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Molecular basis of inhibition of the amino
acid transporter B0AT1 (SLC6A19)

Junyang Xu1,4, Ziwei Hu2,4, Lu Dai 2,4, Aditya Yadav3,4, Yashan Jiang3,4,
Angelika Bröer3, Michael G. Gardiner 1, Malcolm McLeod 1,
Renhong Yan 2 & Stefan Bröer 3

The epithelial neutral amino acid transporter B0AT1 (SLC6A19) is the major
transporter for the absorption of neutral amino acids in the intestine and their
reabsorption in the kidney. Mouse models have demonstrated that lack of
B0AT1 can normalize elevated plasma amino acids in rare disorders of amino
acidmetabolism such as phenylketonuria and urea-cycle disorders, implying a
pharmacological approach for their treatment. Here we employ a medicinal
chemistry approach to generate B0AT1 inhibitors with IC50-values of 31-90 nM.
High-resolution cryo-EM structures of B0AT1 in the presence of two com-
pounds from this series identified an allosteric binding site in the vestibule of
the transporter. Mechanistically, binding of these inhibitors prevents a
movement of TM1 and TM6 that is required for the transporter to make a
conformational change from an outward open state to the occluded state.

Amino acid homeostasis is an important factor in cellular and orga-
nismal physiology1. Plasma amino acid levels are maintained in a nar-
row range and are used as a diagnostic tool to identify rare diseases,
such as phenylketonuria, urea cycle disorders, tyrosinemia, and lysi-
nuric protein intolerance2. Smaller deviations of amino acid home-
ostasis occur in type 2 diabetes and are related to insulin resistance3,4.
Various strategies are used to treat derangements of amino acid
metabolism, such as diet, nitrogen scavengers and supplements2. A
more recent strategy is to counteract elevated levels of amino acids by
decreasing the uptake or increasing the loss of amino acids via inhi-
bition of amino acid transporters. Epithelial amino acid transporters
are critical for the absorption of amino acids in the intestine and the
reabsorption of amino acids in the kidney1. Blockade or lack of these
transporters causes reduced absorption in the intestine and loss of
amino acids in the kidney5. In humans, mutations in the SLC6A19 gene
cause Hartnup disorder, a largely benign condition characterized by
aminoaciduria6. Consistently, lack of the apical neutral amino acid
transporter B0AT1 (Broadneutral amino acid transporter 1, encodedby
the SLC6A19 gene) has been shown to counteract elevated amino acids
in phenylketonuria and urea cycle disorder mouse models7,8. More-
over, lack of B0AT1 has also been shown to improve glucose tolerance

through a variety of mechanisms including elevated levels of FGF21,
GLP-19 and reducing liver triglycerides10 and may protect against kid-
ney injury11. As a result, significant efforts are underway to develop
high-affinity selective inhibitors of B0AT110,12–16. This has been accom-
panied by the development of a variety of assays to measure B0AT1
activity, such as proteoliposome flux assay12, solid supported mem-
brane electrophysiology16, voltage-sensitive fluorescent dyes
(FLIPR)14,15 and radioactive flux assays in cell lines14,15.

The amino acid transporter B0AT1 belongs to the amino acid
transporter subfamily of the SLC6 family17. This subfamily is char-
acterized by an extended loop linking transmembrane helices 7 and 8.
In the case of B0AT1 this loop is required to form contacts with the
single transmembrane helix (TM) proteins collectrin or ACE2, enabling
cell surface expression in the kidney18 and intestine19, respectively.
Mammalian cell lines overexpressing B0AT1 and collectrin have been
employed to characterize inhibitors, but the endogenous transport
activity in radioactive uptake assays is substantial, reducing the signal-
to-noise ratio14.

The structure of the B0AT1/ACE2 complex was recently resolved
by single-particle cryo-EM20. Despite the significant pharmaceutical
interest in B0AT1 inhibitors, a structural understanding of their binding
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to the transporter is missing. In contrast, the pharmacology of neu-
rotransmitter transporters of the SLC6 family is well developed. Most
neurotransmitter transporter inhibitors act by binding to the orthos-
teric binding site (S1), but some also bind to an allosteric site in the
vestibule of the transporters (S2)21–24. Importantly, all serotonin reup-
take inhibitors bind with higher affinity to the S1 site than to the
S2 site24.

Initially identified inhibitors of B0AT1 had IC50 values in the 10-
100 µM range, such as nimesulide and benztropine12,14. Inhibitors
derived from high-throughput screening showed IC50-values in the
range from0.4-15 µM, such as cinromide, and compounds CB3, E4 and
E1810,15. A medicinal chemistry approach based on nimesulide resulted
in compound 39 having an IC50 of 0.035 µM

13. The structures of known
B0AT1 inhibitors are shown in Table S1.

In this study we improve the radioactive flux assay by suppressing
endogenous transporters and use this improved assay to identify
homologues of the recently identified B0AT1 inhibitor E4 (2-(4-chloro-
2,6-dimethylphenoxy)-N-propan-2-ylacetamide)10. This results in
improved compounds with nanomolar affinity. Structural analysis

shows binding of these compounds to an allosteric site of the trans-
porter. These results pave the way for rational drug design for an
important pharmaceutical target.

Results
Development of an improved B0AT1 activity assay
To characterize novel inhibitors of B0AT1 we have used two indepen-
dent assays, namely a commercial fluorescent plate-reader based assay
(FLIPR) and a conventional radioactive uptake assay14. While the FLIPR
assay is suitable for high-throughput screening, detailed character-
ization of initial hits requires a secondary assay that directly measures
amino acid uptake. Both assays are used in conjunction with a Chinese
hamster ovary cell line stably overexpressing B0AT1 and collectrin
(CHO-BC)14 with L-leucine as a preferred substrate. However, CHOcells
also have endogenous transporters for L-leucine25. To identify the
fraction of L-leucine uptake mediated by B0AT1, uptake was measured
in the presence and absence of Na+ because B0AT1 is Na+-dependent,
while the main endogenous L-leucine transporter LAT1 (SLC7A5) is
Na+-independent14 (Fig. 1a). Two problems arise from endogenous

Fig. 1 | Endogenous contributions to leucine transport in the B0AT1 flux assay.
L-leucine transport was characterized in CHO-BC cells using uptake of 150 µM L-
[14C]leucine. a Uptake of L-leucine was measured in the presence (yellow) and
absence (green) of Na+. An apparent increase of Na+-independent leucine trans-
port is observed after application of increasing concentrations of B0AT1 inhibitor
cinromide. L-Leucine transport is blocked incompletely due to endogenous
transport activities. b The Na+-independent endogenous transport can be blocked
by LAT1 inhibitor JPH203. TheNa+-dependent component of L-leucine uptake that

is sensitive to inhibition by GPNA (γ-glutamyl-p-nitroanilide) was assigned to
ASCT2. The remaining transport activity was assigned to B0AT1. Transport com-
ponents are indicated by colour. c In the presence of GPNA (3mM) and JPH203
(3 µM), the remaining Na+-dependent transport activity is completely blocked by
cinromide. (d) IC50 of cinromide as determined with the optimized assay. All data
shown as mean ± SD, individual datapoints were overlayed in all bar graphs (n = 3,
n referring to individually seeded cell culture dishes used for each condition or
concentration).
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amino acid transport when characterizing B0AT1 inhibitors. First,
inhibition can remain incomplete, even when Na+-independent trans-
port via LAT1 is subtracted, due to the activity of other transporters.
Secondly, inhibition of B0AT1 can result in an apparent increase of Na+-
independent transport activity (LAT1), instead of an expected inhibi-
tion of Na+-dependent L-leucine transport (B0AT1) (Fig. 1a). The net
uptake activity is reduced but for anoptimal assay it would bebetter to
isolate the B0AT1 component. L-leucine uptake in CHO-BC cells is
comprised of five components, namely B0AT1, LAT1 (SLC7A5), ASCT2
(SLC1A5) and SNAT2 (SLC38A2)26,27 (Fig. 1b). However, SNAT2 activity
can be suppressed by a recent change of media28.

As a first step to improve the assay, we added JPH203 (3 µM), a
high-affinity LAT1 inhibitor that blocks Na+-independent L-leucine
transport without affecting B0AT129 (Fig. 1b). The activity of ASCT2
could be suppressed by γ-glutamyl-p-nitroanilide (GPNA, 3mM)30.
When both inhibitors were combined, the known B0AT1 inhibitor cin-
romide completely blocked the remaining transport activity without
increasing Na+-independent transport (Fig. 1c). Using this optimized
assay, we determined an IC50 value of 0.8 ± 0.1μM for cinromide
(Fig. 1d), which agrees with earlier measurements10,15. An additional
advantage of the optimized assay is the reduction of samples, because
measurements can be performed in the presence of Na+ without the
need to subtract endogenous transport activity in Na+-free buffer.

Identification of high-affinity inhibitors of B0AT1
In a previous high-throughput screen we identified compound E4 (2-
(4-chloro-2,6-dimethylphenoxy)-N-isopropylacetamide) as a high-
affinity inhibitor of B0AT110 with an IC50 = 7.7 ± 1.9 µM. When we syn-
thesized a new batch of the compound, we noticed that the inhibitory
activity was strongly reduced such that an IC50 could not be deter-
mined (8% inhibition at 30 µM) (Fig. S1). Subsequent structural char-
acterisation of the original and new batch revealed that the active
compound was in fact (2-(4-chloro-3,5-dimethylphenoxy)-N-iso-
propylacetamide). We called this compound JX98 (Fig. 2) and refer to
E4 as JX8 to avoid confusion and use these numbers from hereon. This
revealed a strong structure-activity relationship (SAR), namely that the
methyl-groups of the phenoxy moiety cannot be in the ortho-position
but must be in meta-position (Figs. 2 and S1 (JX8 vs. JX98)). Even a
singlemethyl-group in this position reduces the inhibitory potential to
a similar extent (JX42). As a result, we performed all subsequent SAR
experiments with JX98.

The systematic variation of the JX98 pharmacophore is summar-
ized in Fig. 2 with more detailed information presented in Table S1.
Different compound series investigated variation to the aromatic ring
substituents, amide substituents, linking heteroatom, and bio-
isosteres of the amide functional group. Changes to the aromatic
ring included the addition or removal of halogen and methyl sub-
stituents, and the introduction of several larger ring systems, with the
outcome that the larger halogens and a single methyl group led to
improved activity (JX174 and JX175). Changes to the amide substitution
included exploring longer sidechains, including the introduction of
aromatic and polar substituents, with the outcome that linear or
branched two and three carbon chains were preferred (JX109 and
JX110). Replacing the oxygen linking heteroatom with nitrogen pro-
vided analogues with improved activity (JX184). Notably, the second-
ary amide of the sidechainwas essential for inhibitory action and could
not be replaced by an ester (JX127), thioester (JX128), N-methylated
tertiary amide (JX129) or ketone (JX130) (Fig. 2 and Table S1). This
suggests that a hydrogen bond donormay be required at this position.
The X-ray crystal structure of JX98 (CCDC-2300201, Figure S2a)
revealed intramolecular hydrogen bonding between the amide nitro-
gen and the phenolic ether31, while the structure of JX225 (CCDC-
2300200, Figure S2b) revealed intermolecular hydrogen bonding
between the amide N-H and carbonyl of adjacent molecules,

highlighting the potential of this secondary amide to mediate intra-
molecular or intermolecular contacts.

A final series of new compounds (JX225-228 and JX235-240) was
generated through combining beneficial changes identified in the
systematic investigations described above. These yielded potent
inhibitors with IC50-values ranging from 31 nM to 90 nM as measured
using the FLIPR assay (Fig. 3). The corresponding IC50-valuesmeasured
by radioactive uptake were higher, ranging from 111 nM to 440 nM.

High-resolution cryo-EM structures of B0AT1 in the presence of
inhibitors
Tounderstand themechanismof inhibition further, we determined the
structure of B0AT1 in the presence of JX98 and JX225. The structures of
ACE2-B0AT1 incubated with JX98 and JX225 were resolved at a
remarkable resolution of up to 3.18 Å or 3.12 Å, respectively
(Figs. 4a and S3–4 and Table S2). Detailed information regarding cryo-
EM sample preparation, data collection, processing, and model con-
struction canbe found in the “Materials andMethods” section. Electron
density maps for selected transmembrane helices are shown in Fig. S5.

In the cryo-EM structures of B0AT1 incubatedwith JX98 and JX225,
an extra density was found in the vestibule of the transporters when
compared with the apo state of B0AT1 (PDB: 6M18). This pocket is
enclosed by TM1b, TM7, TM8 and EL7-8, which is different from the
orthosteric substrate binding site enclosed by the unwound region of
TM1 and TM6 (Figs. 4b–c and S6). The high-resolution inhibitor-bound
structures enabledmodel building of JX98 and JX225molecules, which
are both enclosed by a series of hydrophobic residues
(Figs. 4d–g and S6). As shown in Fig. 4, the poses of JX225 and JX98
exhibit remarkable similarity, as both occupy nearly identical positions
within the samebinding locale of B0AT1. Consistentwith the analysis of
structure-activity relationships, the backbone nitrogen of Trp56 on
TM1 has the potential to form hydrogen bonds with the carbonyl
oxygen atomsof JX225 and JX98, respectively (Fig. 4d, f), but therewas
no hydrogen bond to the secondary amine. The halogen atoms of
both, JX225 and JX98 exert substantial binding forces, albeit through
distinct mechanisms. Through model building, it was discerned that
the bromine atom of JX225 has the capability to establish a non-
covalent halogen bond32 with Met423 on TM8, although the angle is
not optimal. This interaction may contribute to the increased affinity
between JX225 and B0AT133. In contrast, the chlorine atom of JX98 is
located at a greater distance fromMet423 and engages in hydrophobic
interactions with Val321 and Leu234 on TM7. This difference might be
caused by the steric hindrance of methyl groups adjacent to the
chlorine atomof JX98. The aromatic rings of both JX225 and JX98 exert
strong hydrophobic interaction with B0AT1 including a series of resi-
dues (Fig. 4e–g). The hydrophobic environment surrounding JX225
comprises amino acids Pro59, Ile132, Leu136, Leu234, Val317, Val321,
Phe403, andPhe420. Thehydrophobic environment surrounding JX98
is primarily mediated by residues Val55, Pro59, Val317, Leu398,
Phe400, Phe403, Phe420, Leu 424 and Leu427 (Fig. S6). The different
hydrophobic interaction patterns for JX98 and JX225 may also explain
their different binding affinities for B0AT1.

Importantly, the JX98 and JX225 binding site is not located at the
traditional S1 substrate binding site of LeuT-fold transporters, but
rather overlaps with the S2 allosteric binding site identified in several
neurotransmitter transporters in this family24. Aligning the JX98 and
JX225 bound structures with the apo state of B0AT1, reveals that the
gating residue Phe277 is adopting a more outward open state
(Fig. 5a, b). In addition, the engagement of the hydrophobic tails of
JX98 and JX225dislocates the side chain of Trp56, whichmay prevent a
movement of TM1b and TM6a of B0AT1 that is required for the trans-
porter to make a conformational change from an outward open state
to the occluded state (Fig. 5a, b). This can be illustrated by overlaying
the inward-open apo structure of the closely related transporter ACE2-
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SIT1(SLC6A20) (Fig. S7), which has the sidechain of the analogous
residue Trp29 penetrating the space occupied by JX98 and JX225.
Moreover Phe250 (analogous to Phe277 in B0AT1) adopts a more
inward open conformation34.

In summary, this study makes three distinct advances in the
generation of selective and potent inhibitors of the pharmaceutical
target B0AT1. First, an improved assay for characterization of inhibitors
was developed, secondly, a high-affinity allosteric inhibitor of B0AT1
was generated, and thirdly, an allosteric inhibitory binding site was
identified in the vestibule of B0AT1.

Discussion
The first clinical trials with B0AT1 inhibitors for the treatment of phe-
nylketonuria have been initiated (NCT05781399) after posting

promising preclinical data35. This demonstrates B0AT1 as a validated
target for the treatment of orphan diseases with an overabundance of
neutral amino acids. This could include orphan diseases such as
alkaptonuria, urea cycle disorders and disorders of branched-chain
amino acid metabolism. It also demonstrates that small molecule
inhibitors of B0AT1 can be bioavailable and reach plasma concentra-
tions sufficient to inhibit renal reabsorption35. Modelling of renal
tubular transport36 suggests that inhibition of >80% is required to
reach clinically safe plasma phenylalanine concentrations. JX98 and
JX225 have structural similarity to cinromide for which bioavailability
has been demonstrated37. As a result, a better understanding of
potential drug binding sites in members of the SLC6 amino acid
transporter subfamily is important. In contrast to drugs that block
serotonin, dopamine and noradrenaline transporters, which typically
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Fig. 2 | Structure-activity relationships of SLC6A19 inhibitor JX98. For each
chemical modification the remaining transport activity (measured at 150 µM L-
leucine) in the presenceof 30μMinhibitor is shown as a violin plot (n = 10, referring
to individually seeded wells) withmedian (white dot), SD (whiskers), minimum and

maximum (violin body) indicated. Better inhibitors result in lower residual activity.
Green violins represent improvements, red violins undesirable modifications.
Uninhibited cells and inhibition by 30 µM cinromide served as controls for the
experiments. More details can be found in Table S1.
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bind to the orthosteric S1 site23, JX98 and JX225 bind exclusively to the
allosteric site. This is likely the result of the screening strategy
employed to isolate theoriginal lead compoundE4 (JX98),whichmade
use of an elevated concentration (1.5mM)of the substrate L-isoleucine
against 10μM inhibitor10. This generates a significant competitive
pressure excluding compounds that preferentially bind to the S1 site.
Citalopram, which has been shown to bind to the S2 site in serotonin
transporter SERT, still binds with 1000-fold higher affinity to the
S1 site38. Only recently has a preferential allosteric inhibitor for SERT
being identified from a selection of citalopram analogues39. Assign-
ment to the S2 site of SERT was based on displacement experiments
with labelled imipramine and citalopram. Here we provide direct
structural evidence for selective binding to an allosteric site in B0AT1.
While initial docking studies suggested that JX98 could bind to the
S1 site10, we were not able to find structures with an inhibitor bound to
this site. The proposed binding pose at the allosteric site does not
provide a hydrogen bond to the secondary amine, a feature we would
have expected from the SAR. As a result, we cannot exclude that the
inhibitormay also bind to the S1 site, where a hydrogen-bond could be
formed. Notably, JX225 is structurally similar to the established B0AT1
inhibitor cinromide15. Our results therefore suggest a similar binding
mode for this compound.

The structure of the LeuT-fold amino acid:sodium symporter
MhsT has been determined in an inward-facing conformation40. In this
structure the vestibule is collapsed, with Trp33, which is homologous

to Trp56 in B0AT1, tightly packed by residues fromextracellular loop 4,
TM3andTM10. Using docking andmutational studies the experiments
suggested that MhsT, like SERT, has a second substrate binding site
(S2). The authors propose that binding of the substrate amino acid
L-tryptophan to this site canoccurwhen the sidechain of Trp33 rotates
out of the way. They further propose that allosteric binding of
L-tryptophan could act as a “symport-effector”, facilitating the con-
formational change of the transporter. This S2 binding site is similar to
the JX98 and JX225 binding pocket in B0AT1. However, in B0AT1 the
allosteric binding site is unambiguously inhibitory. It appears likely
that binding of JX98 and JX225 to this site prevents closing of the
vestibule and the tight packing of amino acid sidechains, which are
required for the transition to the inward-facing conformation.Wewere
unable to generate a structure with inhibitor and substrate bound at
the same time. This also explains the largely competitive-type of
inhibition exerted by JX9810. In B0AT1 the sidechain of Trp56 could act
as a pseudo-substrate symport-effector. Notably, L-tryptophan is a
poor substrate of B0AT1 with a Vmax that is 10% of that of the preferred
substrate L-methionine14, which binds to the S1 site41. Thus,
L-tryptophan could displace the sidechain of Trp56, thereby slowing
down the transporter by binding as an allosteric inhibitor. Substrates
that prefer the S1 site are fast substrates because they do not compete
with the sidechain of Trp56.

Overall, our strategy provides a rational path for the design,
development, and in vitro characterisation of allosteric inhibitors

Fig. 3 | Pharmacological properties of optimized B0AT1 inhibitors. Structures of
the optimized inhibitors are shown above. L-Leucine transport activity was deter-
mined by FLIPR assay (closed symbols) and by radioactive L-leucine uptake assay
(open symbols) in CHO-BC cells at the indicated inhibitor concentrations (n = 6, n

referring to individually seeded cell culture dishes or wells). Data are shown as
mean ± SD. Uninhibited cells and inhibition by 30 µM cinromide served as controls
for the experiments.
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targeting amino acid transporters in the SLC6 family with potential
applications for the treatment of various pathologies. Moreover, we
provide insight into the role of the allosteric site in the transport
mechanism of SLC6 amino acid transporters.

Methods
The research for this study was carried in accordance with legal
requirements for laboratory safety (PC2 Cert-3270), and the office of
gene technology regulator (Project 8.18).

Fig. 4 | Overall structure of the ACE2-B0AT1 bound with inhibitors. a Cryo-EM
map of the full length ACE2-B0AT1 heterodimer in complex with inhibitors. ACE2
and B0AT1 bound with JX225 (coral) are represented in sky blue and orange,
respectively, whileACE2 and B0AT1 boundwith JX98 (magenta) are shown in darker
blue and pink, respectively. The structural comparison of JX225 and JX98 is pre-
sented in the box. b The inserts of the cryo-EM map of the human ACE2-B0AT1
complex show the density corresponding to JX98 and JX225 color-coded in

magenta and coral, respectively. c Positioning of JX98 and JX225 in the ACE2-B0AT1
complex. Both JX98 and JX225 are centrally located within the presumed transport
pathway. d, e The bindingmode of JX225 in B0AT1 is shown, highlighting hydrogen,
halogen and hydrophobic interactions. f, g The binding mode of JX98 in B0AT1 is
presented, with schematic diagrams illustrating the interaction environment, fol-
lowing the same representation as in (d, e).
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Materials
The original compound E410 was obtained from Enamine (Catalog ID
T5320580). The displayed structure is that of (2-(4-chloro-2,6-dime-
thylphenoxy)-N-isopropylacetamide), which is inactive as an inhibitor,
butwas evaluated in the high throughput screenwith an IC50 of 2.9 µM.
Subsequent structural analysis showed that the compound was in fact
(2-(4-chloro-3,5-dimethylphenoxy)-N-isopropylacetamide).

All other chemicals were purchased from Merck Millipore.

Protein expression and purification
The full-length human SLC6A19 (B0AT1) (GenBank: NM_001003841)
was inserted into the pCAG vector (Invitrogen) featuring an N-terminal
FLAG tag, while the complete ACE2 sequence was integrated into the
pCAG vector (Invitrogen) with 8× His tag. To ensure high transfection
efficiency, all plasmids employed for cell transfection underwent
preparation using the GoldHi Endo Free Plasmid Maxi Kit (CWBIO).

The recombinant protein was produced through overexpression
in HEK293F mammalian cells at 37 °C within a Multitron-Pro shaker
(Infors), maintaining a consistent speed of 130 rpm and an environ-
ment of 5% CO2. To achieve co-expression of B0AT1 and ACE2, cells
underwent transient transfection using the plasmids and poly-
ethylenimines (PEIs) (YEASEN). This transfection occurred when the
cell density reached approximately 2.0 × 106/mL. For the transfection
of one liter of cell culture, around 0.75mg of B0AT1 plasmids and
0.75mgofACE2plasmidswere carefully pre-mixedwith 3mgof PEIs in
50mL of fresh medium, allowing them to interact for 15minutes
before being introduced into the cell culture. After the completion of

60 hours of transfection, cells were collected by subjecting them to
centrifugation at 3500×g for a duration of 15minutes. Subsequently,
they were gently resuspended in a buffer comprising 25mM HEPES
(pH 7.5), 150mMNaCl, and a combination of three protease inhibitors:
aprotinin (1.3μg/mL, AMRESCO), pepstatin (0.7μg/mL, AMRESCO),
and leupeptin (5μg/mL, AMRESCO).

The extraction and purification of the ACE2-B0AT1 complex were
carried out following established methods. First, the membrane frac-
tion was solubilized at 4 °C for 2 hours using 1% (w/v) N-Dodecyl-β-D-
maltoside (DDM). Subsequently, cell debris was removed via cen-
trifugation at 15,000 × g for 45minutes. The resulting supernatant was
then applied to anti-FLAG M2 affinity resin (Genscript). Following this
step, the resin was thoroughly rinsed with a wash buffer that consisted
of 25mM HEPES (pH 7.5), 150mM NaCl, and 0.02% (w/v) Glyco-
diosgenin (GDN). The protein of interest was subsequently eluted
using the wash buffer supplemented with 0.2mg/mL FLAG peptide.
The elution was then concentrated and subjected to size-exclusion
chromatography using a Superose 6 Increase 10/300 GL column from
GE Healthcare. This chromatography was performed in a buffer con-
taining 25mM Hepes (pH 7.5), 150mM NaCl, and 0.02% GDN. Finally,
the peak fractions were collected and concentrated in preparation for
electron microscopy (EM) analysis.

Cryo-EM sample preparation and data acquisition
The purified ACE2-B0AT1 complex was concentrated to ~ 8mg/mL and
incubatedwith 200μMof JX225 or 500μM JX98 for 0.5 h, before being
applied to the grids. Small aliquots (3.3μL) of theprotein complexwere

Fig. 5 | The movement of TM1 and TM6 and the role Trp56. A comparison is
drawn between the apo structure of B0AT1 (PDB: 6M18) when bound with JX225 (a)
and JX98 (b), respectively. The apo structure of B0AT1 is shown in green, while the

ligand-bound structures are shown in orange (JX225) and pink (JX98). The altera-
tions in the positions of TM1 and TM6 are depicted in the middle and right panels.
JX225 (a) and JX98 (b) are represented in coral and magenta, respectively.
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carefully deposited onto glow-discharged holey carbon grids (Quanti-
foil Au R1.2/1.3). These grids underwent blotting for either 3 seconds or
3.5 seconds and were promptly frozen in liquid ethane, maintained at
cryogenic temperatures by liquid nitrogen, utilizing a Vitrobot (Mark
IV, Thermo Fisher Scientific). The cryo-EM samples were subsequently
transferred to a Titan Krios electron microscope operating at 300 kV.
This advancedmicroscope was equipped with a Gatan K3 detector and
aGIFQuantumenergyfilter.Movie stackswere autonomously acquired
using AutoEMation, with an energy filter slit width set at 20 eV. Defocus
levels ranged from −1.4 μm to −1.8 μm in super-resolution mode, all
under a nominal magnification of 81,000×. Each stack was exposed for
2.998 seconds, with an exposure time of 0.094 seconds per frame,
accumulating a total of 32 frames per stack. The total dose rate applied
was approximately 50 electrons per Ångström squared (e-/Å2) for each
stack. Subsequently, the stacks underwent motion correction using
MotionCor2, were binned 2-fold, resulting in a pixel size of 1.095 Å/
pixel. Doseweightingwas also carried out, and the defocus valueswere
accurately estimated using Gctf42.

Data processing
Particle selection from the micrographs was performed automatically
using the blob picking and template picking process in CryoSPARC
v4.4.143–47. Following a round of 2D classification, a subset of high-
quality particles was chosen for further processing, advancing into 3D
reconstruction via Ab-initio Reconstruction to achieve an initial coarse
resolution of the complex. For refinement to attain high resolution, the
Heterogeneous Refinement method was employed. During this pro-
cess, the resolution was continually displayed, assessed through
Fourier Shell Correlation, and other diagnostic information provided
for each iteration. To further enhance the map quality, particularly in
the transmembrane (TM) region, non-uniform refinement and local
refinement strategies were implemented. These involved applying
appropriate masks to specifically target and improve the resolution in
the TM region. The resolution was estimated with the gold-standard
Fourier shell correlation 0.143 criterion48. Refer to Supplementary
Fig. S3 and Table S2 for details of data collection and processing.

Model building and structure refinement
The atomicmodels of the ACE2-B0AT1 complex, boundwith inhibitors,
were constructed based on the corresponding Cryo-EMmaps, utilizing
the previous structure of the ACE2-B0AT1 complex (PDB ID: 6M18) as a
template. These models were further manually refined using Coot
(v0.9.8.1)49, with meticulous attention paid to the chemical properties
of each residue during the building process.

For precise refinement, structural real-space refinement was
conducted employing Phenix (v1.20.1-4487)50. Secondary structure
and geometry restraints were incorporated into the refinement pro-
cess to prevent potential overfitting of the structure. To assess the
model’s performance andpotential overfitting, refinementwas initially
carried out against one of the two independent half maps, following
the gold-standard 3D refinement approach. Subsequently, the refined
model was rigorously tested against the other half map. Comprehen-
sive statistics related to data collection, 3D reconstruction, and model
refinement can be found in Table S2.

Cell lines and media
Recombinant CHO-B0AT1-collectrin Cells (CHO-BC) were generated as
described recently14. The cell line was derived from the Flp-In™-CHO
Cell Line (ThermoFischer Scientific R75807). The cell line was used as
provided by the manufacturer. Expression levels of B0AT1 in CHO-BC
cells decline over time. As a result, passages <10 were used for
experiments. The cells weremaintained in Ham’s F-12 Glutamaxmedia
with 10% (v/v) fetal bovine serum (FBS, Heat inactivated, 10082147
Gibco), 1mM glutamine, 300μg/ml hygromycin B and 275μg/ml
geneticin.

Transport assay using FLIPR
Membrane depolarisation induced by amino acid transport was mon-
itored using a FLIPR® kit (Molecular Devices, R8042 BLUE DYE). Before
the assay, CHO-BC cells were seeded out at a density of 60,000 cells/
well and maintained in a transparent flat bottom 96-well plate (Corn-
ing) overnight. After washing three times with Hank’s balanced salt
solution (136.6mM NaCl, 5.4mM KCl, 0.44mM KH2PO4, 2.7mM
Na2HPO4, 1.26mM CaCl2, 0.5mM MgCl2, 0.4mM MgSO4, 10mM
HEPES, pH 7.5, supplemented with 5mM glucose, abbreviated
HBSS +G), cells in each well were incubated for 30minutes at room
temperature in 50 µl of HBSS +G pH 7.5 and compounds as indicated,
together with 50 µl of dye-loading buffer provided with the kit. Sub-
sequently, the fluorescence signal was detected every 10 s before and
after the addition of leucine at a final concentration of 1.5mM. Fluor-
escence was detected at room temperature using a PerkinElmer mul-
timode Plate Reader, with an excitation wavelength of 530 nm and
emission wavelength of 565 nm.

Transport assay using radiolabelled amino acids
CHO-BC cells with passage numbers from 3 to 10 were used in radio-
labelled uptake assays. Before the assay, the cells were seeded out in
35mmdishes (Corning) andmaintained for 48-72 hours until reaching
80-90% confluence. To initiate transport, the culture medium was
removed, and the cells were washed three times with HBSS +G pH 7.5.
Subsequently, cells were incubated with HBSS +G pH 7.5, containing
radiolabelled substrates (150 μM L-[U-14C]leucine) and inhibitors as
indicated in the figures or table, in a 37 °C water bath for 6minutes. To
terminate transport, cells were washed three times with ice-cold HBSS
pH 7.5. For measuring sodium-independent uptake, NaCl in HBSS +G
was replaced byNMDG-Cl andNa+-salts were replaced by K+-salts. Cells
were then harvested by homogenizing with 500 µl of 0.1M HCl. An
aliquot of 400 µl was used for scintillation counting and the remainder
for protein quantification using Bradford reagent.

Statistics
All data points in figures and tables were taken from distinct samples
with (n) giving the number of biologically unique samples measured.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support this study are available from the corresponding
authors upon request. The cryo-EM maps have been deposited in the
Electron Microscopy Data Bank (EMDB) under accession codes EMD-
37427 (Cryo-EM map of ACE2-B0AT1 complex with JX98); EMD-37428
(Cryo-EM map of ACE2-B0AT1 complex with JX225); the atomic coor-
dinates have been deposited in the Protein Data Bank (PDB) under
accession codes 8WBY (Cryo-EM structure of ACE2-B0AT1 complex
with JX98); and 8WBZ (Cryo-EM structure of ACE2-B0AT1 complexwith
JX225). The X-ray crystal structure of JX98 and JX225 were deposited in
the Cambridge Crystallographic Data Centre (CCDC-2300201 and
CCDC-2300200). The source data underlying Figs. 1, 2, 3 and Supple-
mentary Table 1 and Figure S1 are provided as a Source Data file
associated with this publication. Source data are provided with
this paper.
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