|BC RESEARCH ARTICLE

Check for
updates

Cryo-EM structure of ACE2-SIT1 in complex with tiagabine
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The pharmacology of amino acid transporters in the SLC6
family is poorly developed compared to that of the neuro-
transmitter transporters. To identify new inhibitors of the
proline transporter SIT1 (SLC6A20), its expression in Xenopus
laevis oocytes was optimized. Trafficking of SIT1 was
augmented by co-expression of angiotensin-converting enzyme
2 (ACE2) in oocytes but there was no strict requirement for co-
expression of ACE2. A pharmacophore-guided screen identi-
fied tiagabine as a potent non-competitive inhibitor of SIT1.
To understand its binding mode, we determined the cryo-
electron microscopy (cryo-EM) structure of ACE2-SIT1
bound with tiagabine. The inhibitor binds close to the
orthosteric proline binding site, but due to its size extends into
the cytosolic vestibule. This causes the transporter to adopt an
inward-open conformation, in which the intracellular gate is
blocked. This study provides the first structural insight into
inhibition of SIT1 and generates tools for a better under-
standing of the ACE2-SIT1 complex. These findings may have
significance for SARS-CoV-2 binding to its receptor ACE2 in
human lung alveolar cells where SIT1 and ACE2 are func-
tionally expressed.

The solute carrier 6 (SLC6) family comprises members that
transport monoamines, Y-aminobutyric acid (GABA) and
related compounds, and amino acids. Due to their relevance in
neurotransmission, the neurotransmitter transporters in this
family have a well-developed pharmacology (1, 2). The phar-
macology of the amino acid transporters in this family, by
contrast, is much less developed although glycine (GlyT1) and
neutral amino acid transporter (B°AT1) are validated phar-
maceutical targets (3, 4). In addition, the family comprises
potential pharmaceutical targets, such as B°’AT2 (SLC6A15),
ATB®* (SLC6A14) and SIT1 (SLC6A20), which are genetically
associated with depression, cancer and severity of Covid-19
infection, respectively (5-11). Thus, a better understanding
of the pharmacology of this group of transporters is warranted.
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A notable feature of some SLC6 amino acid transporters
(B°AT1, B°AT3, and SIT1), is the formation of a heterodimeric
complex with the SARS-CoV-2 receptor angiotensin-
converting-enzyme 2 (ACE2) (12, 13). The complex is
required for trafficking to the cell surface and functional acti-
vation of B°AT1, B’AT3 (SLC6A18), and potentially SIT1
(14—16), but not of the related transporters B’AT2 and ATB%*
(17, 18). ACE2 is a membrane-bound peptidase involved in the
breakdown of angiotensin (II), the processed hormone that
regulates blood pressure. ACE2 is expressed on the surface of
many cell types, but in a variety of epithelial cells it forms a
complex with membrane transporters (19). The association
between ACE2 and the intestinal amino acid transporter B’AT1
(SLC6A19) was discovered through a rare mutation resulting in
the protein malabsorption syndrome known as Hartnup dis-
order (14). The structure of the B°AT1/ACE2 complex was
resolved through single particle cryo-EM (20). The related
transporter SIT1 is found in a wider variety of epithelial cells
including the brain (21). The epithelial localization of SIT1 is
highlighted by mutations associated with a rare benign
aminoaciduria known as iminoglycinuria (22). The structures of
the complex between SIT1 and ACE2 bound with different
substrates have recently been determined by cryo-EM (23-25).

Structural studies of SIT1 show that the amino acid sub-
strate is sandwiched by two critical residues, namely Tyr21 and
Phe250 in transmembrane helices (TM) 1 and 6, respectively.
The SIT1 substrate proline forms hydrogen bonds with several
residues in its vicinity, namely Tyr21, Ser251, Phe250, Ser406
and Asn410. The structure also revealed the position of a
chloride ion that is co-transported with proline (24). Mecha-
nistic studies demonstrated a 2Na*/1Cl-proline symport
mechanism (21, 26) and the position of the chloride ion is
consistent with previous predictions of the ion binding sites in
SIT1 (27). Despite its role in human physiology and disease,
inhibitors of SIT1 have not been identified. The transporter
does accept close structural analogues of proline such as
nipecotic acid and pipecolic acid (21), which can serve as low-
affinity inhibitors of the transporter. Nipecotic acid is also an
inhibitor of GABA uptake (28) pointing to a close relationship
of the active site of SIT1 to GABA transporters. A cryo-EM
structure of the human GABA transporter hGAT1 in com-
plex with tiagabine revealed an unexpected binding mode in an
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Structure of the tiagabine ACE2-SIT1 complex

inward-open state of the transporter (29), while modelling of SIT1 was augmented by coexpression of ACE2, but the trans-
previously generated data suggested binding to an outward- porter was also active in the absence of ACE2 (Fig. 1B). Western
open state (30). blotting confirmed the surface expression of SIT1 and its in-

In this study, we aimed to identify new inhibitors of SIT1 crease upon co-expression of ACE2 in X. laevis oocytes (p =
and investigated whether ACE2 enhances expression of SIT1  0.01). Notably, western blotting indicated a shift of the SIT1
in Xenopus laevis oocytes to optimize its use for pharmaco- molecular weight in the presence of ACE2 (Fig. 1C). These data
logical studies. We identified nipecotic acid-based compounds suggest an interaction between SIT1 and ACE2 in oocytes. As a
as inhibitors of the ACE2/SIT1 and determined the structure negative control we expressed the related transporter human
of SIT1 in the presence of tiagabine by single particle cryo-EM ~ B°AT2 (SLC6A15), the activity of which was unchanged when
and detected ACE2 and SIT1 in human alveolar cells. co-expressed with ACE2 (Fig. 1D). As a result, we performed

further experiments in the presence of ACE2.

Results
ACE2 functionally interacts with SIT1 in X. laevis oocytes Tiagabine (TGB) is an inhibitor of SIT1

To improve the pharmacology of SIT1, we have used X. laevis To identify potential inhibitors of SIT1 we screened GABA
oocytes as an expression system. Previously, we expressed SIT1  transporter inhibitors tiagabine (GAT1), SKF89976A (GAT1),
alone (21), but there is increasing evidence that ACE2 may CI966 (GAT1), NNC711 (GATI1), and (S)-SNAP 5114
augment expression of SIT1 (12). As a result, we investigated (GAT2,3) because nipecotic acid is a fragment of these in-
the interaction between ACE2 and SIT1 and compared it to hibitors and a substrate of GAT and SIT1 (Fig. 2A).
other transporters in this family. Both proteins can be expressed Tiagabine stood out as a potent inhibitor of SIT1 (77% in-
individually and the trafficking of the transporter to the surface hibition at 100 pM). CI966 (53% inhibition) and SKF89976A
can be analysed by transport activity. In oocytes, surface (58% inhibition) were less potent, while NNC711 and (S)-
expression of the closely related transporter human B°AT1 SNAP 5114 were ineffective (Fig. 2B). A more detailed analysis
(SLC6A19) was fully dependent on the co-expression of ACE2 revealed an ICs, of 18 + 4 uM for tiagabine at 100 LM proline
(Fig. 1A) agreeing with previous reports (14). The activity of and of 12 + 4 pM at 500 UM proline (difference p = 0.2;
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Figure 1. Modulation of SIT1 activity by ACE2. Xenopus laevis oocytes were injected with cRNA for SIT1 (5 ng) B°AT1 (5 ng), B°AT2 (5 ng) and ACE2 (20 ng)
alone or in combination or remained uninjected (n.i.) and were incubated for 3-6 days. A, uptake of ['“C] leucine in oocytes expressing B°’AT1 and/or ACE2
on day 3 and day 4 (n = 11-12 biological replicates). B, uptake of ['*C] proline in cocytes expressing SIT1 and/or ACE2 on day 3 and day 4 (n = 12 biological
replicates). C, detection of SIT1 and ACE2 in oocytes after 6 days of expression of SIT1 alone or in combination with ACE2 (n = 3 biological replicates,
quantification in side panel, effect of ACE2 p = 0.01 paired t test). D, uptake of ['“Clproline in oocytes expressing B’AT2 and/or ACE2 on day 3 and day 4
(n = 7-12 biological replicates). Distribution of data (median, 25 and 75 percentile and SD) shown, one-way ANOVA p-values shown as *<0.05 and
***20.001 (Scheffé post hoc test).
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Figure 2. Inhibitors of SIT1. A, structures of GABA transport inhibitors. B, oocytes were injected with 15 ng SIT1 cRNA and/or 15 ng ACE2 cRNA or remained
uninjected (ni). After incubation for 4 days proline uptake activity (100 pM [ *Clproline) was determined in the presence and absence of GABA transport
inhibitors (100 uM) (n = 8-12 biological replicates). C, dose-response curve for tiagabine at 100 uM and 500 uM [**Clproline in oocytes expressing SIT1-ACE2
(n = 9-15 biological replicates, error bars represent S.D.). D, kinetic parameters of proline transport in oocytes expressing SIT1-ACE2 (n = 8-14 biological
replicates, error bars represent S.D.). E, dose-response curve for tiagabine at 100 M and 500 uM ["*C]proline in oocytes expressing SIT1 alone (n = 9-15
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Fig. 2C). Modelling of the ICs, using equations for competi-
tive, non-competitive and uncompetitive inhibition suggested
that tiagabine was not a competitive inhibitor (Table 1) but the
variance of the data did not allow discrimination between non-
competitive and uncompetitive modes of inhibition.

Analysis of the Ky and V.« at two different concentrations
of tiagabine showed a change of the V., without affecting the
Ky (Fig. 2D). This behavior is consistent with a non-
competitive mode of inhibition. Tiagabine also inhibited
SIT1 when expressed in the absence of ACE2 (Fig. 2E) with
ICs50 values of 15 £+ 3 UM and 11 + 2 pM at 100 pM and
500 UM proline, respectively. This result is also more consis-
tent with a non-competitive mode of inhibition. The
branched-chain amino acid transporter B°’AT2 (SLC6A15) was
similarly sensitive to inhibition by Tiagabine, but not the
neutral amino acid transporter B’AT1 (Fig. 2F).

Structural characterization of the ACE2-SITT complex bound to
tiagabine

To further study the non-competitive inhibition mode of
tiagabine, we aimed to determine the cryo-EM structure of the
ACE2-SIT1 complex incubated with tiagabine. After multiple
rounds of refinement, we successfully resolved the structure at
a resolution of 3.34 A (Fig. S1). Notably, we observed a clear
electron density for tiagabine overlapping with the orthosteric
substrate binding site (Fig. 3A4). Detailed information regarding
protein overexpression, cryo-EM sample preparation, data
collection and processing, and model construction can be
found in the “Experimental procedures” section, Figs. S1-S3,
and Table SI.

Tiagabine forms a highly stable complex with SIT1, facili-
tated by a well-defined network of hydrophobic and hydrogen
bond interactions. This network primarily centers around two
key residues, Tyr21 and Phe250, with most interactions
occurring in the proximity of transmembrane domains TM1
and TM6. Tyr21 and Phe250 form the intracellular and
extracellular border of the substrate binding site, respectively.
Specifically, tiagabine establishes crucial hydrogen bonds with
the backbone amino groups of Leu25, Gly26, and the side
chain of Tyr 102 and Ser406 (Fig. 3, B and C). Notably, we also
found that the sulphur atom in the 3-methyl-2-thienyl groups
can form non-covalent interactions with Ser258 in TM6. The
cavity housing tiagabine is rich in hydrophobic amino acids,
including Val279, Ala22, Phe250, Leu98, Phe256, and Leu252,
which promote its stable occupancy within the cavity (Fig. 3C).
Furthermore, Tyr2l engages in aromatic interactions with
tiagabine, mainly through T-shaped - interaction (Fig. 3C).
These residues play a pivotal role in shaping the tiagabine
binding pocket. When compared to the SIT1 apo structure in
an inward open conformation and the SIT1 structure bound
with proline in an occluded conformation (23, 24), the
tiagabine-bound structure adopts a more inward-open state,

Table 1

Experimental and predicted ICsy-values of inhibition of SIT1 by
tiagabine

Inhibition type 100 UM proline 500 UM proline

Experimental 18 £ 4 12 £ 4
Uncompetitive model 28 15
Non-competitive model 12 12
Competitive model 21 58

Inhibition of proline transport by tiagabine was modelled using equations for
competitive, non-competitive and uncompetitive inhibition with the following
constants: Ky; = 130 pM, V.., = 100, Substrate concentration (100 or 500 pM),
K = 12 pM.

with the intracellular gating residue Tyr21 opening signifi-
cantly, and the distances among TM1, TM6, and TM7
increasing in SIT1 when it binds to tiagabine (Fig. 4A4). As a
result, the intracellular gate is pried open by tiagabine. The
inhibitor acts like a wedge preventing the return of the apo-
transporter to the outward-open conformation. This is
particularly obvious when comparing the occluded Pro-bound
structure with the tiagabine bound structure (Fig. 4B).

Given that tiagabine is a known GABA transport inhibitor,
we conducted a comparative analysis between SIT1 and GAT1
when bound to tiagabine (PDB: 7Y7Z (31) and 7SK2 (29)).
Notably, although tiagabine is coordinated in the center of two
gating residues (Tyr21 and Phe250 in SIT1 and Phe294 and
Tyr60 in GAT1), the position of the gating residue Phe250
exhibits slight differences, while Tyr21 shows a notable shift,
indicating a distinct mechanism of inhibition (Fig. 5).

ACE2 and SIT1 are expressed in human alveolar cells

Because the SIT1 gene is located in a genomic region
associated with the severity of COVID-19 infection and we
previously detected SIT1 expression in mouse lungs (21), we
wanted to investigate the presence of both proteins in human
alveolar cells. Using the human protein atlas (www.
proteinatlas.org), we confirmed the expression of SIT1 and
ACE2 RNA in alveolar cells (normalized single-cell RNA count
>1.0 nTPN). Lung alveoli contain two different types of
epithelial cells, namely thin type I cells optimized for gas ex-
change and large cuboidal type II cells with an apical brush
border (32) (Fig. 6A). Type II cells optimize the alveolar
environment through surfactant secretion and fluid retention.
These cell types can be discriminated by marker proteins, with
aquaporin 5 (AQP5) being expressed in type I cells, while
cytokeratin 8 (CK-8), aquaporin 3 (AQP3), mucin KL-6, E-
cadherin and the epithelial sodium channel (ENaC) are
expressed in type II cells. In primary cultures of human alve-
olar cells, we could detect mainly type II cells (Fig. 6B). These
cells also expressed significant transcripts for SIT1 and ACE2
(Fig. 6B). To see whether we could identify functional SIT1 in
type II cells, we analysed the transport activity of human
alveolar cells. Proline uptake was mediated by SNAT1/2
(SLC38A1/2) and SIT1 as indicated by partial inhibition of

biological replicates, error bars represent S.D.). F, oocytes were injected with cRNA encoding SIT1 (15 ng), BCAT1 (10 ng) B°AT2 (12.5 or 25 ng) and ACE2 (1:1
ratio to SIT1 and B°AT1) or remained uninjected (ni). Activity was measured by uptake of 1001tM labelled substrate (leucine for B°AT2, proline for SIT1) in the
absence and presence of tiagabine (100 tM) (n = 11-14 biological replicates). Distribution of data (median, 25 and 75 percentile and SD) shown, one-way

ANOVA p-values shown as ***<0.001 (Scheffé post hoc test).
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Figure 3. Overall structure of the ACE2-SIT1 bound with tiagabine (TGB). A, Cryo-EM map of the full length of ACE2-SIT1 complex with tiagabine (TGB).
ACE2 and SIT1 bound with tiagabine (royal blue) are represented in light coral and light sky blue, respectively. In the insert of the Cryo-EM map of the human
ACE2-STIT complex, the density corresponding to tiagabine is color-coded in royal blue. B, the hydrogen bond network at the tiagabine binding pocket of
the SIT1 structure. Hydrogen bonds clusters are indicated by yellow dashed lines. C, hydrophobic interactions formed among Phe250, Leu252, Phe256,
Phe262, Val279, Ala22 and Tyr21.
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Figure 4. The conformational movement of SIT1 with different states. A, a structural comparison is presented between the apo structure of SIT1 (PDB:
7Y75) and SIT1 bound with tiagabine. The apo structure is depicted in pink, while SIT1 with tiagabine is shown in light sky blue. The alternation in the
positions of TM1 and TM6 are illustrated in the middle and right panels. B, structural comparison is provided for SIT1 bound with proline and tiagabine,
respectively. The superimposed structures of SIT1 bound with proline are represented in yellow green, SIT1 with tiagabine in light sky blue, and tiagabine
itself colored in royal blue.
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bound with tiagabine (PDB: 7Y7Z, bright yellow), and GAT1 with tiagabine (PDB: 7SK2, light purple). B, structural comparison between SIT1 and GAT1 (PDB:
7Y7Z), with tiagabine colored in royal blue and orange, respectively. C, structural comparison between SIT1 and GAT1 (PDB: 7SK2), with tiagabine presented
in royal blue and purple, respectively. The gating residues Phe250 and Tyr21 in SIT1, corresponding to Phe294 and Tyr60 in GAT1, are depicted in ball-stick

representation.

transport in the presence of N-methylaminoisobutyric acid
(MeAIB), inhibiting SNAT1/2 (33) and pipecolate, inhibiting
SIT1 (21) (Fig. 6C). The inhibitory effect of pipecolate was
additive to that of MeAIB, suggesting expression of proline
transporters SNAT1/2 and SIT1 in these cells. Surface bio-
tinylation followed by enrichment on streptavidin beads
confirmed the expression of SIT1 and of ACE2 on the surface
of type 2 cells (Fig. 6D). SIT1 displayed a double-band,
resembling the shift of molecular weight observed after coex-
pression of ACE2 with SIT1 in X. laevis oocytes albeit only in a
fraction of the protein population. The double band is unlikely
to result from masking of a glycosylation site, which in the
structure are found at Asn 131, 332 and 357, the former two of
which are predicted by sequence analysis (Uniprot database).

Discussion

This study makes two significant advances. First, we iden-
tified tiagabine as an inhibitor of amino acid transporters in
the SLC6 family, which has implications for its pharmacolog-
ical actions. Secondly, we present the first inhibitor-bound
high-resolution structure of the ACE2-SIT1 complex, which
may have implications for its role in epithelial cells in the
brain, lung, intestine, and kidney.

Nipecotic acid is the core of the tiagabine molecule and is a
substrate of SIT1 and GAT1. Consistently, the nipecotic acid
fragment of tiagabine is in the binding site of SIT1, extending

6 . Biol. Chem. (2024) 300(9) 107687

into the intracellular vestibule. Tiagabine discriminates
>10,000-fold against other GABA transporters, while the
discrimination towards SIT1, depending on the experimental
system, is only 10 to 200-fold (31, 34). Thus, pharmacological
doses of tiagabine could inhibit SIT1, which is also expressed in
brain tissue (21). Notably ICso-values measured in the oocyte
expression system are often higher than those determined in
cultured mammalian cells (35), thus inhibition of SIT1 in brain
cells might be even more prominent. In GAT1, mutation of
Tyr60 has a major impact on the binding of tiagabine (29). This
residue is equivalent to Tyr21, which coordinates tiagabine in
SIT1. Motiwala et al. (29) suggested a two-step mechanism for
inhibition of GAT1 by tiagabine. This was based on a compet-
itive mode of inhibition when tiagabine was used without pre-
incubation and a non-competitive mode of inhibition after
preincubation. The authors proposed that tiagabine was acting
as a substrate analogue being translocated through the transport
pore. Given the size of tiagabine, it appears unlikely that the
transporter could form an occluded transition state around the
inhibitor. It appears more likely that tiagabine can enter this site
in GAT1 from the cytosol, which also would explain the change
of inhibition mode after preincubation. Most likely tiagabine
could bind to the outward-open conformation of GAT1 in a
competitive manner and to the inside open conformation in a
non-competitive manner in intact cells. The intracellular site of
GAT1 is readily accessible in the solubilized complex and

SASBMB
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Figure 6. Expression of SIT1 and ACE2 in human alveolar cells. A, schematic histology of lung alveoli. B, detection of RNA expression of markers of type 1
and type 2 alveolar cells and of SIT1 and ACE2 in primary human alveolar cells by RT-PCR (n = 3 biological replicates). C, transport of 100 pM ['*C]proline
was measured in the presence and absence of 10 mM pipecolate (Pip), 10 mM MeAIB and their combination to delineate different transport activities
(n = 8-10 biological replicates). D, SIT1 and ACE2 were detected by western blotting in human alveolar cells. Membrane proteins were enriched by surface
biotinylation and binding to streptavidin beads (samples are separated by an empty lane). Na,K-ATPase was used as a loading control (n = 2).

appears to be the preferred binding site in this state. However,
molecular dynamics and mutational studies also support bind-
ing from the outside (30), which is further supported by rapid
inhibition and lack of accumulation of tiagabine in synapto-
somes (36). In our experiments tiagabine inhibited SIT1 with a
non-competitive mode, excluding a competitive mode of inhi-
bition. Binding of tiagabine to the cytosolic face of the trans-
porter could kinetically appear as a non-competitive mechanism
because competition with the substrate would occur on the cis-
site of the transporter.

Our results suggest that pharmacological doses of GAT1
inhibitor tiagabine could affect additional transporters in the
brain, notably SIT1 and B’AT2. SIT1 has been suggested to
regulate proline and glycine levels in the brain (37). Mice that
overexpress SLC6A20 due to a mutation in PTEN showed
decreased glycine levels and NMDA-receptor function, while
SLC6A20 ko mice showed increased glycine levels and
NMDA-receptor activity. B’AT2 ko mice show lower levels of
anxiety and depressive-like behavior following chronic social
stress but behave normally under basal conditions (38). The
interactions we have uncovered between SIT1 and GAT1
binding properties offer valuable insights that could lead to the
design of more targeted inhibitors.

The pathogenic coronavirus SARS-CoV-2 and its variants
continue to pose a public health threat by causing Coronavirus

SASBMB

Disease 2019 (COVID-19). Genome-wide association ap-
proaches have been used to identify host genes that could be
involved in the severity of the infection. These studies identified
chromosome 3p21.31 to be associated with severe COVID-19
cases. The region comprises several immune-related genes,
such as cytokines and lymphocyte surface receptors, and SIT1
as potential candidates. Using gene editing experiments in
several cell lines it was shown that expression of SIT1 may
increase upon SARS-CoV-2 infection (39). A mutual interac-
tion between ACE2 and SIT1 may thus affect infection capacity.
Notably, ACE2 is restricted in its mobility when bound to SIT1.
In mouse kidney, surface expression of SIT1 is abrogated in the
absence of collectrin, which replaces the function of ACE2 in
this organ (40). It appears likely that SIT1 surface expression in
the lung is similarly reliant on ACE2 coexpression. In X. laevis
oocytes ACE2 is not essential for active expression of SIT1 but
augments it. The most likely reason for this difference is the
incubation at lower temperature in oocytes, which ameliorates
trafficking and folding problems occurring at human or rodent
body temperature (41).

In summary, we show that tiagabine is an effective inhibitor
of SIT1 and provide a structural understanding of its inhibition
of this transporter. This could be relevant for the action of
tiagabine as an anticonvulsant. The role of this complex for the
entry of SARS-CoV2 remains to be elucidated.
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Experimental procedures
Oocyte expression

Holding of X. laevis frogs (purchased from Nasco) and the
surgical procedure to remove parts of the ovary were approved
by the Animal experimentation ethics committee of the
Australian National University (Protocol A2020/28). All pro-
cedures were carried out in accordance with the recommenda-
tions of the Australian code for the care and use of animals for
scientific purposes. X. laevis oocytes were isolated and main-
tained as described previously (42). Selected oocytes were
injected with cRNA encoding ACE2, B°’AT1, B’AT2 and SIT1
and incubated for up to 6 days. Subsequently, uptake experi-
ments were performed using ND96 buffer (96mM NaCl, 2mM
KCl, 1.8mM CaCl,, ImM MgCl,, 5mM HEPES; titrated with
NaOH to pH7.4). For uptake experiments ND96 was supple-
mented with 100 pM [*H]proline or 100 pM [**C]leucine and
incubated with the oocytes for the indicated time. To terminate
uptake, oocytes were washed three times with 4 ml of ice cold
ND96, transferred to scintillation vials, lysed with 200 ul 10%
SDS, and counted for determination of accumulated radioactive.

Protein expression and purification

The cDNAs for full-length human SIT1 (accession number:
NM_020208.3) and ACE2 (accession number: NM_0013
71415) were subcloned into pCAG vectors separately. An
N-terminal FLAG tag was fused to SIT1, while 10xHis was fused
at the C-terminus of ACE2 using standard PCR techniques. The
recombinant proteins were overexpressed in HEK 293F cells
(Invitrogen) using SMM 293T-1I medium (Sino Biological Inc)
at 37 °C in a Multitron-Pro shaker (Infors) at 130 rpm under
5% CO2. When the cell density reached approximately
2.0 x 10° cells/ml, the plasmids were transiently transfected into
the cells. All plasmids used for transfection were prepared using
the GoldHi EndoFree Plasmid Maxi Kit (CWBIO). To co-
express the ACE2-SIT1 complex, approximately 0.75 mg of
SIT1 plasmid and 0.75 mg of ACE2 plasmid were pre-mixed
with 3 mg of polyethylenimine in 50 ml of fresh SMM 293T-II
medium for 15 min before being added to 1 L cell culture. Each
batch of protein preparation used 2 L. HEK 293F cells. The
transfected cells were cultured for 48 to 60 h before harvesting.

For purification of the ACE2-SIT1 complex, the cells were
collected in a buffer containing 25 mM HEPES, pH 7.5,
150 mM NaCl, and three protease inhibitors, aprotinin (1.3 pg/
ml, AMRESCO), pepstatin (0.7 pug/ml, AMRESCO), and leu-
peptin (5 pg/ml, AMRESCO). The membrane fraction was
solubilized at 4 °C for 2 h with 1% (w/v) N-Dodecyl-B-D-
maltoside (DDM) and the cell debris was removed by centri-
fugation at 18,700g for 45 min. The supernatant was loaded
onto anti-FLAG M2 affinity resin (Genscript). After rinsing
with the washing buffer containing 25 mM HEPES, pH 7.5,
150 mM NaCl, and 0.02% GDN (w/v), the protein was eluted
from the resin with elution buffer one plus 0.2 mg/ml FLAG
peptide. The eluent was further purified by Ni-NTA affinity
resin (Qiagen). Wash buffer and elution buffer for the Ni-NTA
resin was identical to the washing buffer mentioned above plus
10 mM and 300 mM imidazole, respectively. Subsequently, the
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protein complex was subjected to size-exclusion chromatog-
raphy (Superose 6 Increase 10/300 Gl, GE Healthcare) in
buffer containing 25 mM HEPES, pH 7.5, 150 mM NaCl and
0.02% glycodiosgenin. The peak fractions were collected and
concentrated for EM analysis.

Cryo-EM sample preparation and data acquisition

The purified ACE2-SIT1 complex was concentrated to
approximately 8 mg/ml and incubated with 200 pM tiagabine
for 30 min before application to the grids. Small aliquots
(3.3 ul) of the protein complex were meticulously deposited
onto glow-discharged holey carbon grids (Quantifoil Au
R1.2/1.3). These grids were then subjected to blotting for
either 3 s or 3.5 s and rapidly frozen in liquid ethane, main-
taining cryogenic temperatures with liquid nitrogen, utilizing a
Vitrobot (Mark IV, Thermo Fisher Scientific). Subsequently,
the cryo-EM samples were transferred to a Titan Krios elec-
tron microscope operating at 300 kV. This advanced micro-
scope was equipped with a Gatan K3 detector and a GIF
Quantum energy filter. Movie stacks were autonomously ac-
quired using AutoEMation, with an energy filter slit width set
at 20 eV. Defocus levels ranged from -1.2 jim to -2.2 um in
super-resolution mode, all under a nominal magnification of
81,000x. Each stack was exposed for 2.56 s, with an exposure
time of 0.08 s per frame, accumulating a total of 32 frames per
stack. The total dose rate applied was approximately 50 elec-
trons per Angstrom squared (e—/A2) for each stack. Subse-
quently, the stacks underwent motion correction using
MotionCor2, were binned 2-fold, resulting in a pixel size of
1.095 A/pixel. Dose weighting was also applied, and the
defocus values were accurately estimated using Gctf (43).

Data processing

Particles were automatically extracted from micrographs that
were manually selected using CryoSPARC (44-48). 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 reso-
lution of the complex. For refinement to attain high resolution,
the Heterogeneous Refinement method was employed. During
this process, the program continually displayed the resolution,
as assessed through Fourier Shell Correlation, and provided
other diagnostic information 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 appro-
priate 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 criterion (49) with
high-resolution noise substitution (50). Refer to Fig. S1 and
Table S1 for details of data collection and processing.

Model building and structure refinement

The atomic models of the ACE2-SIT1 complex bound with
tiagabine were generated based on the corresponding Cryo-
EM maps. We used the previous structure of the ACE2-
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SIT1-BA.2 RBD complex (PDB ID: 7Y75) as a template for
construction. These models underwent further manual
refinement using Coot (51), with meticulous attention given to
the chemical properties of each residue during the building
process.

For precise refinement, we conducted structural real-space
refinement employing Phenix (52). In this refinement
process, we incorporated secondary structure and geometry
restraints to prevent potential overfitting of the structure. To
assess the model’s performance and minimize the risk of
overfitting, we initially refined it against one of the two inde-
pendent half maps, following the gold-standard 3D refinement
approach. Subsequently, we rigorously validated the refined
model against the other half map.

Comprehensive statistics related to data collection, 3D
reconstruction, and model refinement can be found in
Table S1. Statistical tests and distribution of data points for
transport experiments were calculated using MedCalc Statis-
tical Software version 22.016 (MedCalc Software Ltd, Ostend,
Belgium; https://www.medcalc.org; 2023). Where tested a one-
way ANOVA with Scheffé’s post hoc test was used. To identify
differences between IC5o —values a paired ¢ test of the indi-
vidual datapoints was used.

Determination of ICs, and modelling of inhibition

ICsp-values were calculated by non-linear regression (Origin
2022) using the equation:

max—min
X n
(i)
* IC50
Inhibition of proline transport by tiagabine was modeled

using equations for competitive, non-competitive, and un-
competitive inhibition (53):

y=min+

Vv [§] "
y=————+—— competitive

K (1+£2> +[8]

y= mv ] i non-competitive
K 1+ 14—
K ( +Ki>+[5]< +Kii>
y= VS| i uncompetitive
Ky + 18] (1—!— K)

with the following constants: Ky = 130 UM, V. = 100,
Substrate concentration (100 or 500 M), K; = K;; = 12 uM,
inhibitor concentrations 0.1 to 500 M. This was followed by
curve fitting as above.
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Human alveolar cells and RT-PCR

Human alveolar cells were obtained from Creative Bio-
array (CSC-C9223]) and grown in gelatin-coated culture
flasks. Cells were maintained in SuperCult complete human
epithelial cell medium (CM-1098X) or SAGM small airway
epithelial growth medium (Lonza CC-3118) at 37 °C and
5CO;. Cells were seeded and expanded for 3 to 7 passages
at a split ratio of 1:2 using the manufacturers’ instructions.
Total RNA was isolated using RNAeasy Plus Mini kit
(Qiagen). For the reverse transcriptase reaction 2 |ig RNA
template was used to generate cDNA with Superscript II
(Thermo Fisher Scientific) and random hexamers in a 20 pl
reaction. One I of the reverse transcriptase reaction was
used as a template in a PCR reaction cycling between 94 °C
(1, initial denaturation) 94 °C (30”) =55 °C (1') =72 °C (1').
Primers used in this study are shown in Table 2. Three
independent RNA isolations and three different RT-PCR
reactions were run as individual samples and analysed by
agarose gel electrophoresis. Bands were visualized with
SYBR Safe DNA gel stain (Thermofisher) and captured us-
ing autoexposure settings of a Biorad Chemidoc MP Imag-
ing system.

Protein preparation, analysis, and Western blotting

For surface biotinylation cells were grown in 60-mm
dishes and washed three times in 5 ml modified PBS
(supplemented with 1 mM CaCl, and 0.6 mM MgCl,, pH
8.0). Cells were then covered with 2 ml 0.5 mg/ml EZ-link
Sulfo-NHS-lc-Biotin (Thermo Fisher Scientific) in modified
PBS (pH 8.0) and incubated for 30 min at room temper-
ature on a rotary shaker at low speed. Biotinylation was
terminated by washing three times in modified PBS sup-
plemented with 100 mM glycine, pH 8.0. Cells were scra-
ped, collected in a 1.5-ml reaction tube and lysed by
addition of 1 ml 150 mM NaCl, 1% Triton X-100, 20 mM
Tris-HCI pH 7.5. The homogenate was incubated on ice for
1.5 h to complete lysis. Subsequently, the lysate was

Table 2
Primers used for RT-PCR

Target Fragment size (bp) Primer sequence (5'-> 3')
CK-8 223 GAGGCATCACCGCAGTTAC
TTGCTTCGAGCCGTCTTCT
KL-6 165 GTGCCGCCGAAAGAACTAC
CTGCTGCCACCATTACCTG
E Cadherin 438 GGATTGCAAATTCCTGCCAT
GAGTTCAGGGAGCTCAGACT
ENaC 300 CTCTGCTGGTTACTCACGAT
AGTATCGGCTTCGGAACCTT
AQP3 296 TGACCAGTTCATAGGCACAGC
ACACGAAGACACCCGCAAT
AQP5 233 GCCACCTTGTCGGAATCTAC
CCAGTCCTCGTCAGGCTCATA
SIT1 454 CCAACTCGCTACAGTTCGTG
AGGGACGGCGAGATATTGAG
ACE2 410 GATAAGCCTAAAATCAGCTC
CAATGCCAACCACTATCACT
Clathrin 724 GACAGTGCCATCATGAATCC

TTTGTGCTTCTGGAGGAAAGA
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centrifuged at 13,000¢ in a table-top centrifuge for 10 min
and the supernatant was transferred to a new tube. After
protein determination, equal amounts of cell lysate were
added to 150 pl high-capacity streptavidin agarose beads
(Thermo Fisher Scientific). Beads were incubated overnight
at 4 °C on a rotary shaker before washing four times in
lysis buffer. The streptavidin-agarose slurry was mixed with
protein sample buffer and reducing reagent. To prepare the
protein samples for SDS-PAGE, 50 to 100 pg total protein
was mixed with 4 x LDS sample buffer (Invitrogen),
10 x reducing agent (Invitrogen) and made up to a final
volume of 40 pl using deionised water. Homogenised
samples were then incubated at 70 °C for 10 min before
being loaded on the gel. Electrophoresis was performed
using 4 to 12% Bis-Tris polyacrylamide NuPAGE gels
(Invitrogen), in an XCell SureLock Mini-Cell (Invitrogen)
under reducing conditions according to standard proced-
ures. The SeeBlue Plus 2 pre-stained protein ladder
(Invitrogen) was used to estimate the apparent molecular
weight of proteins. Following SDS-PAGE, proteins were
transferred onto nitrocellulose membranes (GE Healthcare)
using the Mini Trans-Blot Electrophoretic Transfer Cell
(Bio-Rad) according to standard protocols. Blots were
blocked for 2 h at room temperature (or overnight at 4 °C)
in 50 ml 10% (w/v) skim milk in PBS (pH 7.4) with 0.15%
TWEEN 20 (PBS-T). After washing thrice in PBS-T for
10 min each, the blots were incubated with the primary
antibody overnight in 5 ml skim milk (2%, w/v) in PBS-T
at dilutions listed in Table 3. Excess primary antibody
was removed by washing thrice in PBS-T. Blots were
incubated with 5 ml of diluted secondary antibody for 4 h.
After washing thrice in PBS-T and a final rinse in PBS,
immunoreactive bands were visualised by enhanced
chemiluminescence, using Supersignal West Femto HRP
substrate (Thermo Fisher) and captured using autoexposure
settings of a Biorad Chemidoc MP Imaging system.
For reprobing, the same blots were incubated for 30 min at
70 °C in 50 ml stripping buffer (62.5 mM Tris-HCl (pH
6.8), 2% SDS and 100 mM 2-mercaptoethanol). Membranes
were then washed thrice with PBS-T and blocked for 3 h
using 10% (w/v) skim milk in PBS-T before reprobing
with the next antibody as described above. Antibodies used
in this study are listed in Table 3. Specificity of antibodies
was confirmed by expression of the antigen in X. laevis
oocytes against a non-expressing control. Bands were
quantified using the Gel analyses module of Image].

Table 3
Antibodies used in this study
Target Raised in species Provider Dilution

ACE2 (human) Rabbit Abcam ab15348 1:3000
(1 mg/ml)

SIT1 (mouse) Rabbit Custom Pineda 1:500
Antibody service

Na/K-ATPase Rabbit Abcam ab76020 1:7500

IgG (rabbit) Goat Cell Signaling #7074 1:3000-1:10,000
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Data availability

The structures of the ACE2-SIT1 complex bound with tia-
gabine (PDB: 8WM3, whole map: EMD-33652; focused map:
EMD-37868) have been deposited to the Protein Data Bank
(http://www.rcsb.org) and the Electron Microscopy Data Bank
(https://www.ebi.ac.uk/pdbe/emdb/), respectively.

Supporting article  contains

information.

information—This supporting

Acknowledgments—The authors thank Stephen Fairweather for help
with the preparation of Xenopus laevis oocytes. We thank the
Cryo-EM Facility of Southern University of Science and Technology
(SUSTech) for providing the facility support. We thank S. Xu,
L. Zhang, and P. Li at the Cryo-EM Center of SUSTech for
technical support in EM data acquisition. Renhong Yan is an
investigator of SUSTech Institute for Biological Electron
Microscopy. We thank Zhenyuan Liu for technical support on
computing environment. This work was supported by the Natural
Science Foundation of Guangdong Province (2024A1515011288
to R. Y.), the Major Talent Recruitment Program of Guangdong
Province (2021QNO2Y167 to R. Y.), the Scientific Research and
Innovation Project of Medical Discipline (G030410001 to R. Y.)
and by NHMRC grant GNT2020757 to S. B.

Author contributions—A. B., Z. H, J. K, A. Y, T. Z, and L. D.
formal analysis; A. B., Z. H., ]. K, A. Y., T. Z,, and L. D. investigation;
A. B., Z. H,, visualization; A. B, Z. H.,,]. K, A. Y, T. Z.,, L. D., M. B,
R. Y., and S. B. writing-review & editing; M. B.,, R. Y,, and S. B.
conceptualization; M. B, R. Y., and S. B. Writing-original draft.

Conflict of interest—The authors declare that they have no conflict
of interest with the contents of this article.

Abbreviations—The abbreviations used are: ACE2, angiotensin-
converting enzyme 2; GABA, y-aminobutyric acid; SLC6, solute
carrier 6; TM, transmembrane.

References

1. Broer, S., and Gether, U. (2012) The solute carrier 6 family of trans-
porters. Br. J. Pharmacol. 167, 256—278

2. Navratna, V., and Gouaux, E. (2019) Insights into the mechanism and
pharmacology of neurotransmitter sodium symporters. Curr. Opin.
Struct. Biol. 54, 161-170

3. Al-Khrasani, M., Mohammadzadeh, A., Balogh, M., Kiraly, K., Barsi, S.,
Hajnal, B., et al. (2019) Glycine transporter inhibitors: a new avenue for
managing neuropathic pain. Brain Res. Bull 152, 143-158

4. Wobst, H., Hollibaugh, R., Muncipinto, G., Burkhart, C., van Kalken, D.,
Viader, A., et al. (2023) A small molecule SLC6A19 inhibitor increases uri-
nary phenylalanine excretion and reduces its pathogenic plasma accumula-
tion in a phenylketonuria mouse model. Mol. Genet. Metab. 138, 107502

5. Hernandez Cordero, A. I, Li, X., Milne, S., Yang, C. X., Bosse, Y., Joubert,
P., et al. (2021) Multi-omics highlights ABO plasma protein as a causal
risk factor for COVID-19. Hum. Genet. 140, 969-979

6. Ellinghaus, D., Degenhardt, F., Bujanda, L., Buti, M., Albillos, A., Inver-
nizzi, P., et al. (2020) Genomewide association study of severe covid-19
with respiratory failure. N. Engl. J. Med. 383, 1522—1534

7. Shelton, J. F., Shastri, A. J., Ye, C., Weldon, C. H., Filshtein-Sonmez, T.,
Coker, D., et al. (2021) Trans-ancestry analysis reveals genetic and
nongenetic associations with COVID-19 susceptibility and severity. Nat.
Genet. 53, 801-808

SASBMB


http://www.rcsb.org
https://www.ebi.ac.uk/pdbe/emdb/
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref1
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref1
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref2
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref2
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref2
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref3
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref3
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref3
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref4
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref4
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref4
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref4
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref5
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref5
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref5
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref6
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref6
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref6
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref7
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref7
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref7
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref7

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Pairo-Castineira, E., Clohisey, S., Klaric, L., Bretherick, A. D., Rawlik, K.,

Pasko, D., et al. (2021) Genetic mechanisms of critical illness in COVID-
19. Nature 591, 92-98

. Kasela, S., Daniloski, Z., Bollepalli, S., Jordan, T. X., tenOever, B. R,

Sanjana, N. E,, et al. (2021) Integrative approach identifies SLC6A20 and
CXCR6 as putative causal genes for the COVID-19 GWAS signal in the
3p21.31 locus. Genome Biol. 22, 242

Kohli, M. A., Lucae, S., Saemann, P. G., Schmidt, M. V., Demirkan, A.,
Hek, K., et al. (2011) The neuronal transporter gene SLC6A15 confers
risk to major depression. Neuron 70, 252—265

Bhutia, Y. D., Coothankandaswamy, V., Cao, S., Xu, Y., and Ganapathy, V.
(2014) The amino acid transporter SLC6A14 is an effective drug target
for treatment of pancreatic cancer. Cancer Res 74, 4340

Vuille-dit-Bille, R. N., Camargo, S. M., Emmenegger, L., Sasse, T.,
Kummer, E., Jando, J., et al. (2015) Human intestine luminal ACE2 and
amino acid transporter expression increased by ACE-inhibitors. Amino
Acids 47, 693-705

Whittaker, G. R., Daniel, S., and Millet, ]. K. (2021) Coronavirus entry:
how we arrived at SARS-CoV-2. Curr. Opin. Virol. 47, 113-120
Kowalczuk, S., Broer, A., Tietze, N., Vanslambrouck, J. M., Rasko, J. E.,
and Broer, S. (2008) A protein complex in the brush-border membrane
explains a Hartnup disorder allele. FASEB J. 22, 2880—2887
Fairweather, S. J., Broer, A., Subramanian, N., Tumer, E., Cheng, Q.,
Schmoll, D., et al. (2015) Molecular basis for the interaction of the
mammalian amino acid transporters BOAT1 and BOAT3 with their
ancillary protein collectrin. /. Biol. Chem. 290, 2430824325

Singer, D., Camargo, S. M., Ramadan, T., Schafer, M., Mariotta, L.,
Herzog, B., et al. (2012) Defective intestinal amino acid absorption in
Ace2 null mice. Am. ] Physiol. Gastrointest. Liver Physiol. 303,
G686—-G695

Broer, A., Tietze, N., Kowalczuk, S., Chubb, S., Munzinger, M., Bak, L.
K., et al. (2006) The orphan transporter v7-3 (slc6al5) is a Na+-
dependent neutral amino acid transporter (BOAT2). Biochem. J. 393,
421-430

Sloan, J. L., Grubb, B. R,, and Mager, S. (2003) Expression of the amino
acid transporter ATB 0+ in lung: possible role in luminal protein removal.
Am. . Physiol. Lung Cell Mol. Physiol. 284, 1L.39-149

Broer, S. (2009) The role of the neutral amino acid transporter BOAT1
(SLC6A19) in Hartnup disorder and protein nutrition. JUBMB Life 61,
591-599

Yan, R, Zhang, Y., Li, Y., Xia, L., Guo, Y., and Zhou, Q. (2020) Structural
basis for the recognition of SARS-CoV-2 by full-length human ACE2.
Science 367, 1444—1448

Kowalczuk, S., Broer, A., Munzinger, M., Tietze, N., Klingel, K., and
Broer, S. (2005) Molecular cloning of the mouse IMINO system: an Na+-
and Cl-dependent proline transporter. Biochem. J. 386, 417-422

Broer, S., Bailey, C. G., Kowalczuk, S., Ng, C., Vanslambrouck, J. M,,
Rodgers, H., et al. (2008) Iminoglycinuria and hyperglycinuria are discrete
human phenotypes resulting from complex mutations in proline and
glycine transporters. J. Clin. Invest. 118, 3881-3892

Shen, Y., Wang, J., Li, Y., Zhang, Y., Tian, R, and Yan, R. (2022) Struc-
tures of ACE2-SIT1 recognized by omicron variants of SARS-CoV-2. Cell
Discov. 8, 123

Li, Y., Chen, Y., Zhang, Y. Shen, Y., Xu, K, Liu, Y., et al. (2023)
Structural insight into the substrate recognition and transport mech-
anism of amino acid transporter complex ACE2-B(0)AT1 and ACE2-
SIT1. Cell Discov. 9, 93

Li, H. Z., Pike, A. C. W, Lotsaris, I., Chi, G., Hansen, J. S., Lee, S. C., et al.
(2024 Structure and function of the SIT1 proline transporter in complex
with the COVID-19 receptor ACE2. Nat. Commun. 15, 5503

Takanaga, H., Mackenzie, B., Suzuki, Y., and Hediger, M. A. (2005)
Identification of mammalian proline transporter SIT1 (SLC6A20)
with characteristics of classical system imino. /. Biol Chem. 280,
8974—-8984

Broer, A., Balkrishna, S., Kottra, G., Davis, S., Oakley, A., and Broer, S.
(2009) Sodium translocation by the iminoglycinuria associated imino
transporter (SLC6A20). Mol. Membr. Biol. 26, 333-346

SASBMB

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

Structure of the tiagabine ACE2-SIT1 complex

Clausen, R. P., Madsen, K., Larsson, O. M., Frolund, B., Krogsgaard-
Larsen, P., and Schousboe, A. (2006) Structure-activity relationship and
pharmacology of gamma-aminobutyric acid (GABA) transport inhibitors.
Adv. Pharmacol. 54, 265—284

Motiwala, Z., Aduri, N. G., Shaye, H., Han, G. W., Lam, J. H., Katritch, V.,
et al. (2022) Structural basis of GABA reuptake inhibition. Nature 606,
820-826

Latka, K., and Bajda, M. (2022) Analysis of different binding modes for
tiagabine within the GAT-1 transporter. Biomolecules 12, 1663

Zhu, A, Huang, J., Kong, F., Tan, J., Lei, J., Yuan, Y., et al. (2023) Mo-
lecular basis for substrate recognition and transport of human GABA
transporter GAT1. Nat. Struct. Mol. Biol. 30, 10121022

Brandt, J. P., and Mandiga, P. (2024) Histology, Alveolar Cells. In Stat-
Pearls. StatPearls Publishing, Treasure Island, FL

Broer, S. (2014) The SLC38 family of sodium-amino acid co-transporters.
Pflugers Arch. 466, 155172

Dhar, T. G., Borden, L. A., Tyagarajan, S., Smith, K. E., Branchek, T.
A., Weinshank, R. L., et al. (1994) Design, synthesis and evaluation of
substituted triarylnipecotic acid derivatives as GABA uptake inhibitors:
identification of a ligand with moderate affinity and selectivity for the
cloned human GABA transporter GAT-3. ] Med Chem. 37,
2334-2342

Broer, S. (2018) Amino acid transporters as disease modifiers and drug
targets. SLAS Discov. 23, 303-320

Braestrup, C., Nielsen, E. B., Sonnewald, U., Knutsen, L. J., Ander-
sen, K. E., Jansen, J. A, et al. (1990) (R)-N-[4,4-bis(3-methyl-2-
thienyl)but-3-en-1-yl]nipecotic acid binds with high affinity to the
brain gamma-aminobutyric acid uptake carrier. . Newurochem. 54,
639-647

Bae, M, Roh, J. D., Kim, Y., Kim, S. S., Han, H. M, Yang, E., et al. (2021)
SLC6A20 transporter: a novel regulator of brain glycine homeostasis and
NMDAR function. EMBO Mol. Med. 13, 12632

Santarelli, S., Wagner, K. V., Labermaier, C., Uribe, A., Dournes, C.,
Balsevich, G., et al. (2016) SLC6A15, a novel stress vulnerability candi-
date, modulates anxiety and depressive-like behavior: involvement of the
glutamatergic system. Stress 19, 83—-90

Yao, Y, Ye, F., Li, K, Xu, P, Tan, W., Feng, Q., et al. (2021) Genome and
epigenome editing identify CCR9 and SLC6A20 as target genes at the
3p21.31 locus associated with severe COVID-19. Signal. Transduct.
Target Ther. 6, 85

Danilczyk, U., Sarao, R., Remy, C., Benabbas, C., Stange, G., Richter, A.,
et al. (2006) Essential role for collectrin in renal amino acid transport.
Nature 444, 1088-1091

Pineda, M., Wagner, C. A, Broer, A., Stehberger, P. A., Kaltenbach, S.,
Gelpi, J. L., et al. (2004) Cystinuria-specific rBAT(R365W) mutation
reveals two translocation pathways in the amino acid transporter
rBAT-b0,+AT. Biochem. J. 377, 665—674

Broer, S. (2003) Xenopus laevis oocytes. Methods Mol. Biol. 227,
245-258

Zhang, K. (2016) Gctf: real-time CTF determination and correction. J.
Struct. Biol. 193, 1-12

. Zivanov, J., Nakane, T., Forsberg, B. O., Kimanius, D., Hagen, W. ],

Lindahl, E., et al. (2018) New tools for automated high-resolution cryo-
EM structure determination in RELION-3. Elife 7, e42166

Kimanius, D., Forsberg, B. O., Scheres, S. H., and Lindahl, E. (2016)
Accelerated cryo-EM structure determination with parallelisation using
GPUs in RELION-2. Elife 5, e18722

Scheres, S. H. (2012) RELION: implementation of a Bayesian approach to
cryo-EM structure determination. /. Struct. Biol. 180, 519-530

Scheres, S. H. (2012) A Bayesian view on cryo-EM structure determi-
nation. . Mol. Biol. 415, 406—418

Punjani, A., Rubinstein, J. L., Fleet, D. J., and Brubaker, M. A. (2017)
cryoSPARC: algorithms for rapid unsupervised cryo-EM structure
determination. Nat. Methods 14, 290-296

Rosenthal, P. B., and Henderson, R. (2003) Optimal determination of
particle orientation, absolute hand, and contrast loss in single-particle
electron cryomicroscopy. J. Mol. Biol. 333, 721-745

J. Biol. Chem. (2024) 300(9) 107687 11


http://refhub.elsevier.com/S0021-9258(24)02188-4/sref8
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref8
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref8
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref9
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref9
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref9
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref9
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref10
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref10
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref10
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref11
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref11
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref11
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref12
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref12
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref12
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref12
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref13
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref13
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref14
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref14
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref14
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref15
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref15
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref15
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref15
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref16
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref16
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref16
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref16
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref17
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref17
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref17
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref17
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref18
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref18
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref18
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref19
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref19
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref19
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref20
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref20
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref20
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref21
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref21
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref21
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref22
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref22
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref22
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref22
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref23
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref23
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref23
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref24
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref24
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref24
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref24
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref25
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref25
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref25
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref26
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref26
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref26
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref26
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref27
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref27
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref27
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref28
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref28
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref28
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref28
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref29
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref29
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref29
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref30
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref30
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref31
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref31
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref31
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref32
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref32
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref33
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref33
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref34
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref34
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref34
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref34
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref34
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref34
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref35
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref35
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref36
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref36
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref36
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref36
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref36
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref37
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref37
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref37
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref38
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref38
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref38
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref38
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref39
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref39
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref39
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref39
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref40
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref40
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref40
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref41
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref41
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref41
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref41
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref42
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref42
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref43
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref43
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref44
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref44
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref44
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref45
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref45
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref45
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref46
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref46
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref47
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref47
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref48
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref48
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref48
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref49
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref49
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref49

Structure of the tiagabine ACE2-SIT1 complex

50. Chen, S., McMullan, G., Faruqi, A. R., Murshudov, G. N., Short, J. M.,
Scheres, S. H., et al. (2013) High-resolution noise substitution to measure
overfitting and validate resolution in 3D structure determination by single
particle electron cryomicroscopy. Ultramicroscopy 135, 24—35

51. Emsley, P., Lohkamp, B., Scott, W. G., and Cowtan, K. (2010) Features and
development of Coot. Acta Crystallogr. D Biol. Crystallogr. 66, 486—501

12 J Biol Chem. (2024) 300(9) 107687

52.

53.

Adams, P. D., Afonine, P. V., Bunkéczi, G., Chen, V. B., Davis, . W.,
Echols, N, et al. (2010) PHENIX: a comprehensive Python-based system
for macromolecular structure solution. Acta Crystallogr. D Biol. Crys-
tallogr. 66, 213-221

Bisswanger, H. (2017) Enzyme Kinetics: Principles and Methods, John
Wiley & Sons., Weinheim

SASBMB


http://refhub.elsevier.com/S0021-9258(24)02188-4/sref50
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref50
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref50
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref50
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref51
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref51
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref52
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref52
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref52
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref52
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref53
http://refhub.elsevier.com/S0021-9258(24)02188-4/sref53

	Cryo-EM structure of ACE2-SIT1 in complex with tiagabine
	Results
	ACE2 functionally interacts with SIT1 in X. laevis oocytes
	Tiagabine (TGB) is an inhibitor of SIT1
	Structural characterization of the ACE2-SIT1 complex bound to tiagabine
	ACE2 and SIT1 are expressed in human alveolar cells


	Discussion
	Experimental procedures
	Oocyte expression
	Protein expression and purification
	Cryo-EM sample preparation and data acquisition
	Data processing
	Model building and structure refinement
	Determination of IC50 and modelling of inhibition
	Human alveolar cells and RT-PCR
	Protein preparation, analysis, and Western blotting

	Data availability
	Supporting information
	Author contributions
	References


