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(Bacl(ground: The structure-function relationship of the high-affinity choline transporter CHT1 is largely unknown.
Results: Cysteine-scanning analysis and cross-linking/co-immunoprecipitation were used to determine the structural proper-

Conclusion: CHT1 is a 13-transmembrane domain protein and forms a homo-oligomer on cell surface.
Significance: This might be the first molecular evidence of homo-oligomerization in the Na™/glucose cotransporter family
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The high-affinity choline transporter CHT1 mediates choline
uptake essential for acetylcholine synthesis in cholinergic nerve
terminals. CHT1 belongs to the Na*/glucose cotransporter
family (SLC5), which is postulated to have a common 13-trans-
membrane domain core; however, no direct experimental evi-
dence for CHT1 transmembrane topology has yet been
reported. We examined the transmembrane topology of human
CHT1 using cysteine-scanning analysis. Single cysteine residues
were introduced into the putative extra- and intracellular loops
and probed for external accessibility for labeling with a mem-
brane-impermeable, sulfhydryl-specific biotinylating reagent in
intact cells expressing these mutants. The results provide exper-
imental evidence for a topological model of a 13-transmem-
brane domain protein with an extracellular amino terminus and
an intracellular carboxyl terminus. We also constructed a three-
dimensional homology model of CHT1 based on the crystal
structure of the bacterial Na*/galactose cotransporter, which
supports our conclusion of CHT1 transmembrane topology.
Furthermore, we examined whether CHT 1 exists as a monomer
or oligomer. Chemical cross-linking induces the formation of a
higher molecular weight form of CHT1 on the cell surface in
HEK293 cells. Two different epitope-tagged CHT1 proteins
expressed in the same cells can be co-immunoprecipitated.
Moreover, co-expression of an inactive mutant I89A with the
wild type induces a dominant-negative effect on the overall cho-
line uptake activity. These results indicate that CHT1 forms a
homo-oligomer on the cell surface in cultured cells.

Cholinergic neurons are involved in diverse physiological,
behavioral, and cognitive functions in the central and periph-
eral nervous system. At the cholinergic presynaptic terminals,
choline is taken up from the synaptic cleft through the high-

affinity choline uptake system and is subsequently reused for
acetylcholine synthesis. The high-affinity choline transporter
CHT1? is responsible for this uptake (1—4), which is the rate-
limiting step in acetylcholine synthesis and supports sustained
acetylcholine release. Recent studies revealed that the CHT1
protein is predominantly localized at synaptic vesicles or endo-
somes within cholinergic nerve terminals (5-7). Heterologous
expression of CHT1 in mammalian cell lines or Xenopus
oocytes generally results in a predominant intracellular local-
ization and very low expression of the protein in the plasma
membrane, precluding detailed functional characterization of
CHT1 in intact cells (5, 8—11). To date, little information is
available about the structure-function relationship of CHT1.

CHT1 is a member of the SLC5 family of solute transporters
and is assigned to SLC5A7 (12). Its amino acid sequence has
20-25% homology with that of other members of this family
(13). It has been assumed that all members of the family possess
a common 13-transmembrane domain core (14), which has
been experimentally confirmed in the Na*/glucose cotrans-
porter SGLT1 (15), bacterial Na*/proline transporter PutP
(16), and Na " /iodide transporter NIS (17). A recent report of
the crystal structure of a member of the SLC5 family, the Vibrio
parahemeolyticus Na*/galactose cotransporter (vSGLT) also
supports the concept of a 13-transmembrane domain core (18).
Interestingly, the vSGLT protein assembles as a parallel dimer
in the above crystal structure (18). Although freeze-fracture
electron microscopic studies showed that SGLT1 or vSGLT
functions as a monomer (19, 20), radiation inactivation studies
showed that the size of the SGLT1 functional unit was esti-
mated to be ~300 kDa, which was interpreted as evidence for a
homotetramer or hetero-oligomer (21-26). Little is known
about the oligomeric structure of other members of the SLC5
family.
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Here we examined the transmembrane topology of human
CHT1 (hCHT1) using cysteine scanning analysis. Our results
provide experimental evidence for a topological model of
CHTT1 as a 13-transmembrane domain protein with an extra-
cellular amino terminus and an intracellular carboxyl terminus.
We also demonstrate the existence of CHT1 homo-oligomers
on the cell surface using chemical cross-linking and/or immu-
noprecipitation as well as functional assays after co-expression
of inactive mutant versions of this protein.

EXPERIMENTAL PROCEDURES

DNA Constructs—The pcDNA3.1-hCHT1 plasmid (9) was
used as a template for mutagenesis. All point mutants were
generated by site-directed mutagenesis (QuikChange, Strat-
agene), and each introduced mutation was confirmed by DNA
sequencing. A plasmid encoding human Na™/multivitamin
transporter (SMVT) was a kind gift from Dr. Vadivel Ganapa-
thy (Georgia Health Sciences University). SMVT cDNA was
cloned into the vector pcDNA3.1(+). For C-terminal epitope-
tagged constructs, a sequence encoding the FLAG (DYKD-
DDDK) or HA (YPYDVPDYA) epitope was fused to the coding
region in pcDNA3.1-hCHT1 or pcDNA3.1-hSMVT.

[PH]Choline Uptake Assay—HEK293 cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum at 37 °C in 5% CO,. HEK293 cells stably
expressing the hCHT1 WT or E451D mutant were selected by
culturing in medium containing 500 ug/ml of G418 (Invitro-
gen). For transient expression, cells grown to ~90% confluence
in 24-well culture plates were transfected with plasmid DNA
(0.8 wg/well) using Lipofectamine 2000 reagent (Invitrogen)
and used for uptake assays 48 h later. For co-expression of
hCHT1 inactive mutants, the total DNA amount for each trans-
fection was kept constant at 0.8 ug/well, whereas the ratios of
plasmids encoding the mutant relative to the W'T were changed
as indicated in Fig. 6.

The choline uptake assay was performed as described previ-
ously (9). In brief, cells were preincubated with Krebs-Ringer-
HEPES (KRH) buffer (130 mm NaCl, 1.3 mm KCl, 2.2 mm CaCl,,
1.2 mm MgSO,, 1.2 mm KH,PO,, 10 mm HEPES, and 10 mm
glucose, pH 7.4) for 30 min at 37 °C for equilibrium. Uptake
assays using 0.1 um [*H]choline (82.0 Ci/mmol; PerkinElmer
Life Sciences) were performed for 5 min at 37 °C with or with-
out 1 uM hemicholinium-3 (HC-3). Saturation kinetics were
determined using increasing concentrations of [*H]choline,
with the specific activity diluted with unlabeled choline (15
Ci/mol). Uptake was terminated by three washes with ice-cold
KRH buffer. Specific choline uptake was determined by sub-
tracting the uptake in the presence of 1 um HC-3 from the total
uptake. Kinetic constants were calculated by nonlinear least-
square fits (Kaleidagraph, Synergy Software). Assays were per-
formed in triplicate and repeated at least three times.

[PH]Hemicholinium-3 Binding Assay—Hemicholinium-3
(HC-3) binding assays using [PHJHC-3 (125-145 Ci/mmol;
PerkinElmer Life Sciences) were performed as previously
described (9). In brief, cells were preincubated with KRH buffer
for 30 min at 37 °C. Binding assays were performed in intact
cells at 4 °C for 1 h and terminated by three washes with ice-
cold KRH buffer. Except when determining saturation binding,
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2 nm [*H]HC-3 was used with or without 1 um nonlabeled HC-3
in most of the experiments. Displacement experiments were
performed in intact cells incubated with 2 nm [PH]JHC-3 along
with various concentrations of nonlabeled choline at 4 °C.

Biotinylation Assay—Cells grown in 6-well culture plates
were preincubated for 30 min at 37 °C in KRH buffer. Cells were
treated with either N-biotinylaminoethyl methanethiosulfon-
ate (MTSEA-biotin; 0.5 mmM, Sigma) at 37 °C for 10 min, or
sulfo-NHS-SS-Biotin (2 mm, Pierce) at 4°C for 30 min in
PBS/CM (138 mMm NaCl, 2.7 mm KCJ, 1.5 mm KH,PO,, 9.6 mm
Na,HPO,, 0.1 mm CaCl,, and 1 mm MgCl, pH 7.4). MTSEA-
biotin and sulfo-NHS-SS-Biotin are expected to bind to -SH
and -NH, groups, respectively. Unreacted biotin was removed
by washing three times in PBS/calcium-magnesium. Cells were
solubilized with RIPA buffer (10 mm Tris, pH 7.4, 150 mm NaCl,
1 mm EDTA, 1% Triton X-100, 0.5% deoxycholate, and 0.1%
SDS) at 4°C for 30 min. Cell lysates were centrifuged at
17,000 X g for 10 min at 4 °C. Biotinylated proteins were pre-
cipitated after incubation with UltraLink Plus Immobilized
Streptavidin Gel (Pierce) overnight at 4 °C. The gel was washed
five times with 1 ml of RIPA buffer, and proteins were eluted
with SDS sample buffer (62.5 mm Tris-HCI, pH 6.8, 10% glyc-
erol, 2% SDS, 0.1 M DTT, and 0.01% bromphenol blue). Precip-
itated proteins were analyzed by SDS-PAGE, followed by
immunoblotting using anti-CHT1 antibody (1:2000) and an
ECL detection kit (GE Healthcare).

Homology Modeling—The amino acid sequence of hCHT1
was initially aligned with that of vSGLT using the program
DIALIGN (27), and the alignment was manually adjusted.
Homology modeling of hCHT1 (amino acid sequence from res-
idue 7 to 516) was carried out using the MODELLER 9.10 pack-
age (28), based on the atomic model of vSGLT (PDB ID code
2XQ2) (18). Energy minimization and simulated annealing
were then carried out with the program CNS1.3 (29). The
geometry of the constructed model was evaluated with the pro-
gram PROCHECK (30), and manually corrected using the pro-
gram COOT (31). These procedures were iterated several
times. The models were displayed in the program PyMOL.

Cross-linking Assay—Cells grown in 6- or 12-well culture
plates were preincubated for 30 min at 37 °C in KRH buffer.
Cells were then treated with 4 mm bis(sulfosuccinimidyl) suber-
ate (BS®, a membrane-impermeable, homobifunctional N-hy-
droxysuccinimide ester cross-linker; Pierce) in KRH at 4 °C for
120 min. For cross-linking immunoprecipitation assays, cells
were treated with 4 mm BS® at 4 °C for 30 min. Unreacted BS®
was quenched by incubating cells with 20 mm glycine in KRH at
4 °C for 10 min. Cells were solubilized with RIPA buffer at 4 °C
for 30 min, and proteins were analyzed by SDS-PAGE, followed
by immunoblotting with anti-CHT1 antibody.

Co-immunoprecipitation Assay—Co-immunoprecipitation
assays were performed essentially as described previously (32).
In brief, cells in 60-mm dishes were solubilized for 30 min with
lysis buffer (1% Triton X-100, 150 mm NaCl, 1 mm EDTA, and
20 mm HEPES, pH 7.4). After centrifugation at 17,000 X gfor 15
min, supernatants were immunoprecipitated using a monoclo-
nal anti-FLAG-agarose-conjugated antibody (Sigma) for 1 h.
Immunoprecipitates were washed with lysis buffer and eluted
with SDS sample buffer. Immunoprecipitates and cell lysates
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FIGURE 1. External accessibility of hCHT1 cysteine mutants. A, choline uptake and HC-3 binding activities of the mutants in HEK293 cells. The data are
normalized to activity levels of the WT. HC-3 binding activity of T401C was not graphed because it was relatively high. B, biotinylation assays of hCHT1 cysteine
mutants. MTSEA-biotin labeling of the introduced cysteine within the mutants was assessed by immunoblotting with anti-CHT1 antibody (shown as MTSEA-
biotinylated). The cell surface expression of the mutants was monitored by biotinylation assays using membrane-impermeable sulfo-NHS-SS-biotin, which
interacts with amino groups of proteins on the extracellular surface (shown below as cell surface).

were analyzed by SDS-PAGE, followed by immunoblotting
with anti-FLAG or anti-HA antibody. Mouse monoclonal anti-
FLAG (M2, Sigma) and rat monoclonal anti-HA (3F10, Roche
Applied Science) were the primary antibodies.
Statistics—Data are presented as mean * S.E. Statistical sig-
nificance was determined by unpaired Student’s  test.

RESULTS

To examine the transmembrane topology of hCHT1 by cys-
teine-scanning analysis, we first generated a cysteine-less
mutant of hCHT1 to provide a background in which all five of
the endogenous cysteine residues were replaced by serine.
However, this mutant is nonfunctional when expressed in
HEK293 cells (data not shown). Therefore, we assessed the
external accessibility of the five endogenous cysteine residues
of hCHT1. HEK293 cells were transfected with hCHT1, and
intact cells were treated with MTSEA-biotin. MTSEA is a
membrane-impermeable sulthydryl reagent that reacts only
with cysteine residues on the external surface of the cells. Thus,
if intact cells are incubated with an excess of MTSEA, cysteine
residues exposed to the outside will react with this compound.
Because it labels cysteine residues with a biotin moiety, labeled
proteins can be selectively purified from cell lysates using an
avidin-conjugated gel. The MTSEA-biotin reactivity of hCHT1
was assessed by immunoblotting of the precipitated proteins
with anti-CHT1 antibody. Under our biotinylation conditions,
no labeling was observed for hCHT1 (Fig. 1B, left), suggesting
that endogenous cysteine residues are inaccessible from the
extracellular side. Significant labeling was observed only when
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cells were permeabilized with a detergent such as saponin or
digitonin prior to labeling (data not shown).

We next introduced a single cysteine residue into various
positions in the predicted extracellular or intracellular regions
to assess the external accessibility. These residues cover all the
putative hydrophilic regions, including the amino- and carbox-
yl-terminal tails of hCHT1. We measured both choline uptake
and HC-3 binding activities of all these mutants. A hydrophilic
ligand HC-3 contains quaternary nitrogens and is used to assess
the CHT1 expression level on the cell surface. The cell surface
expression level was also assessed by cell surface biotinylation
assays as described below, in case that some mutations might
cause the loss of HC-3 binding activity without affecting the cell
surface expression. The mutants were selected so that they
retain both choline uptake and HC-3 binding activities to at
least 30% of that of the wild type (WT) when expressed in
HEK293 cells (V5C, S39C, Y80C, G110C, V159C, A185C,
T231C, S265C, L307C, S357C, T401C, G429C, Y466C, and
S$573C) (Fig. 1A).

We examined the MTSEA-biotin labeling of the introduced
cysteine within each mutant in intact cells. Biotin labeling was
detected for cysteine residues introduced at positions 5, 80, or
159 (Fig. 1B, upper). The labeling was also observed, albeit to a
lesser extent, for cysteines at positions 231, 307, 401, or 466. In
contrast, no labeling was observed for cysteine residues within
the WT or cysteines introduced at positions 39, 110, 185, 265,
357,429, or 573, under the same conditions (Fig. 1B, upper). All
the mutants could be labeled with a membrane-impermeable
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FIGURE 2. hCHT1 homology model based on the vSGLT structure. Ribbon
representation of the constructed model of hCHT1, in which a-helices are
numbered. Horizontal bars represent the boundaries of the hydrophobic core
of the lipid bilayer (M: membrane). Color changes gradually from the amino
terminus (N, blue) to the carboxyl terminus (C, red). The unmodeled loops and
carboxyl terminus are represented by dotted and a dashed line, respectively.
The residues examined by MTSEA-biotin labeling in Fig. 1 are represented by
space filling model. Carbon atoms of amino acid residues that are extracellu-
larly accessible orinaccessible are shown in pink or cyan, respectively. Oxygen
atoms are shown in red. The accessible or inaccessible residues located on
unmodeled regions are represented by circles in pink or cyan, respectively.

reagent, sulfo-NHS-SS-biotin, which labels amino groups of
proteins on the cell surface (Fig. 1B, lower). These results indi-
cate that at least seven residues, Val-5, Tyr-80, Val-159, Thr-
231, Leu-307, Thr-401, and Tyr-466, when mutated to cysteine,
are accessible from the external medium, and thus expected to
be located in extracellular regions of hCHT1. Taken together,
these results provide experimental evidence for a topological
model of hCHT1 as a 13-transmembrane domain protein with
an extracellular amino terminus and an intracellular carboxyl
terminus (Fig. 2).

Recently, the crystal structure of vSGLT, a member of the
SLC5 family, was reported (18), and we constructed a three-
dimensional homology model of hCHT1 based on the vSGLT
structure (Fig. 2). In this model, the residues labeled with
MTSEA-bitoin are located extracellularly; the unlabeled resi-
dues are located intracellularly, further supporting our conclu-
sion of hCHT1 transmembrane topology (Fig. 2).

We next focused on the oligomeric structure of CHT1. To
explore the possibility that CHT1 may exist as an oligomer, we
used a membrane-impermeable, homobifunctional N-hy-
droxysuccinimide ester cross-linker, BS?, capable of cross-link-
ing near lysine residues on the cell surface, to treat intact
HEK293 cells stably expressing hCHT1. After chemical cross-
linking, cells were solubilized and proteins were analyzed by
immunoblotting with an anti-CHT1 antibody. As shown in Fig.
34, treatment of cells with BS? resulted in unique bands with a
high molecular weight. The prominent cross-linked bands
migrating at ~120 kDa are likely to represent the hCHT1
homodimer. Oligomers of hCHT1 were detected after cross-
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FIGURE 3. Characterization of hCHT1 oligomers. A, cross-linking of cell sur-
face proteins in hCHT1-expressing HEK293 cells using a cross-linker, BS®. Cells
were treated with 4 mm BS? at 4 °C for the indicated time (left) or with the
indicated concentration of BS® for 120 min (right). Cells were lysed after cross-
linking and cell lysates were immunoblotted (/B) with anti-CHT1 antibody. B,
co-immunoprecipitation assay using two different versions of epitope-
tagged CHT1. Lysates from cells expressing CHT1-FLAG and/or CHT1-HA were
precipitated by anti-FLAG antibody and immunoblotted with anti-HA or anti-
FLAG antibody. The input lanes represent 10% of cell lysates used in the
co-immunoprecipitation assays (shown as lysate). C, co-immunoprecipitation
assay using CHT1 and SMVT. Lysates from cells expressing CHT1-FLAG and/or
SMVT-HA were precipitated by anti-FLAG antibody and immunoblotted with
anti-HA antibody. D, cross-linking immunoprecipitation assay. Cells express-
ing CHT1-FLAG and/or CHT1-HA were first cross-linked with 4 mm BS? at 4 °C
for 30 min, after which cell lysates were precipitated by anti-FLAG antibody as
in B.The input lanes represent 10% of cell lysates used in the co-immunopre-
cipitation (shown as lysate).

linking by BS® in a time- and dose-dependent manner (Fig. 3A).
Those bands were not detected in cell lysates from nontreated
cells; in these lysates only monomeric bands (~55 kDa) were
detected (“0” in Fig. 3A4). This finding raises the possibility that
CHT]1 exists as an oligomer at the cell surface.

In the above cross-linking experiment, it was possible that
CHT1 may have been cross-linked with an unknown CHT1-
associated protein. To eliminate this possibility and to confirm
that the observed ~120-kDa band is indeed homomeric CHT1,
we used two different epitope-tagged hCHT1 proteins for co-
immunoprecipitation assays. HEK293 cells were simultane-
ously transfected with a construct expressing FLAG-tagged
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CHT1 (CHT1-FLAG) and a construct expressing HA-tagged
CHT1 (CHT1-HA). CHT1-FLAG was then precipitated from
the cell lysate by an anti-FLAG antibody, and the precipitates
were analyzed by immunoblotting with an anti-HA antibody.
As shown in Fig. 3B, CHT1-HA was specifically detected in the
anti-FLAG precipitates, which was not detected in the anti-
FLAG precipitates from the lysate prepared from cells express-
ing CHT1-HA only. When cells were simultaneously trans-
fected with CHT1-FLAG and HA-tagged Na*/multivitamin
transporter (SMVT-HA, another member of SLC5 family),
SMVT-HA was not detected in the anti-FLAG precipitates,
suggesting that our co-immunoprecipitation assay was specific
to CHT1 homo-oligomers (Fig. 3C). Furthermore, when the
co-immunoprecipitation assay was performed after cross-link-
ing with BS?, specific cross-linked CHT1-HA signals were
detected in the anti-FLAG precipitates (Fig. 3D). These results
indicate that the oligomer observed in the above cross-linking
assays contains a CHT1 homo-oligomer, suggesting that CHT1
exists as a homo-oligomer at the cell surface.

If two or more monomers form the functional transporter for
CHT]1, then the presence of an inactive mutant along with the
WT could decrease the overall choline uptake activity. In an
attempt to obtain an inactive mutant, we mutated negatively
charged residues located within or proximal to the transmem-
brane regions of hCHT1. It is possible that negatively charged
residues would be involved in the transport of Na™ and choline.
We generated a series of 11 mutants, in each of which a single
residue (Asp or Glu) had been replaced with a noncharged res-
idue (Asn or Gln) by site-directed mutagenesis (mutants: E6Q,
D48N, E138Q, D158N, D160N, D188N, E236Q, D242N,
D349N, D411N, and E451Q). The positions of these residues in
the hCHT1 structure model are shown in Fig. 4A. Each of these
mutants was transiently expressed in HEK293 cells. Immuno-
blot analysis showed that mutants D48N, D242N, and D411N
were not efficiently expressed (Fig. 4B).

We measured both choline uptake and HC-3 binding activi-
ties of all these mutants. The mutants E6Q, D158N, D160N,
and E236Q had comparable levels of choline uptake and HC-3
binding activities with the WT (Fig. 4C). The mutants E138Q,
D188N, and D349N completely lost both choline uptake and
HC-3 binding activities, despite their expression on the cell
surface, as shown by the cell surface biotinylation assay, indi-
cating that they lost ligand binding activity (Fig. 4B). The
mutant E451Q demonstrated impaired choline uptake activity
without a concomitant change in its HC-3 binding activity (Fig.
4C). Kinetic analysis of the HC-3 binding activity showed that
E451Q had a slightly higher affinity for HC-3 (data not shown).
We next introduced a conservative change at this position
(E451D) and measured choline uptake activity of the mutant.
Choline uptake activity of E451D was still lower than that of the
WT, and thus, analysis was hereafter focused on E451D.

We generated stable HEK293 cell lines expressing either the
WT or E451D. Several cell lines were obtained, and a cell sur-
face biotinylation assay was performed for each line. The cell
lines that showed similar expression levels on the cell surface
were chosen as representatives of the WT and E451D (Fig. 54).
Kinetic analysis of choline uptake revealed that the mutant
E451D showed ~3-fold reduction in the apparent affinity for
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choline, without a significant change in V,,, (Fig. 5B). The K,
value for choline was 3.3 = 0.2 uM for the WT and 10.5 = 1.5
uM for E451D (p < 0.01, n = 3), and the V, value was 1.6 *
0.1 for the WT and 1.7 £ 0.1 (nmol/min/mg protein) for E451D
(p>0.5,n = 3).In contrast, saturation analysis of HC-3 binding
revealed that the E451D mutant had a ~3-fold increase in the
apparent affinity for HC-3 (Fig. 5B). The K, value for HC-3 was
15.6 = 1.3 nM for the WT and 5.0 £ 0.1 nm for E451D (p < 0.01,
n = 3). To estimate the apparent binding affinity of E451D for
choline, a [’HJHC-3 binding assay was performed with increas-
ing concentrations of nonlabeled choline. The [PHJHC-3 bind-
ing for E451D was displaced by a higher concentration of cho-
line than that required for the WT (Fig. 5C). Consistent with the
result from kinetic analysis of choline uptake, E451D showed an
~6-fold reduction in the binding affinity for choline. Given the
IC,, value for choline (0.9 = 0.1 um for the WT; 7.1 = 0.3 um for
E451D), the K; value for choline was calculated to be 0.81 = 0.1
uM for WT and 5.2 = 0.2 uMm for E451D (p < 0.01, n = 3). We
concluded that residue Glu-451 in transmembrane domain 12
is important for substrate recognition in CHT1, and E451Q
could be considered as a mutant deficient in substrate binding.

To examine the functional impact of co-expression with
inactive mutants, we utilized two mutants, I89A and E451Q
(Fig. 6A), both of which demonstrated significant loss of choline
uptake activity (I89A and E451Q; ~20 and 5%, compared with
the WT, respectively). I89A located within transmembrane
domain 3 showed an impaired choline transport rate without
significant changes in its affinity for choline, and is considered
to have a deficit in substrate translocation and consequently has
a lower turnover rate (9). Transmembrane domain 3 of vSGLT
was suggested to show a large structural rearrangement during
substrate translocation (18). In contrast, E451Q located within
transmembrane domain 12 has a replacement of functionally
important amino acids for choline binding, as exemplified in
the above results of E451D (Figs. 4 and 5). The positions of these
residues in the structure model are shown in Fig. 6A. Both
mutants show a slightly higher affinity for HC-3, but had similar
expression levels on the cell surface. We first confirmed that
both mutants tagged with HA could be co-immunoprecipitated
by WT CHT1-FLAG, indicating that they are capable of form-
ing homo-oligomers (Fig. 6B). Next, we co-expressed the inac-
tive mutants with the WT in HEK293 cells, and analyzed both
choline uptake and HC-3 binding activities. Each transfection
was performed with a constant amount of plasmid DNA, in
which the ratio of the mutant to the WT was changed. As
shown in Fig. 6C, co-expression of I89A showed a dominant-
negative effect on choline uptake activity. This effect was not
accompanied by alteration in the expression level on the cell
surface, as assessed by HC-3 binding activity (Fig. 6C). How-
ever, no dominant-negative effect was observed for co-expres-
sion of E451Q, in which choline uptake activity was reduced
linearly with increasing ratios of the mutant to the WT (Fig. 6C,
right). These results suggest that oligomers can be formed
between the mutants and the WT on the cell surface, and that
the mutant I89A, but not E451Q), consequently affects the over-
all choline uptake rate of CHT1.
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FIGURE 4. Functional characterization of hCHT1 mutants with altered negatively charged residues. A, the positions of 11 negatively charged residues
mutated in this study are indicated in space filling model within the constructed model. B, cell surface biotinylation assay of the mutants. Cells expressing each
mutant were labeled with membrane-impermeable, sulfo-NHS-SS-biotin, and biotinylated proteins were precipitated with streptavidin gel. Precipitated
proteins (Biotinylated) or cell lysate (Total lysate) were immunoblotted with anti-CHT1 antibody. The mutants D48N, D242N, and D411N are not efficiently
expressed in cells, possibly because these residues are required for proper trafficking to the cellmembrane. G, choline uptake and HC-3 binding activities of the

mutants in HEK293 cells. The data are normalized to activity levels of the WT.

DISCUSSION

Using cysteine scanning analysis, we examined the trans-
membrane topology of hCHT1, a member of the SLC5 family.
Our results provide the first experimental evidence for a topo-
logical model of CHT1 as a 13-transmembrane domain protein
with an extracellular amino terminus and an intracellular car-
boxyl terminus. The amino terminus of CHT1 has been previ-
ously demonstrated to be located extracellularly by immuno-

DECEMBER 14, 2012+VOLUME 287+NUMBER 51

fluorescence analysis, in which an amino-terminal FLAG-
tagged protein was detected by a FLAG antibody in live cells
(10, 33). The overall result is consistent with reports of other
members of this family, such as the Na™/glucose cotransporter
SGLT1 (15-17), suggesting that all members of the family pos-
sess a common 13-transmembrane domain core (14). The
recent report of the crystal structure of vSGLT also supports
the concept of a 13-transmembrane domain core (18).
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FIGURE 5. Functional properties of hCHT1 E451D mutant. A, cell surface
biotinylation assay using stable cell lines expressing the WT or E451D. Bioti-
nylated proteins were prepared from 5-fold the amount of total lysate loaded
on the gel. B, saturation analysis of [*Hlcholine uptake (shown left) and
[*HJHC-3 binding activities (right) of the WT and E451D. C, the displacement of
[*H]HC-3 binding by nonlabeled choline in intact cells expressing either the
WT or E451D. The data are normalized to [*HJHC-3 binding in the absence of
nonlabeled choline.

CHT1 contains several charged residues predicted to reside
within the transmembrane domains. Here we also report roles
of negatively charged residues located within or proximal to the
transmembrane domains. We especially focused on Glu-451
within transmembrane domain 12. Functional analysis of
mutants E451D and E451Q suggested that a negative charge is
required at position 451, and Glu-451 may be involved in sub-
strate binding of CHT1. However, Glu-451 is located outside
the substrate-binding site in the structure model (Figs. 44 and
6A4), assuming that the choline binding site is located in the
same position as the galactose binding site of vSGLT (18). It is
likely that Glu-451 is involved in substrate binding of CHT1
indirectly through maintenance of structural integrity,
although it remains to be elucidated how Glu-451 is involved
in it.

We provide several independent lines of evidence to support
the concept that CHT1 forms a homo-oligomer at the cell sur-
face when expressed in cultured cells. First, chemical cross-
linking analysis revealed the existence of CHT1 oligomers at
the cell surface. Second, two different epitope-tagged CHT1
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FIGURE 6. Dominant-negative effect by co-expression of an inactive
mutant of CHT1 on the choline uptake activity of the WT. A, the positions
of lle-89 and Glu-451 are indicated in space filling model within the con-
structed model. Carbon and oxygen atoms are shown in yellow and red,
respectively. The molecule is rotated by 90° from the orientation of the model
in Figs.2and 4A. B, co-immunoprecipitation (IP) assay. For CHT1 WT, I89A, and
E451Q, lysates from cells co-expressing CHT1-FLAG (WT) and CHT1-HA (WT or
each mutant) were precipitated by anti-FLAG antibody, and the precipitates
were immunoblotted (/B) with anti-HA or anti-FLAG antibody. The input lanes
represent 10% of cell lysates used in the immunoprecipitation. C, dominant-
negative effect by co-expression of the inactive hCHT1 mutant. Various ratios
of plasmids encoding hCHT1 mutant (I89A or E451Q) relative to the WT were
co-transfected into HEK293 cells, whereas the total DNA amount for each
transfection was kept constant. The cells were assayed for [*H]choline uptake
and [H]HC-3 binding activities. The data are normalized to activity of cells
transfected with the WT only. For the HC-3 binding activity of 189A, 5 nm
[PHJHC-3 was used in the binding assay.

proteins expressed in the same cells could be co-immunopre-
cipitated, and this co-immunoprecipitation could be similarly
observed with the cross-linked CHT1 proteins on the cell sur-
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face. Third, co-expression of an inactive mutant I89A with the
WT induced a dominant-negative effect on the overall choline
uptake activity of CHT1, suggesting that oligomers can be
formed between the mutant I89A and WT at the cell surface,
and that the mutant consequently affects the overall choline
uptake activity of CHT1. This effect did not result from a
reduced expression level of the WT at the plasma membrane, as
revealed by HC-3 binding assays. Rather, it can be assumed that
the dominant-negative effect is caused by a reduced turnover
rate of the oligomers formed between I89A and WT on the cell
surface.

It appears that the dominant-negative effect of I89A co-ex-
pression supports the concept that homo-oligomerization is
essential for CHT1 function. However, this is inconsistent with
the results of co-expression of the inactive mutant E451Q), in
which no dominant-negative effect was observed. Instead, the
result from E451Q co-expression supports the concept that
each CHT1 monomer within the homo-oligomer can function
independently of the other monomer(s). The lack of a domi-
nant-negative effect by co-expression of a WT and an inactive
mutant protein has been reported for other homo-oligomeric
transporters, such as Na*/H™ exchanger 1 (34), renal type Ila
Na™/P, cotransporter (35), and reduced folate carrier (36). It
remains to be elucidated how I89A, and not the E451Q mono-
mer, impairs substrate translocation or reorientation of the WT
monomer via oligomerization.

CHT1 is a member of the SLC5 family, and our preliminary
results also reveal the existence of homo-oligomers in SGLT1
or SMVT, other members of SLC5 family, as analyzed by chem-
ical cross-linking and co-immunoprecipitation assays in
HEK293 cells.> The recent report on the vSGLT structure
showed that the vSGLT protein was assembled as a parallel
dimer in the crystal structure (18), a finding that is consistent
with our results. Although freeze-fracture electron microscopic
studies showed that SGLT1 was a monomer (19, 20), radiation
inactivation studies showed that the size of the SGLT1 func-
tional unit was estimated to be that of a homotetramer (21-26).
Interestingly, members of SLC5 share a highly conserved
GXXXG motif within transmembrane domain 12. The GXXXG
motif, which has been shown to be critical for homodimeriza-
tion of some proteins, is a frequently occurring sequence motif
for transmembrane helix-helix association (37). We transfected
HEK293 cells with hCHT1 mutants in which the respective
glycine residue (Gly-434, Gly-438, or Gly-442) had been
replaced by a bulky hydrophobic residue, such as leucine, but
these mutants could not be efficiently expressed in the cells.” It
is tempting to speculate that the conserved GXXXG motif is
essential for homo-oligomerization and proper trafficking of
SLC5 transporters to the cell membrane.

There is a functionally relevant, nonsynonymous single
nucleotide polymorphism in the ZCHTI gene (265A>G,
rs1013940) that results in an isoleucine to valine substitution
(I89V) within transmembrane domain 3 of the protein (9). The
I89V variant transporter shows a 40 —50% decrease in the cho-
line uptake rate compared with that of the WT in vitro. This

3T. Okuda, unpublished observations.
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polymorphism was recently reported to be associated with
major depressive disorder (38) and attention-deficit hyperac-
tivity disorder (39). This association could be partly explained
by an assumption that the I89V variant transporter has a dom-
inant-negative effect on choline uptake activity through homo-
oligomerization. In fact, some coding variants in other trans-
porters are known to act dominantly, which could be explained
by a dominant-negative interaction (40, 41). This CHT1 poly-
morphism may have a significant impact on choline uptake
function by means of dominant-negative interaction iz vivo.
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