulation of hNIS where I~ or CIO4~ were placed in one of the potential substrate
binding locations identified from GCMC (13 positions per simulated system, Figure 2B). We
constructed models to test transport stoichiometries proposed from the electrophysiological
studies in the rat NIS: 2:1 Na*:substrate or 1:1 Na*:substrate.? In all models, one Na* ion
was placed in the highly preserved Na2 binding site. In the models with the 2:1 Na
*:substrate ratio, the second Na* ion was placed in the putative Nal binding site, as
suggested by our GCMC results (Figure 2B).

The graphs in Figure S3 display the contact frequencies of I-, ClO,4~, and Na* in the Nal
and Naz2 sites, with the protein matrix, evaluated from cumulative MD trajectories (e.g., the
contact frequencies for iodide are added from all MD trajectories featuring an iodide ion,
including those with or without water in the binding cavity at the MD onset and those with
2:1 and 1:1 Na*:I™ ratio). The individual contributions for these cumulative graphs are
displayed in Figure S4. The protein residues with the highest contact frequencies for each
ion are listed in Table S2 of the Supporting Information. The contact frequencies indicate the
percent of the MD steps in which an ion of interest can be found within 5 A from the protein
atoms and can be used for identification of protein residues which have frequent contact
with the ions (i.e., potential binding sites where the ions tend to reside during the MD
simulations). The sodium ion at the Na2 position consistently shows high contact
frequencies with a small number of residues indicative of a well-defined binding site and
stable ion binding.
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Location of the Putative Na2 Site

Our findings for the Na2 site in hNIS are mostly consistent with the previously identified
Na2 site in a homology model of hNIS based solely on VSGLT.#8 The contact frequency
patterns for Na* in site Na2 indicate stable coordination of the Na* ion by several key
residues: S62, A65, S66, M68, Y178 and a nest of carbonyl groups of residues M184-188,
T190, D191, Q194, S349, and T354 (Figure 4). Mutations at positions S66, S349, and T354
have proven detrimental to 1~ uptake.39:3846 The |~ uptake is impacted also by mutations at
positions M68, K185, and Q194 (Figure 3).46 The available crystal structures of VSGLT,
Mhp1, and LeuT show that their conserved Na* (site Na2) sodium ion is coordinated by
analogues of A65, M68, G350, S353, and T354 in hNIS (Table S2).21:22.64

Mutations of D191 in hNIS, which remove the negative charge (D191N, D191C), eliminate
transport completely (Figure 3). Residue D191 in hNIS corresponds to D204 in hSGLT1,
whose neutralization impairs substrate uptake and leads to the formation of a glucose-gated
proton channel.110

Residue D189 in vSGLT, which corresponds to D204 in hSGLT1 and D191 in hNIS, has
been shown to interact with the Na* in site Na2 in MD simulations of the Na* and substrate
exit from the inward-facing vSGLT structure.111-113

Introduction of a positive charge in the vicinity of D191 (Q194R, Q194K, M198R, and
M198K shown in Figure 3) leads to drastic decrease in the iodide uptake. It is likely that the
positive charge of the substituted amino acid in these cases interferes with Na* binding at the
Na2 binding site and does not adopt the allosteric modulator role of the Na* ion, as R262
and K158 do in the Na*-independent LeuT-fold transporters CaiT and ApcT, respectively.
114,115 Taken together, these results show that a Na* ion is likely present in hNIS at the areas
of TMs 2, 6, and 9, which in our inward-facing open model of hNIS may correspond to
either site Na2 in vSGLT or site Na3 in SiaT, and that this presence is determined by the
strong electrostatic interaction with a negatively charged residue (conserved in the
homologues of hNIS, such as vSGLT, hSGLT1, and PutP) and a number of conserved polar
residues (GlIn, Ser, Thr) present in many LeuT-fold transporters (Table S2).

Location of the Putative Nal Site

Among the residues which emerge as potential Na*-coordinating centers in site Nal are S64,
S66, F67, Q72, Y259, L289, and T354, which are also involved in substrate binding (Table
S2, Figures S3 and S4, Figure 5). Similar overlap between the substrate and Nal binding
sites has been observed in the crystal structure of LeuT,2! where the Na* in site Nal is
coordinated by the carboxylate group of the bound Leu substrate and is also inferred from
Kq values evaluated from electrophysiology for Na* and glucose in hSGLT1.113 Unlike the
stably bound Na™ (site Na2), the Na* in site Nal is fairly mobile, and in the cases of a
dehydrated binding cavity often forms an ion pair with the I~ anion in the polar substrate
binding pocket. Similar behavior has been suggested for the Na* and CO32~ ions bound in
the hNBCel protein of the SLC4 anion transporter family16 and implies that the Na* ion in
site Nal may be required for strengthening the anion—protein interactions in the uncharged
but slightly polar substrate binding cavity of hNIS, which lacks traditional anion binding
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residues such as Arg or Lys. Interestingly, the Na* in site Nal in LeuT is in proximity to two
negative residues (E287 and E290) which are responsible for its coordination and
stabilization.21 Molecular dynamics simulations and SmFRET studies show that the
protonation state of E290 also modulates some of the Na*-coupled conformational changes
consistent with allosteric control during the secondary transport in LeuT, which in turns
affects the protein affinity for Na*.117-120 The hSGLT1 system, which transports two Na*
ions, has a negatively charged residue (D294) in the vicinity of its putative Nal site
suggested from homology to vSGLT.113 Such residues are missing in vVSGLT, PutP, and
Mhp1, which have 1:1 Na*:substrate transport stoichiometry.22:56.64 Thys, the I~ ion in the
hNIS transporter may in turn adopt the role of a negatively charged amino acid residue for
stabilization of a second Na* ion in the polar core of hNIS and may aid in the ion
permeation of both ions through the large polar substrate binding cavity after their
dehydration. Rehydration of the binding cavity occurs naturally as the inward-facing state
opens and is a required step in the ion and substrate exit from the LeuT-fold secondary
transporters during the alternate access mechanism.121

Substrate Binding Sites in hNIS

The I~ and CIO4~ ions mostly dwell in the positively charged cavity determined from
GCMC calculations at least for the duration of the 50 ns long MD simulations performed
here. The 1™ and CIO4~ density maps (Figure S5) point at the presence of two major binding
regions in the anion-accessible area of the protein. The amino acid composition of these
binding sites is presented in Table S2. Comparison to the previously identified hSGLT1 and
PutP binding sites (Table S2) established that the two putative substrate binding sites in
hNIS are indeed consistent with sites S1 and S2. Figure 5 displays representative
coordination of I~ within the hNIS core corresponding to the protein areas with the highest
anion density. The residues of the binding sites are color coded: dark blue for site S1, cyan
for site S2, and green for residues involved in both sites S1 and S2. Coordination of the
ClO4~ ion is shown in Figure S6 with the same color coding.

The amino acid residues common for both S1 and S2 sites are S66, F67, S69, Q72, Y144,
Y259, S353, and T354. Functional mutagenesis and comparison to analogous residues in
VSGLT, hSGLT1, PutP, Mhp1l, and LeuT show that these residues are essential for substrate
uptake. The T354P mutation in hNIS is found in patients with congenital 1TDs.2528
Cysteine or alanine mutations of residues S66 and S353 in rat NIS,38:46.122 a5 well as S69 in
human NIS (Figure 3), lead to a drastic decrease in NIS function. Substitution of S69 with
the negatively charged Asp residue eliminates transport. Removal of the amino group at
position Q72 (Q72G, Q72S, Q72T) in human NIS is detrimental to 1~ uptake, even if the
substituting residue features a polar OH group, suitable for binding to anions. A Q72N
substitution leads to hNIS with lowered but observable I~ uptake, hinting at the importance
of the presence of an amino group at this position (Figure 3).

PutP mutations to cysteine of the A53-L60 residues, analogous to the A65-Q72 stretch in
hNIS, have severe impact on the proline uptake.>® The Cys mutants of PutP are sensitive to
inhibition with N-ethylmaleimide (NEM) and are accessible to the fluorescent dye
fluorescein-5-maleimide, indicating that they are part of a solvent-accessible cavity, which is
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likely part of the substrate and ions permeation pathway in PutP. In addition, residues Q72,
Y144, S353, Y259, and T354 in hNIS correspond to substrate binding residues found in the
substrate-bound crystal structures of vSGLT, Mhp1l, and LeuT (Table S2). Residue Y259 is
the hNIS analogue of residues Y263 in vVSGLT,?2 Y290 in hSGLT1,113 Y248 in PutP,%% and
F253 in LeuT,2! which have been identified structural components of both sites S1 and S2 in
these systems and have been implicated in gating and allosteric control.#” Ala substitution of
the Tyr at position 259 in rat NIS drastically decreases iodide uptake, while introduction of a
Phe residue recovers some of the transport function, suggesting that a bulky aromatic residue
is critical at this position.*# MD simulations in vVSGLT reveal that rotation of residue Y263 is
coupled to substrate releasel23 although nongated substrate release is also possible in this
system.124 In hSGLT1, the aromatic nature of Y290 and its hydroxide group have been
implicated both in substrate and Na* binding.113 Importantly, Cys and Gly substitutions of
Y248 alter the PutP:proline stoichiometry from 2:1 to 1:1 and lead to severe reduction of the
proline uptake, regardless of Na* binding.4’

Location of the Putative S1 Site

The S1 binding site contains in addition residues K185, N262, Q263, Q265, T357 and S358.
Residue Q263 has been implicated in Na* (site Na2) binding in a previous homology model
of hNIS,*6 and substitutions with Asn in rat NIS leads to a drastic decrease of radioiodine
uptake and changes in K, for both Na* and I~. K185A and Q265A/C substitutions in human
NIS have significant detrimental impact on 1~ uptake (Figure 3). The analogue of the hNIS
residue N262 in PutP is residue Q251 (Table S2). A Q251C substitution in PutP affects both
substrate and Na* kinetic parameters.® Q251 is also connected to P252, which is another
residue controlling the molar binding ratio in PutP.#” Residue T357 in hNIS corresponds to
residues S368 (protein:substrate stoichiometry control) in vSGLT,113 C344
(protein:substrate stoichiometry control) in PutP,113 and N318 (substrate binding residue in
the crystal structure) in Mhp1,%4 which have proven critical for substrate uptake in these
systems. A T357A mutation in hNIS drastically decreases the radioiodine uptake and alters
the K, and Vinax parameters for both 1~ and Na*.38 $358 in hNIS corresponds to residue
Q345 in PutP, which is implicated in substrate binding from electrophysiology
measurements.>0

Location of the Putative S2 Site

The residues which can be considered unique for the S2 binding site are Q94, W255, Y144,
V148, F417, and M420. Most of them have analogues in the substrate binding sites
established from the available crystal structures of vSGLT, Mhpl, and LeuT (Table S2).
W255A/C and F417Y/C mutations in hNIS eliminate transport and substitution of Q94 with
other polar or charged residues (Arg, Lys, Asn, Glu) severely decreases I~ uptake (Figure 3).
Taking into account the low contact frequency of I~ and the higher contact frequency for the
larger, tetrahedral ClO4~ ion, Q94 emerges as a residue from the second coordination sphere
of the anions in the vicinity of residues F67 and Q72 which are critical for transport (see
above) and are also part of the Nal putative binding site (Table S2, Figures S3 and S4). Q94
has a higher contact frequency with the Na* in site Nal than with 1~ (Figure S3), which
indicates that Na* may be coordinated by Q94, while the 1~ ion is in its S2 site. In addition,
Q94 is a neighboring residue of G93 (G93R is one of the known pathological mutations
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found in patients with congenital ITD2125), which has been implicated in the control of Na
*:1~ transport stoichiometry.*# It is possible that the alteration of the Gly side chain at the
somewhat peripheral position G93 interferes with residue Q94 from the S2 and Nal binding
sites of hNIS, which in turn may impact other Nal binding residues (e.g., F67, Q72, Y259)
leading to the observed changes in Na*:I~ stoichiometry in NIS.

Previous homology models based on vSGLT place residue W255 at the periphery of TM7,
and the orientation of W255 has been discussed in conjunction with residue G93 as a “ball
and socket” structure, relevant to conformational transitions in N1S.44 Theoretical I~ binding
studies with the ABF method and the Drude force field in this model of hNIS in the absence
of Na* ions have identified residues F67, F87, M90, G93, Q94, W255, and Y259 as a
putative binding site for I~ and have revealed that the G93T mutation impacts the binding
free energy in this site by displacing the W255 side chain into the binding pocket of hNIS.4°
In our model, W255 points inward, toward the protein core, and is part of the binding region
in hNIS as suggested by the anion density maps from our MD simulations. All transporters
listed in Table S2 feature a Trp or a Phe residue at this position, and these residues are
involved in substrate binding as seen from the crystal structures of vSGLT, Mhpl, and LeuT.
21,2264 The remaining LeuT-fold proteins used for the multiple sequence alignment (Figure
S1) also have a Trp or Phe residue involved in substrate binding in the vicinity of W255. The
presence of such aromatic residues in the binding site of anion binding proteins is not unique
for the LeuT-fold architecture. Two Trp residues have been identified in the halide binding
site of the water-soluble dehalogenases,126 and Tyr is a well-known binding residue in the
CLC-ec1 chloride transporter,127 while chloride in the dopamine and serotonin transporters
is coordinated with conserved Tyr and Phe residues.%6:98 Halide binding in the fluoride ion
channels of the Fluc family also involves highly conserved Phe residues.128 The SLC4
family of anion transporters features Phe residues in their putative binding sites, and some of
these residues have a strong impact on transport, as suggested by mutagenesis and uptake
data.®8 The aromatic residues in the substrate binding pockets play a role not only in
substrate binding, for which the indole group of the Trp and the hydroxide group of Tyr are
well equipped, but also as part of a hydrophobic constriction zone, which aids in the
dehydration of the substrate, necessary for stronger binding within the protein.22 The critical
role for I~ uptake of F417 in hNIS is supported by kinetic modeling in vSGLT and hSGLT1,
which shows that the well-established gating residue F424 in vSGLT and its hSGLT1
analogue F453 are involved in coordination of conformational changes and coupling of Na*
and sugar transport in addition to the traditional role of an energy barrier.22:112,113,129,130

A region with small I~ density immediately adjacent to sites S1 and S2 can be discerned by
our MD simulations in the hNIS systems loaded with I~ and 2Na* ions. This hinding site is
composed of residues F67, Q72, Q94, and the W255-G260 (Figure S7). Given the small I~
density in this area, this site may represent a transient shallow-binding/access region, present
during the early production simulations of I~ binding to hNIS.

Differences between lodide and Perchlorate Binding in hNIS

For the most part, the contact frequency and anion density patterns of CIO4~ and I~ are
qualitatively similar and involve residues from sites S1 and S2 as described above (Figures
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S3-56). Most of the coordination is achieved through N—-H bonds (from the peptide
backbone, amino groups in Asn and Gln, or the indole ring in Trp) or O-H bonds (from the
hydroxyl groups of Ser, Thr, and Tyr residues), although involvement of the C—H bond from
various polar and nonpolar side chains is also possible (Figure 5, Figure S6). Due to the
tetrahedral structure of the CIO,~ ion and its slightly larger ionic radius (about 0.15 A larger
than the ionic radius of 17),131 it appears to overlap better with the surrounding protein
residues, which results in longer duration of anion binding and, consequently, in higher
contact frequencies, especially in the area of the S1 binding site (Table S2, Figure S3). The
bulk of the CIO4~ ion density falls within the S1 site or at the interface between sites S1 and
S2 (Figure S5). Perchlorate also forms an ion pair with the Na* (site Nal) ion more rarely
than 1~ in the MD simulations with a Na*:substrate 2:1 ratio.

The water presence in the substrate binding cavity of hNIS at the onset of the MD
simulations generally leads to destabilized protein—ion binding, rapid opening of the
cytoplasmic vestibule of hNIS, and frequent exit of at least one ion from the protein, evident
from the shorter than 50 ns ion—protein binding duration displayed in Table S3 and the lower
percentage of ion—protein contacts in the contact frequency graphs (Figure S4). The most
frequent ion exit induced by the water present in the core of the protein is observed in the Na
*:ClO4~ 2:1 and Na*:I~ 1:1 systems, which points to higher protein—ion binding instability
for these stoichiometries.

The S1 site is closer to the intracellular exit route for anions (Figure 2B). Due to the inward-
facing semiopen conformation of our hNIS model, substrates in this site tend to unbind and
move to the intracellular solution in several MD simulations (Table S3). The primary
substrate for hNIS (17) displays more frequent dissociation compared to ClO4~ (Table S3).
In fact, perchlorate unbinding was observed in only one of the studied hNIS systems, where
ClO,4~ was placed in site S1. No CIO4~ exit from site S2 was observed regardless of the
protein core hydration. Enhanced protein—anion coordination may explain the less frequent
ClO4~ dissociation from the substrate binding sites of hNIS and the I~ uptake inhibition
effect of CIO4~ in NIS, where perchlorate may bind stably to one of the available substrate
binding sites and prevent iodide binding and translocation. Nevertheless, our MD
simulations do not provide conclusive evidence for preference of a 1:1 Na*:ClO, transport
stoichiometry in human NIS. Such evidence would require detailed modeling and
experimental studies involving assessment of the thermodynamics of anion binding in hNIS
with different ion loads which is outside of the scope of the current work.

While multiple further studies would be necessary to identify the specific roles of the listed
residues in the anion uptake function of hNIS, published studies and uptake experiments
performed in our work show that the suggested residues from our MD simulations are
crucial for hNIS transport and often correspond to residues involved in direct substrate
binding and/or regulation of protein:substrate and Na+:substrate stoichiometry in other
structurally similar proteins.

Insights for Permeation Pathway and Gating

The governing hypothesis of secondary transport, known as the “alternating access
mechanism”, dictates that the binding sites for the substrate and accompanying species are
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consecutively uncovered to the outside and inside of the cell as the structure of the protein
changes.1?! The alternating access hypothesis has been backed by crystallographic and
modeling studies on a number of secondary transporters, most prominently the bacterial
leucine transporter LeuT, which has been crystallized in outward-facing open, inward-facing
open, and occluded states in the presence and absence of bound Na*, substrates, and
inhibitors.190 These studies have elucidated the function of LeuT and other proteins
featuring the LeuT-fold.29-190 Generally, macroscopic motions in the gating regions of the
proteins tend to create or destroy salt bridges and hydrophobic plugs which then obstruct or
open water filled permeation pathways through the protein cores, necessary for the substrate
and ion translocations. These motions are allosterically triggered by binding of Na* ions and
substrates.20.132

Review of the contact frequency maps (Figures S3 and S4, Table S2) shows that two key for
transport residues S66 and T354 (see above) are in contact with all ions (Na* in sites Nal
and Na2, I7, ClO47in either S1 or S2 site) present in the hNIS binding cavity. These residues
and their neighboring residues from the A65-S69 and T353-S358 stretches therefore may be
part of the allosteric interaction network responding to the ion binding and triggering the
major conformational changes necessary for ion translocation through the membrane. The
plausible permeation pathway in our model of hNIS can be traced with water maps,
generated from the MD simulations. A sample water density map for hNIS loaded with two
Na* and one I~ ions is shown in Figure 6 and demonstrates a water accessible vestibule at
the cytoplasmic side of hNIS. The water density maps of the remaining hNIS models with
different ion loads look similar to the map in Figure 6. Such water distribution in our model
of hNIS is expected since the crystal structure of vSGLT used in the homology modeling is a
dynamic semioccluded or inward-facing open state,112 which relaxes further during the MD
simulations. A number of residues line the cytoplasmic water vestibule: S116, T117, Y118,
T134, Y137, A180, V181, G182, K185, N262-Q265, Q267, R268, T357, S358, N360,
A361, A364,and V365 (Figure 6, magenta sticks). The water molecules permeate the protein
to the area of the Na2 and S1 binding sites and provide an exit pathway for the ions bound to
them. NMA accessibility studies show that areas of TM2 and TM9 form a hydrophilic and
water accessible pore in PutP, consistent with the one observed in hNIS.50:53 MD studies of
the gateless galactose exit from vSGLT identify several key residues lining the galactose exit
pathway: S368, N371, S372, T375, and R273.124 They correspond to T357, N360, A361,
A364, and R268 in the cytoplasmic water vestibule of hNIS, determined from our MD
simulations. A Q267E mutation in hNIS, which leads to a decreased turnover rate, is found
in patients with congenital ITD.37 Of interest in this area is also residue K185, which
belongs to the loop between TM5 and TMB6. A positive residue in this region is unique for
hNIS and cannot be found in the otherwise hydrophobic corresponding loops in PutP,
VSGLT, and hSGLT1. The backbone of residue 185 forms a part of the carbonyl nest, where
Na* (site Na2) is coordinated (Figure 4). The long positive side chain stretches toward the
substrate binding site S1 and is involved in direct anion coordination once the anion starts its
exit from the protein, implying a role in protein gating. Due to its position on a cytoplasmic
loop, Lys demonstrates high flexibility during the MD simulations and may even form a
short-lived salt bridge with residue D191, once Na* is displaced from its Na2 binding site
(Figure S8), which may have implications for the inward-facing to outward-facing transition
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of hNIS once all ions are released in the cytoplasm. A K185R mutation has a negligible
effect on iodide uptake, but substitutions which omit the positive charge (K185A, K185Q,
and K185E) prove more detrimental to iodide transport. Other residues in the vicinity of
K185, which may play a role in the gating process are T117, Y118, Y137, M184, A264,
T357, and A361. These residues have bulky hydrophobic methyl or phenyl groups and form
an intracellular hydrophobic plug in our semioccluded model of hNIS which opens upon
hydration as the MD simulations progress and allows exit of the ions from the protein. At
the extracellular site, which in our hNIS model is occluded, residues V76, M90, and F417
(Figure 6, pink sticks) appear in the hydrophobic constriction zone made of residues M73,
Y87, and F424, respectively, in the crystal structure of vSGLT.22 An aromatic residue is
present at this position in PutP, hSGLT1, Mhpl, and LeuT (Table S2). Mutation of F417 to
Cys eliminates 1~ uptake (Figure 3), proving that residue 417 is critical for anion transport
and that hNIS requires the presence of a hydrophobic residue at this position. Similarly, a
M90C mutation decreases drastically the I~ uptake (Figure 3). The opening of the
extracellular gate in vSGLT is attributed to residues P436 and G437, which allow for the
necessary structural deformations in TM11.22 Similar Pro-Gly or Gly-Pro motives are found
in this area of TM11 in hSGLT1, hNIS, PutP, Mhp1, and the sialic acid transporter SiaT.
22,56,64,102 comparison between the outward-facing open state of SiaT and the occluded
structures Mhpl and vSGLT lends support to the hypothesis that the Pro-Gly pair in TM11
is responsible for the conformational changes of TM11 leading to the opening and closing of
the extracellular gate in these transporters. Therefore, it can be expected that the Pro-Gly
motif in hNIS (G425-P426, red spheres in Figure 6) has a similar conformation relevant
function.

IV. CONCLUSIONS

A combination of homology modeling and molecular dynamics simulations with
mutagenesis and uptake experiments led to the development of a cross-validated model for
the human NIS transporter. Two putative Na* binding sites (Nal and Na2) and a large
substrate binding cavity, with two substrate binding sites, S1 and S2, were mapped by Grand
Canonical Monte Carlo calculations and assessed further with MD simulations. A number of
residues lining the ion and water access pathways to the core of the hNIS transporters and
the putative ion binding sites were selected for mutagenesis and uptake experiments, and
their functional significance was confirmed by the detrimental impact on uptake following
their mutation. The model provides a structural rationale for the substrate uptake and
conformational dynamics of hNIS. Taken together, the comparison to a number of LeuT-fold
transporters and the results from functional mutagenesis presented in previous studies on
hNIS and in our current work afford an extensive validation of our homology model and
provide an indispensable structural template for future optimizations of hNIS for enhanced
SPECT/PET radiotracer transport.
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CLC fold SLC4 fold LeuT fold

Figure 1.
Comparison of three different 3D hNIS models built with protein templates from the

chloride transporter CLC-ecl (PDB: 1KPK), the bicarbonate transporters hAE1 (PDB:
4YZF) and hNBCel (PDB: 6CAA) from the SLC4 family, and the LeuT-fold proteins
VvSGLT (PDB: 3DH4) and Mhp1 (PDB: 4D1B). The position of acidic and basic residues is
indicated with red and blue colors, respectively. Key residues for iodide uptake identified in
hNIS from functional mutagenesis are shown as yellow spheres.
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Figure2.
(A) 3D model of hNIS based on the vSGLT and Mhp1 templates. The positions of the bound

Na* ions in the putative sites Nal and Na2 (red spheres) and substrates (blue sticks) in the
available crystal structures of LeuT, vSGLT, and Mhp1 are shown overlapped with the 3D
model of hNIS. (B) Putative binding sites for cations (red spheres) and anionic substrates

(blue spheres) in hNIS determined from combination of GCMC/PB calculations.
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Figure 3.

Average 125~ relative uptake of selected hNIS mutants studied in the present work,
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calculated as fractions of the uptake of cells expressing WT hNIS. Values below 1 signify a

decrease in 1251~ uptake compared to WT hNIS.
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Figure 4.
Tentative Na2 binding site for Na* (magenta sphere) in hNIS, based on the contact

frequency maps in Figures S3 and S4, the ion density map in Figure S5, and the residues
listed in Table S2.
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A M68

Figureb5.
Tentative S1 and S2 binding sites for I~ (purple sphere) in hNIS based on the contact

frequency maps in Figures S3 and S4, the I~ density map in Figure S5, and the residues
listed in Table S2. The residues are color coded: green for residues involved in both sites S1
and S2, dark blue for residues unique to site S1, and cyan for residues unique to site S2.
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Figure6.
Water density map calculated from 13 MD simulations of hNIS with 2:1 Na*:1™ ion

stoichiometry (no water in binding cavity at MD onset). The I~ ion is shown as a purple
sphere and is located in the S1 site. The S1 site is accessible to water from the intracellular
space, consistent with the inward-facing open state of hNIS. The residues shown as magenta
sticks line the water permeation pathway. Residues from the hydrophobic constriction zone
at the extracellular side of hNIS are shown as pink sticks. The G425-P426 motif, responsible
for opening of the extracellular gate is shown as red spheres.
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