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Structure and mechanism of the osmoregulated choline
transporter BetT

Tianjiao Yang"*t, Yuwei Nian't, Huajian Lin't, Jing Li*t, Xiang Lin® Tianming Li', Ruiying Wang',
Longfei Wang?, Gwyn A. Beattie®*, Jinru Zhang**, Minrui Fan%*

The choline-glycine betaine pathway plays an important role in bacterial survival in hyperosmotic environments.
Osmotic activation of the choline transporter BetT promotes the uptake of external choline for synthesizing the
osmoprotective glycine betaine. Here, we report the cryo-electron microscopy structures of Pseudomonas syrin-
gae BetT in the apo and choline-bound states. Our structure shows that BetT forms a domain-swapped trimer with
the C-terminal domain (CTD) of one protomer interacting with the transmembrane domain (TMD) of a neighbor-
ing protomer. The substrate choline is bound within a tryptophan prism at the central part of TMD. Together with
functional characterization, our results suggest that in Pseudomonas species, including the plant pathogen
P. syringae and the human pathogen Pseudomonas aeruginosa, BetT is locked at a low-activity state through CTD-
mediated autoinhibition in the absence of osmotic stress, and its hyperosmotic activation involves the release of
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this autoinhibition.

INTRODUCTION
Coping with water stress is faced by all living organisms (1, 2). Un-
der hypoosmotic conditions, water will flow into the cell, leading to
cellular swelling and bursting; while under hyperosmotic conditions
(such as high salinity), water will flow out of the cell, resulting in
cellular dehydration. Both are detrimental to cellular physiology.
Besides, in organisms containing cell walls, water influx or efflux can
also cause changes in turgor pressure and affect cell growth (3, 4). To
survive in diverse environments of different osmolality, the organ-
isms must respond to water stress and maintain osmotic homeosta-
sis. One conserved strategy ubiquitous in living systems for adapting
to hyperosmotic environments is to amass organic osmolytes, also
called compatible solutes, which can help adjust osmotic potential
without impairing normal cellular activities when present at high
concentration (1, 5-8). The compatible solutes are mainly composed
of three kinds of small molecules: carbohydrates, such as trehalose
and inositol; amino acids and derivatives, such as proline and ectoine;
and methylammonium and methylsulfonium compounds, such as
glycine betaine and dimethylsulfoniopropionate (5, 8, 9).
Responding to osmotic stress is more critical for the survival of
bacteria, which are directly exposed to external environments, than
for multicellular organisms, which have protective skins (10). In
most bacteria, glycine betaine is the preferred compatible solute for
osmoprotection (11, 12). As one of the most potent osmoprotectants
(12, 13), besides maintaining osmotic balance, glycine betaine can
also stabilize proteins in stressed bacterial cells (14-16). There are
two common ways of acquiring glycine betaine: uptake from external
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environments through transport systems (7, 9, 12) and synthesis from
the precursor choline through the choline-glycine betaine pathway,
in which choline is taken up through transporters and then con-
verted to glycine betaine via a two-step enzymatic oxidation reaction
(17-19). Choline is abundant primarily in the form of choline-
containing lipids and can be released to the environments through
bacterial phospholipases (20, 21), and diverse bacterial species
widely harness the choline-to-glycine betaine synthesis pathway for
osmoadaptation (9, 22). Notably, the choline-glycine betaine path-
way also exists in plants and animals and plays important roles in
their responses to salt stress (8, 23, 24). In the choline-glycine beta-
ine pathway of Escherichia coli, choline uptake is mainly mediated
by the transporter BetT, and its expression and transport activity are
both up-regulated by hyperosmotic stress (25). BetT homologs are
distributed in many other bacteria, including human pathogens
such as Pseudomonas aeruginosa and Acinetobacter baumannii, and
play important roles not only in osmoprotection but also in choline
catabolism (20, 26-33). It has been shown that BetT is critical for the
fitness of the plant pathogen Pseudomonas syringae during leaf colo-
nization (34), and BetT-mediated choline uptake has also been
implicated in contributing to the survival of two major nosocomial
pathogens P. aeruginosa and A. baumannii in human hosts (20, 29,
31, 35, 36). Moreover, BetT has been associated with bacterial ther-
moprotection and cold adaption (37-39).

BetT is the founding member of the betaine/carnitine/choline
transporter (BCCT) family (40), whose members mediate the up-
take of compatible solutes for osmoprotection or catabolism in
bacteria (7, 20, 41, 42). BCCT family members commonly transport
substrates containing methylammonium or methylsulfonium groups,
but they have different substrate specificities, transport mechanisms,
and activity regulation mechanisms. BCCT transporters can be clas-
sified into three types: (i) sodium-coupled symporters, such as the
betaine transporter BetP; (ii) proton-coupled symporters, such as
BetT; and (iii) substrate/product antiporters, such as the L-carnitine/
y-butyrobetaine transporter CaiT (41). The three types of BCCT
transporters share low sequence identities (<30%). Among them,
BetP and BetT are osmoregulated, and their transport activities in-
crease substantially upon high osmolarity stress (19, 43, 44).
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However, the mechanisms underlying BetT and BetP osmoregula-
tion are likely different because they have completely distinct C-
terminal regulatory domains (28, 43). Recent structural studies on
BetP and CaiT have provided important insights into the overall
architecture of BCCT family transporters and their respective trans-
port mechanisms (45-50), but the molecular mechanism underlying
choline transport of BetT is unknown, and the activity regulation
mechanisms of the osmoregulated BCCT transporters are still poor-
ly understood.

To shed light on how BetT recognizes and transports choline,
we determined the cryo—electron microscopy (cryo-EM) structures
of P. syringae BetT in both apo and substrate-bound states. Our
structural and functional studies reveal a unique domain-swapped
trimer structure of BetT and suggest a C-terminal domain (CTD)
autoinhibition-mediated osmoregulation mechanism.

RESULTS

Overall structure

Our biochemical characterization showed that BetT from P, syringae
pv. tomato DC3000 (PsBetT) was well-behaved on a size exclusion
column (fig. S1, A and B). The expression of PsBetT in the choline
transporter-deficient E. coli strain MKH13 (51) in the presence and
absence of NaCl, KCl, or sorbitol showed the hyperosmotic activa-
tion of choline transport based on a fluorescence assay for endoge-
nous choline (fig. S1C; see Materials and Methods), consistent with
previous studies (19, 28). Using cryo-EM, we determined the struc-
tures of PsBetT alone and in the presence of choline at 2.57- and
2.59-A resolutions, respectively (figs. S2 and $3). The high-resolution
cryo-EM density maps allowed us to build a complete model for
BetT containing both the transmembrane domain (TMD) and CTD
(Fig. 1 and fig. S4). Both the apo and choline-bound PsBetT struc-
tures are captured in the occluded state.

In both structures, PsBetT is a trimer (Fig. 1, A and B), consistent
with the typical trimeric state of the BCCT family transporters (41,
45, 48, 49). Each PsBetT protomer is composed of the transport unit
TMD (residues 11 to 515) and the regulatory domain CTD (residues
528 to 664) in the cytosol (Fig. 1C and fig. S5A) (43). The TMD
consists of 12 transmembrane helices (TM1 to TM12) and adopts an
amino acid-polyamine-organocation (APC) superfamily fold with
TM3-7 and TM8-12 forming inverted repeats (Fig. 1D). Between
TM7 and TMBS, there is a curved amphiphilic helix (H2) parallel to
the membrane on the periplasmic side. The CTD of PsBetT (137
residues) is much larger than that of BetP, which is composed of a
long o helix consisting of 49 residues (45). The CTD shows a mixed
a/p structure composed of three a helices (al to a3) and five
strands (B1 to f5) (Fig. 1E). Dali server analysis showed that the fold
of the CTD of PsBetT is similar to that of the frataxin protein family
despite the low sequence similarity (<10%) of these proteins (fig. S5B).
The CTD is connected to the TMD through a flexible linker consisting
of 12 residues. Notably, in the PsBetT trimer, the CTD of one pro-
tomer is under the TMD of a neighboring protomer, yielding a domain-
swapped configuration (Fig. 1B), as identified previously in BetP (45).

Choline-binding site

In the presence of choline, we observed a strong thumbtack-like
nonprotein density in each protomer of the PsBetT trimer (Fig. 2A),
at a location corresponding to the betaine-binding site of BetP and
the primary substrate-binding site of CaiT (45, 46, 48, 49). These
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densities were assigned as choline because they are absent in the apo
PsBetT structure. Choline binds near the unwound region of TM3
halfway through the membrane and is occluded from both the peri-
plasmic and cytosolic sides (Fig. 2B). On one side, the positively
charged methylammonium moiety of choline forms cation-x inter-
actions with three tryptophan residues of TM8, W327, W328, and
W331, which have a configuration of a tryptophan prism (Fig. 2C).
Notably, in the apo state, the arrangement of the three tryptophan
residues in PsBetT is not favorable for choline binding, and two
of them (W327 and W328) show side-chain rotamer changes in
the choline-bound state (Fig. 2D). On the other side, the hydroxyl
group of choline forms a hydrogen bond with the main-chain oxy-
gen of G105 at the unwound part of TM3 (Fig. 2C). These choline-
interacting residues are highly conserved among BetT of different
species (fig. S6). Overall, the binding mode of choline in PsBetT is
similar to that in the choline-binding protein ChoX and choline
transporter LicB (52, 53), and it also shows similarity to the binding
mode of betaine in the betaine-binding protein OpuAC and betaine
transporter BetP (46, 54). To probe the choline-binding site of Ps-
BetT, we performed functional characterizations on mutants with
the choline-interacting tryptophan residues replaced by residues
lacking an indole ring. Substitution of W327 or W328 with leucine
or alanine substantially impaired choline transport activity (Fig. 2E
and fig. S7A). These results support our structural observations on
choline binding.

Proton-binding site

To probe the proton dependence of PsBetT, we analyzed its cho-
line transport activity by using the protonophores carbonyl cya-
nide m-chlorophenylhydrazone (CCCP) and carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone (FCCP). Our results showed
that CCCP or FCCP can abolish the choline transport activity of
PsBetT (fig. S7C), supporting its proton coupling, consistent with
previous studies on E. coli BetT (EcBetT) (19). To identify the
proton-binding site of PsBetT, we mutated all the potential proton-
atable residues in the TMD individually and characterized their
choline transport activities. Our results showed that among the 24
alanine substitution mutants, only two (D210A and E403A) sub-
stantially impaired the choline transport (fig. S7D). Furthermore,
we characterized the mutants with D210 and E403 substituted with
non-protonatable hydrophilic residues. Our results showed that the
D210N and D210T mutations substantially impaired the choline
transport, similar to the D210A mutant (Fig. 3A and fig. S7E). How-
ever, the E403Q mutant behaved similarly to wild-type (WT)
PsBetT but not the E403A mutant (fig. S7D), indicating that E403A
may affect protein folding/structure. Therefore, our functional
studies suggested that D210 contributes to proton coupling in
PsBetT. Consistently, our structure showed that D210 is actually lo-
cated near the choline-binding site in the substrate transport path-
way. D210 of TM5 forms hydrogen bond interactions with $§107 and
T109 of TM3 (Fig. 3B). Therefore, it is probable that protonation/
deprotonation of D210 may affect interhelical interactions and local
conformational change and choline transport. Notably, D210 is fully
conserved in BetT homologs of Pseudomonas species but variable in
BetT of E. coli and other species (fig. S6). Consistent with the sequence
difference, another acidic residue (D108) from TM3 has been sug-
gested to be the proton-binding site of EcBetT (55). In PsBetT, the
residue T109 that occupies the equivalent position of this D108 of
EcBetT interacts with D210.
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TMD

CTD

Fig. 1. Structure of PsBetT. (A) Cryo-EM density map of PsBetT. (B) Overall structure of PsBetT. The three protomers are colored green, cyan, and orange, respectively.
(€) Structure of PsBetT monomer. The TMD and CTD are colored cyan and wheat, respectively. (D) TMD structure of one PsBetT subunit. (E) CTD structure of one PsBetT

subunit.

Trimer organization

In the trimeric PsBetT structure, both the TMD and the cytosolic
CTD are organized as a trimer (Fig. 1, A and B). In the TMD, trimer
formation is mainly mediated by helix H2, which makes contacts
with H2’, the loop between H2" and TM8', and TM2’ of the neigh-
boring protomer on the periplasmic side (fig. S8A). Below H2, there
are large clefts between neighboring protomers which are filled with
extra densities, potentially lipid molecules (fig. S8, A and B). In the
soluble cytosolic part, cross-protomer interactions mainly involve
hydrophobic interactions and salt bridges between helices a2 and a3
of one CTD and helix a1’ and the loop between strands $3’ and 4’
of a neighboring CTD; moreover, the trimer interface exhibits a
good shape complementarity (fig. S8C). To assess the role of the
CTD in the trimer formation of PsBetT, we deleted the CTD
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(hereafter named PsBetT acrp) and performed cross-linking. Our
result showed that PsBetT acrp still primarily forms trimers (fig. S8D),
indicating that the CTD is dispensable for PsBetT trimer formation.
This is consistent with the ability of CaiT (intrinsically lacking a
CTD) and CTD-deleted BetP to form stable trimers (48, 49, 56).

CTD-mediated osmoregulation

To explore whether the CTD is involved in the osmotic activation
of PsBetT, we characterized the choline transport activity of PsBetTacrp
under low and high osmolarity conditions using NaCl as an osmo-
lyte. We found that the transport activity of PsBetT actp under low-
salt conditions is comparable to that of WT PsBetT under high-salt
conditions; that is, removal of the CTD enabled PsBetT to be highly
active in the absence of hyperosmotic stress (Fig. 4A). Our finding
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Fig. 2. The choline-binding site of PsBetT. (A) Cryo-EM densities of choline and surrounding tryptophan residues. The choline molecule and the tryptophan residues are
shown as magenta and cyan sticks, respectively. (B) Sliced view of PsBetT in the choline-bound state. (C) Interactions between choline and PsBetT. The hydrogen bond is
shown as a dashed line. (D) Local side-chain rotamer changes between apo (yellow) and choline-bound (cyan) PsBetT. (E) Choline transport activities of PsBetT variants

with mutations at the choline-binding site [normalized to the wild type (WT); means + SEM, n = 4 independent experiments].
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Fig. 3. The proton-binding site of PsBetT. (A) Choline transport activities of PsBetT variants with mutations at the potential proton-binding site (normalized to WT;

means + SEM, n = 4 independent experiments). (B) The surrounding environment of the proposed proton-binding site D210.
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Fig. 4. CTD autoinhibition of PsBetT. (A) Choline transport activities of PsBetT WT and ACTD under low and high osmolarity conditions (normalized to WT; means + SEM,
n =4 independent experiments). NaCl (0.5 M) was added to introduce high osmolarity. (B) CTD-TMD interaction interface. The key residues at the interface are shown as
sticks. (C) Choline transport activities of PsBetT variants with mutations at the CTD-TMD interface under low osmolarity conditions (normalized to ACTD; means + SEM,
n =4 independent experiments, except for WT, ACTD, and control, which are n = 8 independent experiments). (D) Choline transport activities of PsBetT WT and trimer-
defective mutant (W57A, F305A, and Y310A) under low and high osmolarity conditions (normalized to WT; means + SEM, n = 4 independent experiments). BetT-mediated

choline uptake was not saturated after 1 hour.

indicates that the CTD maintains PsBetT in a low-activity state un-
der non-hyperosmotic conditions, thus illustrating an autoinhibi-
tory role in PsBetT osmoregulation.

How does the CTD autoinhibit PsBetT’s activity? Our structural
analysis provides a hint, namely, that contact between the CTD of
one protomer and the intraprotomeric loop between TM2' and
TM3'’ of the neighboring protomer (Figs. 1D and 4B) might restrict
a conformational change of this loop and associated outward move-
ment of TM3a; the latter is presumably required for the release of a
substrate into the cytosol as observed in BetP (46). Our structure
shows that two kinds of interactions contribute to the positioning of
the CTDP™™ 4 and TMDP™°™" ® in the PsBetT trimer: one is the
interaction between H627 of CTDP™™" A and H87 of TMDP ™ B
and the other is the electrostatic interactions between E630 of
CTDP™*™  and R168 and R508 of TMDP™™" ® (Fig. 4B). Notably,
our cryo-EM map suggests that H87, H627, and D634 may coordi-
nate a metal ion at the CTD-TMD contact site and an unidentified
carboxyl group-containing small molecule might also contribute to
the ion coordination (fig. S8E). To probe the CTD-TMD interac-
tions in the osmoregulation of PsBetT, we characterized the effects
of interfacial mutations on its choline transport activity. We found
that substitution of the abovementioned CTD-TMD interfacial resi-
dues with alanine all increased PsBetT’s activity under low-salt
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conditions (Fig. 4C). These results are consistent with our predic-
tion that PsBetT is autoinhibited by the CTD.

Because the autoinhibition of PsBetT at low osmolarity involves
intersubunit CTD-TMD interactions, our model predicts that tri-
mer formation is critical for PsBetT osmoregulation. On the basis of
previous studies with the BetP trimer (57), we designed several PsBetT
mutants with key interfacial residues substituted with alanine and
assessed their trimer formation using size exclusion chromatography.
We found that pyramiding the W57A, F305A, and Y310A muta-
tions disrupted PsBetT trimer formation (fig. S7B), and this triple
mutant exhibited high choline transport activity under low-salt
conditions (Fig. 4D), consistent with our model of PsBetT autoinhi-
bition at low osmolarity. Osmoregulation of BetP also requires the
formation of intact trimers (57). These results suggest that trimer
formation is a common strategy harnessed for osmoregulation by
osmosensing BCCT transporters.

We noticed that the residues mediating CTD-TMD interactions
in PsBetT are fully conserved among BetT homologs of Pseudomonas
species, including the human pathogen P. aeruginosa, but are vari-
able in other bacterial species, such as E. coli. To explore whether the
CTD autoinhibition mechanism is harnessed for the osmoregula-
tion of BetT in other bacteria, we deleted the CTDs of the BetT of
P. aeruginosa (PaBetT) and E. coli and characterized their choline

50f9

620z ‘gz |1dy uo Bio'a0us oS MMM/ SA1IY WoJ) papeouMoq



SCIENCE ADVANCES | RESEARCH ARTICLE

transport activities. Removing the CTD of PaBetT made it active in
the absence of hyperosmotic stress, similar to PsBetT (fig. S9A). In
contrast, deleting the CTD of EcBetT did not increase its transport
activity under low osmolarity but did make it unable to be fully ac-
tivated by high osmolarity (fig. S9B). This indicates that the CTD
plays different roles in BetT osmoregulation among bacterial spe-
cies. In species with BetT that share high homology with PsBetT, the
osmoregulation of BetT likely involves CTD-mediated autoinhibi-
tion at low osmolarity. In contrast, in species with BetT that is simi-
lar to EcBetT, the CTD likely contributes to hyperosmotic activation.

DISCUSSION

In summary, we have determined the structure of bacterial osmo-
regulated choline transporter BetT, identified its substrate-binding
site, and completed our knowledge about the BCCT family trans-
porters. Our results suggest that osmoregulation of BetT activity is
achieved by its CTD-mediated autoinhibition and hyperosmotic
stress-triggered release of this inhibition in Pseudomonas species.
Autoinhibition has been found in the activity regulation of many
transporters, and it typically involves the interaction of a soluble
part with TMD that leads to either blocking of the substrate translo-
cation pathway or obstruction of conformational changes of TMD
(58-62). In PsBetT, it is likely that CTD-TMD interactions restrict
the conformational changes of TMD that are required for substrate
release. Further studies will be required to elucidate how the osmot-
ic stress sensed by BetT induces changes in CTD-TMD organization
and choline transport.

MATERIALS AND METHODS

Protein expression and purification

The coding sequence of BetT from P. syringae pv. tomato DC3000
with a C-terminal Strep-tag was cloned into the pETDuet-1 vector.
The plasmid was then transformed into E. coli strain Rosetta (DE3)
and the cells were grown overnight at 37°C. After inoculating with a
ratio of 1:100, the cells were grown at 37°C until the ODgy (optical
density at 600 nm) reached 0.6 to 0.8. Then, 0.2 mM isopropyl-p-p-
thiogalactopyranoside (IPTG) was added to induce protein expres-
sion. After culturing at 18°C for 16 hours, the cells were harvested
and stored at —80°C.

To purify PsBetT, the cells were resuspended in buffer A [50 mM
tris (pH 7.4), 150 mM NaCl, and 0.5 mM phenylmethylsulfonyl
fluoride (PMSF)] and lysed using an ultrasonic cell disruptor.
Then, the membrane proteins were extracted using 1.5% lauryl
maltose neopentyl glycol (LMNG; Anatrace)/0.2% cholesteryl
hemisuccinate (CHS; Anatrace) at 4°C for 2 hours. After centri-
fuging at 17,000 rpm for 1 hour, the supernatant was incubated
with prewashed Streptactin Beads 4FF (Smart-Lifesciences) at
4°C for 2 hours. The slurry was poured into a gravity column, and
the resin was extensively washed with buffer B [20 mM tris (pH 7.4),
150 mM NaCl, and 0.05% glyco-diosgenin (GDN)]. PsBetT was
eluted with buffer C [20 mM tris (pH 7.4), 150 mM NacCl, and
0.01% GDN] supplemented with 10 mM dethiobiotin. The pro-
tein was further polished through gel filtration using a Superose
6 increase column (Cytiva).

To purify PsBetT bound with choline, the cells were resuspended
in buffer D [50 mM MES (pH 6.0), 100 mM NaCl, 50 mM choline
chloride, and 0.5 mM PMSF] and lysed using an ultrasonic cell
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disruptor. Then, the membrane proteins were extracted using 1.5%
LMNG/CHS at 4°C for 2 hours. After centrifugating at 17,000 rpm
for 1 hour, the supernatant was incubated with pre-washed Strep-
tactin Beads 4FF at 4°C for 2 hours. The slurry was poured into a
gravity column, and the resin was extensively washed with buffer E
[20 mM MES (pH 6.0), 100 mM NaCl, 50 mM choline chloride,
and 0.05% GDN]. PsBetT was eluted with buffer F [20 mM MES
(pH 6.0), 100 mM NaCl, 50 mM choline chloride, and 0.01% GDN]
supplemented with 10 mM dethiobiotin. The protein was further
polished through gel filtration using a Superose 6 increase col-
umn. Both samples were concentrated to 7 mg/ml for cryo-EM
grid preparation.

Cryo-EM sample preparation and data collection

Grids (300 mesh, R2/1; Quantifoil, Germany) were glow-discharged
by a PELCO easiGlow machine (15 mA, 1 min). The purified
protein (3.5 pl) was applied to the grid and incubated for 20 s
(8°C, 100% humidity), and then the grid was blotted with filter
paper for 5 s and plunge-frozen in liquid ethane cooled by liquid
nitrogen by a vitrobot (Vitrobot Mark IV, Thermo Fisher Scien-
tific). Samples were imaged with a 200-kV electron microscope
(Talos Arctica, Thermo Fisher Scientific), and grids generating
images with good contrast and particle distribution were further
imaged using a 300-kV electron microscope (Titan Krios G4,
Thermo Fisher Scientific) equipped with a Gatan K3 direct elec-
tron detector. Data collection was performed in super-resolution
counting mode at a magnification of approximately x105,000,
corresponding to a physical pixel size of 0.86 A. Movies were
recorded with a total exposure of 50 electrons/A%, and the defocus
range was set from —1.5 to —2.5 pm. The data collection statis-
tics are summarized in table S1.

Cryo-EM data processing

Cryo-EM datasets collected from apo and choline-bound BetT were
processed and analyzed using similar procedures, and all image pro-
cessing steps were performed in cryoSPARC (v4.1.2) (63) or RELION
(v4.0.1) (64). Movies acquired with K3 detectors were subjected to
MotionCor2 (65) and patch motion correction for beam-induced drift,
respectively. Then, the contrast transfer function (CTF) parameters of
micrographs were estimated by Getf (66) and patch CTE respectively.
Particles were picked by a manual picker and a template picker
within cryoSPARC or autopicking in RELION. After two to four
rounds of two-dimensional (2D) classification in cryoSPARC, the
remaining particles that yielded clear secondary structural features
were selected for ab initio 3D model generation (six classes; C3 sym-
metry was applied during all subsequent 3D reconstruction). The
particles were then subjected to hetero-refinement with the input of
six volumes generated ab initio as the references. Particles belonging
to the class that generated a cryo-EM map with sufficient resolution
were subjected to nonuniform refinement and local refinement, which
resulted in maps of 2.95- and 2.59-A resolutions for apo and choline-
bound PsBetT, respectively. For the dataset of apo PsBetT, further
3D classification was carried out to improve the local resolution of
the CTD. Last, the particles belonging to classes that exhibited high-
quality CTD density were resubjected to nonuniform refinement,
which resulted in a map with a resolution of 2.96 A. To further im-
prove the overall resolution, the cryoSPARC-refined particles
were exported into RELION for Bayesian polishing (67). Last,
nonuniform refinement was performed, resulting in the highest
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resolution of 2.57 A. The image processing workflows are summa-
rized in figs. S2 and S3.

Model building and refinement

Cryo-EM maps generated in cryoSPARC 3D refinements, either
further sharpened with B-factor sharpening or postprocessed in
DeepEMhancer (68), were used for model building and figure prep-
aration. A structural model predicted by AlphaFold (69) was select-
ed as the initial template. After manual adjustments of local parts in
COOT (70), the models were further refined by real-space refine-
ment in PHENIX (71). The geometry of refined models was vali-
dated by MolProbity (72). All structural figures were prepared in
PyMOL (73) and UCSF Chimera (74) or Chimera X (75).

Cell-based choline uptake assay

The coding sequences of PsBetT and mutant derivatives were cloned
into the pBAD vector. E. coli strain MKH13 cells were transformed
with the plasmids and grown overnight at 37°C. After inoculating
with a ratio of 1:100 into 3 ml of fresh LB medium containing ampi-
cillin (100 pg/ml), the cells were grown at 37°C until the ODgg
reached 0.7 to 0.8. Protein expression was induced with 0.02%
arabinose for 4 hours. The cells were harvested, washed once with
M63 medium, and resuspended in M63 medium to an ODggg of
1.0. Three milliliters of the cells was used for the choline uptake as-
say. Chloramphenicol (100 pg/ml) was added to the cells to termi-
nate protein expression (18). After incubating at 37°C for 5 min,
15 mM choline chloride and 0.5 M NaCl (or 0.5 M KClI or 0.8 M
sorbitol) were added, and the cells were incubated at 37°C for 1 hour
with shaking. The cells were harvested and washed four times with
ice-cold 1 M NaCl. Then, cells were resuspended in the buffer con-
taining 50 mM tris (pH 7.4) and 150 mM NaCl and lysed with glass
beads using a mixer mill. The lysate was spun at 13,200 rpm for
1 min, and the choline in the supernatant was detected with the
Amplite Choline Quantitation Kit (AAT Bioquest) according to the
manufacturer’s instructions. Briefly, 50 pl of supernatant was mixed
with 50 pl of work solution from the kit, and the mixture was incu-
bated at 37°C for 20 min. Then, the result was read with a fluores-
cence microplate reader at Ex/Em (excitation/emission) = 540/590 nm.
In this experimental setting, choline was detected with Amplite Red
through the choline oxidase and hydrogen peroxide-mediated en-
zyme coupling reactions, and the fluorescence intensity of Amplite
Red was proportional to the concentration of choline.

Western blot

The coding sequences of BetT WT and choline-binding site mutants
with a C-terminal Strep-tag were cloned into the pBAD vector.
E. coli strain MKH13 cells were transformed with the plasmids and
grown overnight at 37°C. After inoculating with a ratio of 1:100 into
3 ml of fresh LB medium containing ampicillin (100 pg/ml), the
cells were grown at 37°C until the ODg reached 0.7 to 0.8. Protein
expression was induced with 0.02% arabinose for 4 hours. The cells
were harvested and washed once with the buffer containing 20 mM
tris (pH 7.4) and 150 mM NaCl. The cell pellet was resuspended and
the ODggp was brought to 1.0. Three milliliters of the cells was spun
down and resuspended in 100 pl of buffer. Five microliters of the
cells was lysed by adding SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) loading buffer, and the total proteins were separated by
SDS-PAGE, electroblotted to a poly(vinylidene fluoride) membrane
(Millipore) and probed using mouse anti-Strep antibody (ABclonal).
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Cross-linking

PsBetTacrp (residues 516 to 664 were deleted) was expressed and
purified as described above for full-length PsBetT. For cross-linking,
10 pl of the protein at 0.33 mg/ml was treated with 0.13% glutaral-
dehyde in a buffer containing 20 mM Hepes (pH 7.4), 150 mM
NaCl, and 0.01% GDN at 20°C for different durations (5, 10, 30, 60,
and 120 min). The reaction was terminated by the addition of 1 pl of
1 M tris (pH 7.4), and the reaction products were mixed with SDS-
PAGE loading buffer and analyzed by SDS-PAGE.

Fluorescence detection size exclusion chromatography

The coding sequences of the WT PsBetT and trimer-interface mu-
tant derivatives that were fused with C-terminal green fluorescent
protein (GFP) were cloned into the pETDuet-1 vector. The plasmids
were then transformed into E. coli strain Rosetta (DE3), and the cells
were grown overnight at 37°C. After inoculating with a ratio of
1:100 into 3 ml of fresh LB medium containing ampicillin (100 pg/
ml) and chloramphenicol (50 pg/ml), the cells were grown at 37°C
until the ODggg reached 0.6 to 0.8. Then, 0.2 mM IPTG was added to
induce protein expression. After culturing at 18°C for 16 hours, the
cells were harvested and lysed in the buffer containing 50 mM tris
(pH 7.4), 150 mM NaCl, and 0.5 mM PMSE. LMNG (1.5%)/CHS
was added to the lysate for membrane protein extraction. After in-
cubating at 4°C for 2 hours, the lysate was spun at 14,500 rpm for 30 min,
and the supernatant was loaded onto a Superose 6 increase column
pre-equilibrated with the buffer containing 20 mM tris (pH 7.4),
150 mM NacCl, and 0.0034% LMNG/CHS. The samples were de-
tected by a fluorescence detector (Shimadzu; Ex/Em = 480/510 nm
for the GFP signal). The flow rate was 0.4 ml/min.

Supplementary Materials
This PDF file includes:

Figs.S1to S9

Table S1
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