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Abstract

v-Aminobutyric acid (GABA) transporter 1 (GAT1)! regulates neuronal excitation of the central
nervous system by clearing the synaptic cleft of the inhibitory neurotransmitter GABA upon its
release from synaptic vesicles. Elevating the levels of GABA in the synaptic cleft, by inhibiting
GABA reuptake transporters, is an established strategy to treat neurological disorders, such as
epilepsy2. Here we determined the cryo-electron microscopy structure of full-length, wild-type
human GAT1 in complex with its clinically used inhibitor tiagabine3, with an ordered part of only
60 kDa. Our structure reveals that tiagabine locks GAT1 in the inward-open conformation, by
blocking the intracellular gate of the GABA release pathway, and thus suppresses neurotransmitter
uptake. Our results provide insights into the mixed-type inhibition of GAT1 by tiagabine,

which is an important anticonvulsant medication. Its pharmacodynamic profile, confirmed by

our experimental data, suggests initial binding of tiagabine to the substrate-binding site in the
outward-open conformation, whereas our structure presents the drug stalling the transporter in the
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inward-open conformation, consistent with a two-step mechanism of inhibition?. The presented
structure of GAT1 gives crucial insights into the biology and pharmacology of this important
neurotransmitter transporter and provides blueprints for the rational design of neuromodulators,
as well as moving the boundaries of what is considered possible in single-particle cryo-electron
microscopy of challenging membrane proteins.

GABA is the main inhibitory neurotransmitter of the mature mammalian central nervous
system and is responsible for the reduction of neuronal excitability by lowering the
probability of triggering an action potential through interactions with ionotropic (GABAA)®
and metabotropic (GABAg)® GABA receptors. The release of GABA into the synaptic

cleft is tightly regulated to avoid overexposure and leakage to surrounding synapses. GAT1
(encoded by SLC6AI) is responsible for clearing GABA from the synaptic cleft, commonly
referred to as ‘reuptake’l. GAT1 serves as the main GABA reuptake transporter of the
mammalian brain and is dominantly expressed in the cerebral cortex, where it is localized in
both axonal termini of neurons, as well as astrocytes’, in addition to other neuronal tissues,
such as the basal ganglia®. Imbalances in the levels of GABA in the synaptic cleft can lead
to severe neurological disorders, such as epilepsy, schizophrenia, anxiety, alcoholism and
depression®-11, whereas dysfunction of GAT1 is linked to neurodegenerative diseases, such
as Parkinson disease8 and Alzheimer diseasel2.

Inhibition of reuptake transporters to elevate the levels of GABA in the synaptic cleft is

an established strategy to treat neurological disorders, such as epilepsy2. At present, only
one drug targeting GAT 1—tiagabine—is approved as an anticonvulsant and is used in the
treatment of partial seizures in patients with epilepsy. Tiagabine has also been investigated
for its effect on alcohol withdrawal symptoms13, anxiety disorders'# and depression®.
Tiagabine was demonstrated to target GAT1 in 1990 (ref. 3), although its immediate
mechanism of action has been elusive. It has been described as a mixed-type inhibitor of
GAT1 with characteristics of both competitive and non-competitive inhibition3:16:17 In the
recent past, several studies have focused on molecular-docking investigations of tiagabine
inhibition, performed under the assumption that GAT1 remains locked in the outward-open
conformation18-20,

GAT1 is a member of the solute carrier 6 (SLC6) transporter family, also referred to as
secondary active neurotransmitter/sodium-symporters (NSSs). Members of the NSS family,
such as the serotonin (SERT), dopamine (DAT) and glycine (GlyT) transporters, and GAT1
show a modest sequence identity of approximately 50%. NSS family members share a
common fold comprising 12 transmembrane domains (TM1-12) and utilize the Na* and
CI~ gradient across the synaptic plasma membrane, where each substrate molecule is
co-transported with Na* and CI~ ions, whereas the exact substrate-to-ion stoichiometry is
transporter-dependent?1-23, The transport mechanism of NSS follows an alternating-access
mechanism2425_ in which the initial outward-open conformation of the transporter exposes
the substrate-binding site to the synaptic cleft, enabling ion and substrate binding. This, in
turn, triggers closing of the extracellular gate (occluded conformation), followed by opening
of the intracellular gate, resulting in the release of the substrate into the cytoplasm (inward-
open conformation). The conformational rearrangements associated with this mechanism are
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predominantly driven by TM1 and TM6, each of which consists of two helices, connected
by a hinge region in the centre of the lipid bilayer (Fig. 1c. These hinge segments coordinate
the binding of Na* (binding sites: Nal and Na2) and CI~, forming the substrate-binding

pocket (S1)26-28 while also accommodating the majority of known inhibitors of varying
sizes26:29-31,

Structural details of the NSS transporter fold, as well as the transport mechanism have
been studied extensively on the bacterial homologue leucine transporter (LeuT) by X-ray
crystallography?8:32.33 Technical advances in cryo-electron microscopy (cryo-EM) have
allowed the analysis of the serotonin transporter (SLC6A4) in various conformational
states®0. Most recently, the X-ray crystallography structure of the human GlyT transporter
has been reported, presenting the transporter in complex with a conformationally selective
nanobody and a small-molecule inhibitor (Cmpd1)3L.

Structure determination of GAT1

Considering the above findings, our investigation was motivated by (1) how the apparent
mixed-type inhibition by tiagabine manifested at the molecular level, and (2) how it

would be compatible with locking GAT1 in a single (outward-open) conformation. To
study this intriguing phenomenon, we used single-particle cryo-EM. In the recent past,
several structures from the SLC family have been reported in the literature3%:31:34, Owing

to the small size of monomeric SLCs (50-70 kDa) and their low thermal stability, the
majority of these transporters were studied in the presence of thermostabilizing mutations
and truncations, and all structural studies of mammalian SLCs were performed in the
presence of selective binding proteins (synthetic nanobodies (sybodies) or Fab fragments).
These binding proteins are often selected to lock the respective transporter in a specific
conformational state, which is typically accompanied by an increase in thermal stability3®,
and can interfere with, or entirely block, transport activity39. Small membrane proteins

are particularly challenging imaging targets, as in many cases the majority of their

ordered structure is buried within the detergent micelle, impeding alignment of the
projections required in the reconstruction process. As a consequence, these binding proteins
substantially aid the reconstruction process by adding to the overall mass and contrast of
the transporter, and can be used as molecular fiducials®6:37, thereby alleviating limitations of
current algorithms.

However, the conceived limitations of single-particle cryo-EM are constantly shifting

due to experimental and computational improvements, which motivated us to attempt a
reconstruction of human GAT1 in the absence of a binding protein, using its wild-type and
full-length sequence (Fig. 1). Indicative of specific binding, we measured the half-maximal
inhibitory concentration (ICsg) of tiagabine in [3H]-GABA uptake assays in HEK293S cells
expressing human GAT1 with an 1C5¢ = 390 £ 30 nM (Fig. 2c), which is well within the
range of previously described values38-41, We expressed and purified human GAT1 from S£9
insect cells, resulting in a monodisperse and stable sample (Methods and Extended Data Fig.
1), which could be specifically inhibited by tiagabine in a scintillation proximity assay with
an ICgq of 290 £ 60 nM (Extended Data Fig. 1d). Our initial imaging attempts were focused
on r-dodecyl-B-b-maltopyranoside (DDM)-solubilized GAT1, which were not successful,
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but changing the detergent throughout the purification to lauryl maltose neopentyl glycol
(LMNG) increased the thermal stability of GAT1 from 47.6 °C to 59.4 °C (Extended Data
Fig. 1c). Here we present—to our knowledge—the first full-length, wild-type structure of
the human neurotransmitter transporter GAT1, with a final overall resolution of 3.8 A (Fig.
la and Extended Data Figs. 2 and 3).

Architecture of GAT1

The overall architecture of human GAT1 in complex with tiagabine adopts the canonical
‘LeuT’ fold (Extended Data Fig. 3), comprising a 12 a-helical transmembrane domain
(TMD) bundle, showing an inverted pseudo-twofold symmetry, captured in the inward-open
state (Fig. 1). Although a full-length construct of human GAT1 was used for structure
determination, the N terminus (residues 1-46) and C terminus (residues 578-599) are
disordered and were not observed in our reconstruction. The ordered N-terminal segment of
TM1a points away from the core of the protein and is bent around TM7 (Fig. 3c,d), which
opens the intracellular pathway for the substrate into the cytoplasm. This conformation
breaks interactions of the intracellular gate, which are typically present in the outward-
open and occluded conformations, such as W47 (TM1a)-N310 (TM6b)27:29.42 and R44
(TM1a)-D410 (TM8)*3. A superposition with the inward-facing occluded state structure of
engineered LeuT highlights the opening of the intracellular gate, namely, by unwinding

of the conserved helix-breaking Gly(Xg)Pro motif*2 on the intracellular part of TM5
(G237(Xg)P247 in GAT1), and both TM1a and TM7 splay away from the core of the
substrate-binding domain (Fig. 3d). The conformation of TM1a in GATL1 is unique and it

is currently the only structure derived from a full-length sequence, as all previous NSS
structures were observed using truncated constructs. Its distinctive state could, potentially,
be a consequence of the specific interaction of tiagabine with GAT1, or be a unique feature
of GAT1 compared to other NSS transporters.

Superposition of GAT1 with the two inward-open homologous structures of human GlyT1
(Protein Data Bank (PDB) ID: 6ZBV31) and SERT (PDB ID: 6DZZ%0) results in a C root
mean square deviation of 1.2 A and 1.5 A, respectively. Despite these relatively low root
mean square deviation values, a comparison shows differences mainly in the intracellular
half of the transporters (Extended Data Figs. 5 and 6). The most substantial structural
difference between the three human inward-open structures is the relative conformation of
TM1a (Fig. 3c and Extended Data Fig. 6). Besides TM1a being more unwound at the hinge
region (GAT1: 59-GYAIGL-64 versus GlyT1: 116-YAVGL-120 and SERT: 96-AVDL-99),
the TM1a domain of GAT1 is bent towards and around TM7, with relative angles of 48.5°
and 43.1° compared to TM1a of GlyT1 and SERT, respectively, resulting in longer distances
between conserved residues of the intracellular gate in GAT1 (20.1 A; W47 and V240),
GlyT1 (18 A; W103 and V315) and SERT (19.5 A; W82 and \V281) (Fig. 3¢ and Extended
Data Fig. 5d—f).

The extracellular gate of GAT1 shows a complex network of interactions, with tight packing
of the NVWRFPY motif of TM1 conserved among NSS transporters (Fig. 3a), indicating

a closed extracellular gate. The extracellular gate shows very similar features to GlyT1;
however, various differences to SERT (Extended Data Fig. 5g,h), most importantly the
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conformation and distances between the gatekeeper residues (for GAT1, R69 and D451 at
3.4 Aand 3.6 A, respectively; and for SERT, R104 and E493 at 4.2 A), are observed.
Another important aspect is the overall coordination: in GAT1, R69 shares four hydrogen
bonds with residues T290, S456 and D451, compared to three and two hydrogen bonds for
the corresponding residues in GlyT1 and SERT, respectively. This is partly achieved by the
unique addition of residue G457 in TM10, which is not present in any other human NSS
homologue, and appears to add a certain degree of flexibility to the hinge region of TM10,
allowing additional hydrogen bond formation (Fig. 3a and Extended Data Fig. 6d).

Binding mode of tiagabine

An unambiguous electron density was observed for tiagabine (Fig. 2b). Tiagabine forms

a complex with GAT1 through an extensive network of aromatic, hydrophobic, ionic and
hydrogen bond interactions, located between the S1 site and the intracellular gate, with
the majority of interactions occurring with TM1a, TM6b, TM7 and TM8 (Fig. 2b,d).
Superposition of the GAT1 structure with substrate-bound LeuT?27 (Fig. 3b) suggests that
the carboxyl group of the nipecotic acid moiety of tiagabine replaces the carboxyl group
of the substrate GABA (Figs. 2b, d and 3b) and is coordinated by the backbone of TM1,
while forming hydrogen bonds with the backbone amino groups of G63, L64 and G65,

as well as the hydroxyl of the Y140 side chain (Fig. 2b,d), similar to the interactions of
substrates in LeuT?2’ (Fig. 3b). The observed Y140 interaction is consistent with previous
biochemical findings, which was shown to be crucial for substrate binding in GAT1 (ref. 44).
The nipecotic acid moiety of tiagabine therefore probably fills the proposed GABA-binding
site, located between the two sodium-binding sites Nal and Na2, which is corroborated by
the fact that nipecotic acid is transported as a substrate by GAT1 (ref. 3). The side chains
of F294 on TM6a and Y140 on TM3 form the top of the binding pocket (Fig. 2b,d). One
of the two 3-methyl-2-thienyl groups of tiagabine interacts with S302 on TM6b, whereas
S396, C399 and T400 located on TM8 interact with the tiagabine backbone, as well as

the piperidine ring of the nipecotic acid moiety (Fig. 2b,d). Finally, Y60, L303 and L306
interact with the bis(3-methyl-2-thienyl) tail of tiagabine through aromatic interactions by
ri—re stacking and hydrophobic interactions, representing key residues in the bottom of the
tiagabine-binding pocket.

Our molecular dynamics simulations further support this binding pose and polar interaction
network of tiagabine, suggesting that the hydrogen bonds of G65 (backbone N), and Y140
(side chain -OH), with the nipecotic acid moiety are more stable than the interactions with
G63 and L64 (backbone N) (Fig. 3d and Extended Data Fig. 7). While maintaining key
interactions with the nipecotic acid moiety, we also observed that S295 (backbone O) can
shift towards tiagabine to interact with the tertiary amine of its piperidine ring (Fig. 3d and
Extended Data Fig. 7b). The interactions between Y60 and the 3-methyl-2-thienyl moiety
of tiagabine sustain throughout nine out of ten 1-ys trajectories, despite fluctuations of the
aromatic rings at various poses (Extended Data Fig. 7b). The interaction with Y60 is the
tightest among the other residues (Y60, S302, L303, L306, C399 and T400) in the lower half
of the binding pocket (Fig. 3d).

Nature. Author manuscript; available in PMC 2022 August 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Motiwala et al.

Page 6

Although the resolution of our reconstruction is probably not sufficient to localize neither
Na* nor CI~ ions, the fact that the transporter adopts an inward-open conformation, and
comparing the overall conformation of the binding pockets to homologous structures (Fig.
3b and Extended Data Fig. 5a—c), support our conclusion that both the sodium-binding and
the chloride-binding pockets are probably empty.

Superimposing the structure of the substrate-bound NSS transporter LeuT in the inward-
facing occluded conformation?” to our inward-open GAT1 structure highlights the
rearrangement of the substrate-binding pocket upon transition to the inward-open state. The
superposition alludes to a possible trajectory of the substrate before its release, where the
interaction of the carboxyl moiety with the protein sustains the conformational transition.
The release of sodium from site Na2 relieves its constraint on the backbone of TM1,

and the additional release of sodium from Nal enables the unwinding of the entire hinge
region (Fig. 3b). This rearrangement results in the number of hydrogen bonds and ionic
interactions in the substrate-binding pocket (S1) to reduce from 18 in Phe-Na*—LeuT to 7 in
tiagabine-GAT1 (Fig. 3b). During the transition, tiagabine gains two previously unidentified
interactions of the carboxyl group, replacing an ionic interaction with sodium in Na2 in
LeuT, by interactions with the backbone of G63 and S295.

The chemical precursor to tiagabine—nipecotic acid—shows minimal selectivity towards
GAT1 (refs. 3845) whereas the residues with which this moiety interacts (L64, G65, Y140,
F294, S295 and S396) are conserved among all three GABA reuptake transporters (Fig.

2a, b and Extended Data Fig. 4a). Conversely, tiagabine is highly selective towards GAT1,
with a reported 10,000-20,000-fold higher affinity than GAT2 and GAT3 (ref. 4%). This
selectivity can be well explained by sequence alignment of the three transporters (Extended
Data Fig. 4a). One of the most important interactions observed is the bis(3-methyl-2-thienyl)
moiety of tiagabine with Y60. This residue, being part of the substrate-binding pocket,
corresponds to E47 in GAT2 and E66 in GAT3. The second 3-methyl-2-thienyl ring interacts
with S302 on TM6b, which corresponds to C296 of GAT2 and C316 of GAT3. We exploited
these non-conserved residues to validate the tiagabine-binding pocket observed in our cryo-
EM structure, as well as the specificity of tiagabine towards GAT1, by mutating residues

of GAT1 to the corresponding GAT2 residues (Fig. 2c and Extended Data Fig. 4a,b).

We performed [3H]-GABA uptake experiments with two wild-type transporter sequences
(GAT1 and GAT?2) and four designed GAT1 mutants within the observed tiagabine-binding
pocket. The corresponding Y60E mutation has been shown to abolish GABA uptake in
previous studies#6, which we confirmed in our uptake experiments (Extended Data Fig.

1e). However, a quadruple mutant (Y60E/A611/C399V/T400C) was able to partially restore
uptake activity to about 10% of wild-type GAT1, accounting for lower overall expression
(Extended Data Fig. 1e). Previous studies by Kanner#847 have identified the point mutation
Y60C, which retains surface expression and uptake levels (Extended Data Fig. 1e). This
single mutation Y60C is sufficient to abolish the specificity of tiagabine towards GAT1, and
shows a markedly increased ICs, highlighting the importance of this residue for tiagabine
selectivity. In summary, our [3H]-GABA uptake assay results support our structurally
observed binding pocket, as all combinations of mutations resulted in an increase of their
respective ICsq value for tiagabine in an additive manner, approaching the ICgq value for
GAT?2 (Fig. 2c).
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A two-step mechanism of inhibition

The majority of previously described small-molecule inhibitors targeting the NSS family
act either competitively by binding at the substrate-binding site (S1), or non-competitively
by binding to an allosteric binding pocket, which can also overlap partially with the
substrate-binding site3L. The latter can either stabilize the outward-open conformation, by
binding to the S2 allosteric site on the extracellular side of the transporter29:39:48 or locking
the transporter in the inward-open conformation, with two reported examples being the
above-described SERT in complex with ibogaine in the absence of Na* and the presence

of K*3049 and Cmpd1 targeting GlyT1 (ref. °0). Ibogaine was hypothesized to reach the
allosteric binding pocket in SERT either from the extracellular space or the cytosol, and
Cmpd1 was hypothesized to reach its binding site in GlyT1 by initially crossing the plasma
membrane.

By deploying [3H]-GABA uptake saturation assays in HEK293S cells, we were able to
confirm previous experiments showing the mixed-type inhibition of GAT1 by tiagabine.
Simultaneous application of tiagabine with substrate resulted in a relatively constant
maximal velocity of reaction at saturating concentration of substrate ( Vinax), but led to a
significant increase in Michaelis constant (K,), confirming the competitive inhibition of
GAT1 (Fig. 4a). Conversely, the pre-incubation of GAT 1-expressing cells with tiagabine,
before the addition of substrate, resulted in both a significant decrease in Vhax and a lower
apparent affinity, manifesting in an increase in Kp,, confirming non-competitive (mixed-
type) inhibition of tiagabine on GAT1 (Fig. 4b). An inhibitor showing both competitive and
non-competitive inhibition can only be explained by a two-step mechanism?. As outlined
in Fig. 4c, we hypothesize that the initial step of tiagabine inhibition is binding to the
substrate-binding site in the outward-open conformation (competitive inhibition), followed
by a conformational transition, or independent binding of tiagabine to the inward-open
conformation (non-competitive inhibition) and ultimately stalling GAT1. The tiagabine
precursor nipecotic acid, a substrate of GAT1, is transported in a competitive manners,
whereas the co-application of nipecotic acid or GABA can competitively block the binding
of tiagabine to GAT1, consistent with our GABA uptake assay results (Fig. 4a) and

initial binding to the substrate-binding domain in the outward-open conformation. The
second step of inhibition, observed in our structure, can either be explained by a two-

step induced-fit mechanism, involving a conformational transition upon sodium-dependent
binding of tiagabine to the substrate-binding site in the outward-open state, accompanied
by ion release, or by tiagabine independently reaching from the cytosol (Fig. 4c). Given
that tiagabine is a hydrophilic compound with a high solubility in water of 50-100 mM
and fast bioavailability (15-30 min 7pax (time to maximum plasma concentration))°?,
combined with the saturable and reversible binding of tiagabine3, the scenario of tiagabine
laterally reaching GAT1 through the plasma membrane is rather unlikely. The monophasic,
saturable, sodium-dependent binding profile, the heterogeneous tissue distribution and the
fact that there is no detectable uptake of tiagabine into synaptosomes3 speak against
cytoplasmic uptake, and hence support our hypothesis of a two-step induced-fit mechanism?.
Superimposing a homology model generated for the outward-open conformation with our
experimentally determined inward-open conformation shows that the residues interacting
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with tiagabine would largely remain the same and follow the trajectory of the transporter
throughout its transition (Extended Data Fig. 4c).

Discussion

Our structure of GAT1 in complex with tiagabine in the inward-open conformation reported
here sheds light on a surprising mode of NSS transporter inhibition. The mixed-type
inhibition of GAT1 by tiagabine suggests initial binding to the outward-open conformation,
and we hypothesize that it could remain bound, sustaining the conformational transition

of the transporter (Fig. 4), probably forming the basis of the non-competitive facet of the
mixed-type inhibition of tiagabine. The larger steric bulk than the substrates GABA and
nipecotic acid may preclude tiagabine from its release through the intracellular pathway
and thus explain why tiagabine is not a substrate of GAT1 (ref. 3). Previous studies have
presented analogous conclusions for the fine line between substrate and uptake inhibitors
as a function of bulkiness (Extended Data Fig. 8) for the case of MDMA derivatives

in NSS family members®2. The two-step mechanism that we proposed above, in which
tiagabine first competitively and then non-competitively inhibits GAT1, has thus far not
been described for any NSS transporter on the structural level. A notable observation is

the lack of available sub-micromolar competitive inhibitors of GAT1 (refs. 2053), despite
their prevalence for other transporters in the SLC6 family. Inhibitors that finally stabilize the
inward-open conformation appear to be a more general modus operandi, through which
NSS transporters are blocked from substrate uptake39-3154, In summary, the structural
information presented here, in the context of the pharmacodynamics of tiagabine on GAT1,
have immediate implications on structure-based drug discovery for the design of novel
neuromodulators. Finally, given the prevalence of identified LeuT-fold transporters and

the moderate thermal stability of our studied GAT1 sample, we believe that our applied
imaging and processing workflow will motivate and accelerate the structure determination of
important membrane protein targets.

Methods

Data reporting

No statistical methods were used to predetermine sample size. The experiments were not
randomized and the investigators were not blinded to allocation during experiments and
outcome assessment.

GAT1 construct, expression and purification

The human full-length, wild-type GAT1 sequence (Uniprot: P30531) was codon optimized
and synthesized (Twist Biosciences) for expression in the Spodoptera frugiperda Sf9insect
cell line (Expression Systems). The sequence was subcloned into a modified pFastBacl
vector, with a C-terminal tag containing a HRV-3C restriction site (LEVLFQ|GP), a flexible
(GSGGG)? linker, monomeric eGFP, TwinStrep tag, as well as a terminal Hisjo-tag. The
GAT1-eGFP construct used for structural studies was also subcloned into pcDNA3.1(-)
for transient expression in HEK293S GnTI™ cells (American Type Culture Collection)

for functional uptake assays. All cells have been authenticated by the suppliers, and are
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regularly tested and shown to be free of mycoplasma (Hoechst DNA strain and direct culture
methods used).

Recombinant expression of GAT1 was carried out in Sf9insect cells using the Bac-to-Bac
expression system (Gibco). Recombinant baculovirus of wild-type GAT1-eGFP or mutants
was added at an multiplicity of infection (MOI) of 5 to the cell cultures, at a density of 2.5-3
x 108 cells per ml in ESF921 medium (Expression Systems), containing 1% (v/v) production
boost additive (Expression Systems). Cells were collected after 48 h shaking at 27 °C at 100
rpm, by centrifugation, washed in ice-cold PBS and stored at =80 °C until further use.

Cell pellets were thawed on ice and resuspended in a hypotonic buffer (20 mM HEPES pH
7.5, 10 MM MgCl,, 20 mM KClI, and an in-house prepared protease inhibitor cocktail of

2 mM AEBSF, 14 uM E-64, 1 uM leupeptin and 0.3 pM aprotinin). The cell suspension

was dounced using a glass homogenizer, followed by centrifugation at 150,000g at 4

°C for 35 min. The pellets were further homogenized and centrifuged in a hypertonic

buffer (hypotonic buffer supplemented with 1 M NaCl) for another three rounds. Washed
membranes were finally homogenized in a hypotonic buffer with 30% glycerol and stored at
—80 °C until further use.

Membranes were thawed in the presence of 2 mg ml~1 iodoacetamide and 100 uM tiagabine
(Sigma-Aldrich), then diluted into a 2X solubilization buffer (100 mM HEPES pH 7.5, 400
mM NacCl, 2% (w/v) LMNG (Anatrace) and 0.2% (w/v) CHS (Anatrace)) for 3 h at 4 °C.
Insoluble fractions were removed by centrifugation at 150,000¢g at 4 °C for 35 min. The
supernatant was incubated with in-house anti-GFP nanobody (crosslinked to AminoLink
Plus Coupling Resin at a concentration of 10 mg ml~1) resin for 3 h at 4 °C. The resin

was then washed with 20 column volumes (CV) of wash buffer containing 50 mM HEPES
pH 7.5, 200 mM NacCl, 0.001% (w/v) LMNG, 0.0001% (w/v) CHS, 1 uM tiagabine and
10% glycerol). Overnight elution was performed by incubating the resin with 1 CV wash
buffer containing HRV-3C-protease cleavage enzyme with GST-tag and His-tag (ACRO
Biosystems) at 4 °C. GST resin was used to remove 3C-protease. The eluted fractions were
collected and subjected to preparative size-exclusion chromatography (SEC) on a Superose 6
Increase 10/300 GL column (Cytiva) in SEC buffer containing 50 mM HEPES pH 7.5, 200
mM NacCl, 0.00075% LMNG, 0.000075% CHS and 1 pM tiagabine.

Thermal stability assay

Thermal stability assays were performed following a previously established protocol°6.

A working solution of 7-diethylamino-3-(4’-maleimidylphenyl)-4-methyl coumarin (CPM;
Invitrogen) was freshly made by diluting the stock (4 mg mI~1 in DMF) 100-fold with the
respective assay buffer. Of purified GATL, 2 ug was diluted into the assay buffer (50 mM
HEPES pH 7.5, 200 mM NaCl, 0.001% (w/v) LMNG and 0.0001% (w/v) CHS) to a final
volume of 80 pl in thin-walled 200-ul PCR tubes. Ten microlitres of 10 mM ligand/assay
buffer and 10 ul CPM working solution were then added. The solution was incubated further
for 15 min on ice in the dark. A RotorGene (Qiagen) real-time PCR instrument was used to
determine melting temperatures by temperature ramping in the range of 25-95 °C ata 1 °C
per minute rate, and measuring the fluorescence signal with filters: 350 nm (excitation) and
440 nm (emission). The 7, was calculated in GraphPad Prism 7, by fitting normalized data
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by non-linear regression with the equation: ¥'= 100/(1 + (XHillSlopey/(C g HillSlopeyy (option:
‘[inhibitor] versus normalized response — variable slope’), and raw data were plotted.

Cryo-EM sample preparation and data acquisition

GAT1 in LMNG/CHS micelles was immediately used after concentration of the monomeric
SEC peak to 18 mg ml~1 using a 100-kDa cutoff concentrator (Amicon). Tiagabine was
added at a final concentration of 1 mM to the concentrated GAT1 sample and incubated

on ice for 1 h. Cryo-EM grids (Quantifoil Au 1.2/1.3 200 mesh) were glow-discharged

(25 mA for 45 s) in an easiGlo instrument (Ted Pella), applied 3 pl of the concentrated
sample, blotted for 3 s (95% relative humidity at 4 °C) and vitrified in liquid ethane on a
Vitrobot Mark IV (Thermo Fisher). Micrographs were collected using aberration-free image
shift (AFIS) data collections scheme (two images per hole) using the EPU data acquisition
software (version 2.0) on a Titan Krios (Thermo Fisher) at 300 keV, equipped with a K3
direct-electron detector with post-BioQuantum GIF energy filter, operated with a 20 eV slit
size (Gatan). Images were collected with a total exposure time of 2.7 s, total dose of 60
e~/A2, and a defocus range of -1 um to —2.4 pm.

Single-particle cryo-EM image processing

Data processing was performed using the software package cryoSPARC®’ (v3.2.0; Structura
Biotechnology) (Extended Data Fig. 2). An initial 39,572 micrographs were processed
through patch motion correction (default parameters) and patch CTF estimation (default
parameters). An initial round of processing was carried out on a subset of the data
(approximately 5,000 micrographs), using the reference-free Blob picker (120 A particle
diameter) routine, followed by 2D classification until 2D classes with clearly distinguishable
TMD densities were obtained. Ab initio reconstruction of these 2D classes was performed

to obtain a 3D model used for template-based picking and 3D reconstructions of the full
dataset (Extended Data Fig. 2). Particle picking on the entire dataset was followed by
extraction of 7,378,346 particles with a box size of 256 pixels (bin = 4). Two rounds of 2D
classification were performed to obtain homogenous 2D classes with distinguishable TMD
densities (Fig. 1a and Extended Data Fig. 2a), with a final of 3,210,676 particles, after which
particles were re-extracted (bin = 2). A total of 12 rounds of heterogeneous refinement

were performed, including a re-extraction step with bin = 1, using two 3D references, one
with clearly distinguishable TMDs (that is, ‘good’), as well as an empty micelle (that is,
‘junk’) class, in which particles assigned to the good class were successively selected for

the subsequent round of heterogeneous refinement, to further clean up the dataset, yielding

a final dataset of 135,297 particles. Ab initio reconstructions (number of classes = 1-2)
were carried out after each re-extraction step and were incorporated into subsequent analysis
steps. Non-uniform refinement>8 (low-pass filter = 9 A) yielded an initial reconstruction at

a resolution of 3.93 A, which was finally subjected to local refinement with a manually
created mask around the protein (masking the micelle), and the fulcrum being the centre of
mass, which yielded a final reconstruction at 3.82 A resolution (Extended Data Fig. 2).

Model building and refinement

An initial homology model was generated using the SwissModel®® server, using GlyT1
in the inward-open conformation as template (PDB ID: 6ZBV)3L. Disordered N and C
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termini were truncated in the PDB model. The model was then fitted into the density

map in UCSF Chimera (version 1.15)8, and manually adjusted to fit the density map

in Coot (version 0.9.2)%1. Subsequently, the generated model was automatically refined

in phenix.real_space_refine®2.63 (version 1.19.2) and manually adjusted in Coot (version
0.9.2) for several iterations. The final geometry validation statistics including clashscore
and Ramachandran analysis were calculated by MolProbity84. The final refinement statistics
were generated using the ‘comprehensive validation (cryo-EM)’ function in Phenix (version
1.19.2)83,

Molecular dynamics simulations

All molecular dynamics simulations were conducted with Gromacs (v.2020.3) simulation
engine® under Charmm36 force-field parameters and topologies6:67. The tiagabine-bound
GAT1 structure was embedded in a lipid bilayer made of 1,2-dipalmitoyl-sn-glycero-3-p
hosphatidylcholine (DPPC), 1,2-dioleoyl-sn-glycero-3-p hosphatidylcholine (DOPC) and
cholesterol (CHL1) with ratio DPPC:DOPC:CHL1 0.55:0.15:0.30, referencing simulations
performed on a G-protein-coupled receptor®®. Tiagabine is charged as a zwitterion. The
molecular content of the system is listed in Extended Data Table 2. Initial membrane
coordinates were assigned by the PPM server via the Charmm-GUI interface®®. Ten
independent trajectories were simulated starting from the assembled system. After initial
energy minimizations, all systems were equilibrated with default parameters (Supplementary
Table 1) supplied by the Charmm-GUI, followed by additional equilibrations for 20 ns in
total and production runs of up to 1,000 ns under NPT ensemble with Parrinello-Rahman
barostat at 1 atm and V-rescale thermostat at 303.15 K. The simulations were performed on
a GPU cluster at the Center for Advanced Research Computing (CARC) of the University
of Southern California. Molecular dynamics trajectories were analysed using the MDTraj
package’?.

Figures and graphical illustration

Pymol v.2.4.1 (ref. 1) (Schrédinger), UCSF Chimera 1.15 (ref. 89), UCSF ChimeraX v1.2.5
(ref. 72), ChemDraw JS 19.0.0 (PerkinElmer), GraphPad Prism 7.0 and Adobe Illustrator
2021 25.4.1 were used to create figures. All reported root mean square deviation values
were calculated using the align command in Pymol. The reported conformation and relative
orientation of TM1a was based on the positions of C, atoms of the following conserved
residues: 52.75° in GlyT1 (W103, Y116 and V315), 74.95° in SERT (W82, Y95 and VV281)
and 88.41° in GAT1 (W47, Y60 and VV240), resulting in GlyT1 18 A (W103 and V315),
SERT 19.5 A (W82 and V281) and GAT1 20.1 A (W47 and \V240). The relative orientation
between the substrates (Fig. 3b) was judged by superimposing the three structures and
measuring the angle between the C, atom of G65 of GAT1 and the carbon atom adjacent

to the carboxyl group, corresponding to the C, of the substrates leucine and phenylalanine
and C15 of tiagabine. The AlphaFold>® models for Fig. 4c and Extended Data Fig. 4b,c were
downloaded from the AlphaFold Protein Structure Database (accession codes: AF-P30531-
F1 (GAT1) and AF-QINSD5-F1 (GAT2)).
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[3H]-GABA uptake and kinetic assays

[3H]-GABA uptake and kinetic assays were performed as described elsewhere316, To
determine the respective ICsg value of tiagabine, we transiently expressed wild-type and
mutant constructs of GAT1-eGFP and GAT2—eGFP in a pcDNA3.1(-) vector in HEK293S
GnTI™ cells (American Type Culture Collection) for 48 h at 37 °C with 5% CO, and
shaking at 125 rpm in FreeStyle 293 Expression Medium (Gibco) supplemented with 1%
heat-inactivated FBS (HyClone). Mutations were created using a site-directed mutagenesis
approach (QuikChange 11 site-directed mutagenesis kit, Agilent), and all used plasmids were
confirmed by sequencing (Genewiz). A standard transfection protocol using the 293fectin
Transfection Kit (Gibco) was followed. Forty-eight hours post-transfection, approximately
50,000 cells per well were plated in sterile 96-well, flat bottom, poly-p-lysine-coated tissue
culture plates (Corning). Uptake and kinetic assays were performed 24 h after plating.

Cells were washed twice with uptake buffer (10 mM HEPES pH 7.5, 150 mM NacCl, 1

mM MgSOy4, 5 mM KCI and 10 mM d-glucose), followed by pre-incubation for 10 min at
room temperature with tiagabine in a 1:10 dilution series ranging from 1 mM to 0.1 nM

for wild-type GAT1, C399V/T400C and S302C/C399V/T400C, and 10 mM to 1 nM range
for Y60C, YB0E/A611/C399V/T400C and wild-type GATZ2, followed by incubation with a
mixture of 25 uM “cold” GABA and 60 nM [3H]-GABA (PerkinElmer) for an additional

30 min. The reaction was stopped by washing each well three times with uptake buffer,

cells were lysed with uptake buffer supplemented with 1% SDS, 150 pl of scintillating agent
(Optiphase Supermix, PerkinElmer) was added to the lysate and the mixture was transferred
into IsoPlate-96 plates (PerkinElmer, white frame, clear well, polystyrene). Counts were
read on a Microbeta2 plate reader (PerkinElmer) for 1 min per well. Each assay was carried
out in three biologically independent experiments on separate days, and every data point was
performed and measured in triplicates. The 1Cgq was calculated in GraphPad Prism 7 by
fitting a merge of individually normalized datasets of all three experiments to account for
fluctuations in transfection efficiency, followed by non-linear regression using the equation:
Y'=100/(1 + (XHiIISIope)/(|CSOHiIISIope))l

Kinetic uptake studies were carried out in a similar way. HEK293S GnTI™ cells, transiently
expressing wild-type GAT1-eGFP, were incubated with a series of a 1:1,000 ratio of [3H]-
GABA (PerkinElmer) and “‘cold” GABA concentration of 100 uM, 50 uM, 25 uM, 12.5 uM,
3.125 pM, 1.56 uM and 0.78 uM, for a total of 8 min. The inhibitor tiagabine was added,
with and without pre-incubation of 10 min at room temperature at 0, 0.125, 0.250 and 0.500
UM to determine competitive and non-competitive inhibition. Scintillation counts were read
on a Microbeta? plate reader for 1 min per well. Every uptake experiment was performed in
three biologically independent experiments on different days, whereas each data point was
carried out in triplicates. Kinetic parameters (Viax and Kp,) were calculated by averaging
triplicate data of each data point, followed by merging data from all experiments for fitting
the uptake velocities and applied substrate concentrations to the following equation Y=
Viax X XI(Km + X) (option: “Michaelis Menten’) using a non-linear regression analysis
employing GraphPad Prism 7.
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Scintillation proximity assay

Scintillation proximity assays were carried out in 96-well plates (OptiPlate, PerkinElmer)
using Cu?* His-tag yttrium-silicate (YSi) scintillation proximity assay beads (PerkinElmer)
and [3H]-GABA (40 Ci mmol~1). Reactions were carried out in assay buffer (20 mM
HEPES pH 7.5, 150 mM NaCl and 0.001% LMNG), by addition of solubilized GAT1-
expressing Sf9cell membranes, using 0.3 mg of scintillation proximity assay beads per well.
For tiagabine competition, the samples were incubated with a 1:10 dilution series with final
concentrations ranging from 1 mM to 0.01 nM, followed by the addition of [3H]-GABA at
a final concentration of 100 nM. The mixture was incubated for 1 h at 4 °C before reading
counts on a Microbeta? plate reader (PerkinElmer). The 1Cgy was calculated in GraphPad
Prism 7, by fitting normalized data by non-linear regression with the equation: Y= 100/(1 +
(XHiIISIOpe)/(|CSOHiIISIope))_

Reporting summary

Further information on research design is available in the Nature Research Reporting
Summary linked to this paper.
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Extended Data

a b kDa
1000 250 s
150 .
100
800
5 75 -
< 600 AT1
: 50 . - c
<400 37
200
25 .
0 20 .
0 10 20 30
Volume (ml) SDS-PAGE
c d
IC., =290 nM =60
100 100—2 50
o
—_ —~ >
X R
g
@ 50 2 50
@ ]
o o
<} =
=] o
i DDM-tia: 47.6 °C 2 "
. LMNG-tia: 59.4 °C @ . b N0 P
0 40 60 80 100 10° 10® 107 10% 10° 10* 10°
Temperature (°C) Tiagabine (M)
e 10000 ] Relative Relative
expression transport rate
1 GAT-1 100% 100%
1000
C399V / T400C 108% 12%
= ] S302C /C399V /T400C  57% 28%
% 100
YBOE / A611 / C399V / T400C 52% 5%
10 Y60C 75% 12%
GAT-2 256% 40%
41 Y60E / A61 50% 1%

10° 10 107 10° 10° 10* 103 102
Tiagabine (M)

Extended Data Fig. 1 |. Protein purification of GAT1 for cryo-EM analysisand [3H]-GABA
uptake assay results for quantification of relative uptakerates.

a, Size-exclusion chromatography on a Superose 6 Increase (10/300) column shows a
monodisperse peak at a size of approximately 100 kDa, accommodating the protein, as well
as the LMNG/CHS detergent micelle.b, SDS-PAGE prior to cryo-EM sample preparation,
confirms the high purity of the final sample (> 95%). For gel source data, see Supplementary
Fig. 4. c, Thermal stability assay as described in the methods section. Changing the
detergent from DDM to LMNG resulted in an increase of T, by 12 °C. AU, arbitrary

units. d, Scintillation proximity assay of GAT1 purified from Sf9 cells, showing specific
competition of [2H]-GABA with tiagabine, presented as all data points, overlaid with a
nonlinear regression fit, resulting in an ICsq of 290 + 60 nM. The experiment was performed
three times independently with similar results. e, Absolute counts of a representative
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[3H]-GABA uptake experiment from constructs used for probing tiagabine binding pocket.
(Bottom) Comparison of expression levels, based on relative fluorescence of whole cells
compared to wildtype GAT1, and maximum uptake values, relative to wildtype GAT1 in
above experiment.
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Extended Data Fig. 2 |. Cryo-EM reconstruction of full-length, wild-type human GAT1in
complex with tiagabine.

a, Workflow of cryo-EM processing of GAT1 in complex with tiagabine in the inward-
open conformation with representative micrograph, picking templates and 2D classes.

Data processing was entirely performed in cryoSPARC®’. After motion correction, CTF
estimation and particle picking, the dataset was sorted using 2D classification, followed by
3D ab initio reconstruction and heterogenous refinement for further clean-up of the particle
stack. Finally, 3D reconstructions were performed using non-uniform refinement®8 and local
refinement, which yielded a final map of 3.8 A resolution. b, Data quality of the final
reconstruction, illustrated as a local resolution map ranging from 3 — 4.8 A, gold-standard
fourier shell correlation plot (masked and unmasked) and angular sampling of the final
reconstruction.
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Extended Data Fig. 3 |. Atomic model and cryo-EM Coulomb potential map of the human GAT1
complex with tiagabine.

The overall structure of the GAT1 (cyan) complex with bound tiagabine (salmon) (right) and
magnified views of individual transmembrane helices (left) are shown in the cryo-EM map
(grey mesh) at 5 sigma.
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outward-open (AlphaFold)
GAT1 / GAT2 substrate binding pocket
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Extended Data Fig. 4 |. Sequence alignment and substrate binding pocket.
a, Sequence alignment of GABA transporters: human GAT1, GAT2, GAT3 (Uniprot:

P30531, QINSD5, P48066). Green boxes highlight conserved residues observed in the
substrate binding pocket and red boxes highlight non-conserved residues. b, AlphaFold>®
prediction of GAT1 and GAT2 in the outward-open conformation with tiagabine
superimposed with substrate from LeuT (PDB I1D: 4HOD33), highlighting non-conserved
residues between the two subtypes in the substrate-binding pocket. ¢, AlphaFold>®
prediction of GAT1 outward-open conformation, superimposed with experimentally
determined inward-open cryo-EM structure, shows the small relative transition that tiagabine
bound to GAT1 would have to undergo for the proposed induced-fit mechanism.
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Extended Data Fig. 5 |. Structural comparison of GAT1 with other NSStransporter structures.
a, Superposition of outward-open dDAT26 (PDB 1D: 4XP1, yellow, residues F53, Y142,

S$320 in stick representation) with outward-open SERT30 (PDB ID: 6DZY, red, residues
F105, Y121, S336 in stick representation). b, Superposition of outward-open dDAT2¢ (PDB
ID: 4XP1, yellow, residues F53, Y142, S320 in stick representation) with inward-open
GAT1 (this study, residues F70, Y86, S295 in stick representation). ¢, Superposition of
inward-open GAT1 structure (this study, residues F70, Y86, S295 in stick representation)
with inward-open GlyT13! (PDB ID: 6ZBV, blue, residues F126, Y142, S371 in stick
representation). a—c are shown to confirm the conformational state (inward-open) of GAT1,
together with the conformation of the Na* and CI~ coordinating residues suggesting likely
empty ion binding pockets. d—f, Superimposed structures of inward-open conformation
SERT, GlyT1 and GAT1, highlighting differences in the relative orientation of TM1a. g,h,
Superposition to GlyT1 and SERT, showing differences in extracellular gate. GlyT1 shows a
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very similar network of interactions to GAT1, while the inward-open SERT structure shows
markedly larger distances between the corresponding residues. Numbers correspond to the
shortest atomic distances, between the respective residues, in A.

Synaptic cleft

Cytosol /V

™1

® TM9

Ibogaine

SERT - inward open (6DZZ)
GlyT1 - inward open (6ZBV)
GAT1 - inward open

Extended Data Fig. 6 |. Structural comparison of GAT1 (green) with GlyT1 (blue) and SERT
(pink) inwar d-open structures.

a, Superposition of overview models between three structures. b, Focus on the intracellular
gate, showing differences in TM6b, TM7, TM1a and TM5. c-e, Minor differences between
GAT1, GlyT1 and SERT in TM12, TM9, TM10 and TM8 with respective residues
highlighted in stick representation: G457 highlights the unique residue in GAT1, potentially
leading to additional flexibility of TM10. The interacting residues between ibogaine and
SERT TM8 A441-G442-L.443 show a subtle helix break, which is unique among the
compared sequences and structures.
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Extended Data Fig. 7 |. Summary of MD simulations.

a, Time series showing the shortest observed distance among heavy atoms of the respective
GAT1 residues to the 3-methyl-2-thienyl moiety of tiagabine. Numbers in parentheses
are the mean and standard deviation of the respective distances in MD simulations. See
Supplementary Figs. 1 and 2 for time series of individual trajectories and Supplementary
Fig. 3 for histograms of these distances. b, Snapshots of tiagabine binding site for one of
the trajectories, taken every 200 ns and spanning 1000 ns. Tiagabine from the cryo-EM
structure is colored dark green, MD simulations light green, GAT1 cryo-EM structure in
dark pink, GAT1 MD simulations in light pink. ¢, Root mean square fluctuations (r.m.s.f.)
per residue in GAT1. Solid line shows the average of 10 independent trajectories at each
residue position; shading refers to 95% confidence interval (n = 10). d, Root mean square
deviation (r.m.s.d.) of GAT1 Ca in the 1 ps simulations. The r.m.s.d. are calculated with
the protein in trajectories superimposed on the protein in the first frame. e, Root mean
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square deviation (r.m.s.d.) of tiagabine heavy atoms in the 1 ps simulations. The r.m.s.d. are
calculated with the protein in trajectories superimposed on the protein in the first frame.

HoN /\/\”/OH

(¢]
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HN OH
¢}
Nipecotic acid
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S~
S NN N OH
\_ G
Tiagabine
Inhibitor

SKF89976A
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|
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NO-711
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I
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\ |
HO \\
N-O
EF1502
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Extended Data Fig. 8 |. Structural comparison of known GAT 1 substratesand inhibitors.
Blue circle highlights nipecotic acid moiety, sand colored circle highlights bis(3-methyl-2-

thienyl) tail.

Extended Data Table 1 |

Cryo-EM data collection, processing and refinement statistics

GAT-1

(EMDB-25170)

(PDB 7K 2)

Data collection and processing
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GAT-1
(EMDB-25170)
(PDB 75K 2)

Magnification
Voltage (kV)
Electron exposure (e~/A2)
Defocus range (um)
Pixel size (A)
Symmetry imposed
Initial particle images (no.)
Final particle images (no.)
Map resolution (A)
FSC threshold
Map resolution range (A)
Refinement
Initial model used (PDB code)
Model resolution (A)
FSC threshold
Model resolution range (A)
Map sharpening B factor (AZ)
Model composition
Non-hydrogen atoms
Protein residues
Ligands
Bfactors (A2
Protein
Ligand
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Validation
MolProbity score
Clashscore
Poor rotamers (%)
Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

105,000
300

40.5
-1.0--24
0.813

Cl
7,378,346
135,297
3.82
0.143
3-48

Homology model based on 6ZBV
4.1

0.5

19.7-3.7

167.3

4,177
4,151
26

112.9
122.3

0.005
1.05

1.86

8.52

93.96
6.04

Nature. Author manuscript; available in PMC 2022 August 22.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Motiwala et al.

Page 23

Extended Data Table 2 |

Assembled system for Molecular Dynamics simulation

Molecule  Number of Molecules

GAT-1 1
Tiagabine 1
CHL1 61
DPPC 111
DOPC 31
Sodium 38
Chloride 44
Water 14503

Supplemen

tary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1|. Cryo-EM structure determination of full-length, wild-type human GAT1 in the inward-
open conformation.

a, Representative 2D classes obtained during single-particle cryo-EM data analysis, together
with overall reconstruction of GAT1 (green) at 3.8 A with depicted LMNG or CHS micelle
(grey). b, Overview of the final GAT1 model (cartoon representation). View is from the
membrane plane, with highlighted tiagabine (spheres). TM1a is labelled to emphasize the
inward-open conformation. ¢, Topology diagram of the full-length, wild-type GAT1 cryo-
EM construct, carrying no thermostabilizing mutations, nor any truncations. Extracellular
loop EL2 has a strictly conserved disulfide bond observed in NSS transporters between
C163 and C173. The star emphasizes the location of the substrate-binding pocket between
TM3, TM8 and the hinge regions of TM1 and TM6.
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Fig. 2|. Structural details of the GAT1 tiagabine-binding pocket.
a, Overview model of GAT1 in cartoon representation to highlight the tiagabine-binding

pocket, and the overall conformation of inward-open GAT1. Highlighted are TM7, TM1 and
TM5. TM1 shows a strongly unwound hinge region, upon tiagabine binding. b, Tiagabine
(sticks with carbon atoms in salmon) binding pocket in detail, with tiagabine density in
mesh (contoured at 4.8¢) and interacting residues in stick representation. c, Specific uptake
of [3H]-GABA in HEK293S cells expressing wild-type GAT1, wild-type GAT2, or GAT1
with mutations derived from GAT2, inhibited by increasing concentrations of tiagabine
presented as mean counts per minute (CPM). Curves were calculated from n = 3 biologically
independent experiments, each performed in triplicate measurements. Data points are
normalized data derived from each independent construct to account for variability in
transfection rates, followed by non-linear regression fits to calculate I1Csq values. The mutant
Y60C was chosen as an alternative, as Y60E showed no detectable uptake (Extended Data
Fig. 1e), in agreement with previously published results. Two-way analysis of variance
(ANOVA), corrected according to Dunnett’s test, was used to determine whether each mean
of aggregate data from three independent experiments was significantly different from the
corresponding value with wild-type GAT1 and wild-type GAT2 (****P < 0.0001, **P
<0.01, *P < 0.05 and not significant (NS)). d, Schematic representation of the tiagabine-

Nature. Author manuscript; available in PMC 2022 August 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Motiwala et al.

Page 29

binding site with all residues involved; hydrogen bonds and ionic interactions are shown
as dashed lines. lllustration was made using the ChemDraw webserver (PerkinElmer).
Tiagabine is circled in green and the nipecotic acid moiety is circled in blue. The substrate
GABA is shown in the bottom left corner for comparison. Results from the molecular
dynamics simulations are shown in grey, which are depicted as the mean and standard
deviation of the shortest observed distance among atoms of the respective residues to the
ligand, in the 1-ps simulations.
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Fig. 3|. Extracellular gate of GAT1 and comparison to other NSS-fold structures, highlighting
rearrangementsin the inwar d-open conformation.

a, Extensive network of interactions within the extracellular gate including the gatekeeper
residues R69 and D451. Numbers correspond to the shortest atomic distances, between the
respective residues, in A. b, Superposition of GAT1 with the NSS homologue LeuT in

the inward-facing occluded structure (PDB ID: 6XWMZ27), highlighting the conformational
rearrangement of the substrate in the substrate-binding pocket, most dominantly the
unwinding of the TM1 hinge. The number of hydrogen bonds and ionic interactions drops
from 18 between Phe-Na*-LeuT, to 7 in tiagabine-GAT1. ¢, Focus on TM1a, which
represents the most crucial part of the intracellular gate. GlyT1 and SERT show relatively
straight TM1a, whereas GAT1 has a significantly bent helix, curved around TM7. d,
Superposition of inward-open GAT1 and the inward-facing occluded LeuT structure (PDB
ID: 6XWM?Z7), highlighting the opening of the intracellular gate as the last transition to the
inward-open conformation.
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Fig. 4 |. Proposed two-step mode of tiagabine inhibition.

a, Results of [3H]-GABA saturation uptake assays using wild-type GAT1-eGFP-expressing
HEK?293S cells, in the absence (0 UM in blue) and the presence of tiagabine (0.125 uM

in red, 0.25 UM in green and 0.5 UM in purple) without pre-incubation before uptake.
Curves were calculated from 77 = 3 biologically independent experiments, each performed in
triplicate measurements. Data points are averages of each independent triplicate experiment,
with non-linear regression fits showing characteristic results for competitive inhibition. b,
Results of [3H]-GABA saturation uptake assays using wild-type GAT1-eGFP-expressing
HEK?293S cells, in the absence (0 uM in blue) and the presence of tiagabine (0.125 UM in
red, 0.25 uM in green and 0.5 uM in purple) with pre-incubation before uptake. Curves were
calculated from 77 = 3 biologically independent experiments, each performed in triplicate
measurements. Data points are averages of each independent triplicate experiment, with
non-linear regression fits showing characteristic results for non-competitive (mixed-type)
inhibition. ¢, Proposed mode of inhibition of GAT1 by tiagabine. The initial conformation
is based on the AlphaFold®® prediction of the GAT1 outward-open conformation, with
superimposed substrates Na* (purple), CI~ (green) and tiagabine (salmon) based on the
outward-open LeuT structure (PDB ID: 4HOD33). Initially, tiagabine and ions are bound to
the substrate-binding site in the outward-open conformation, resulting in the conformational
rearrangement of GAT1 to the inward-open conformation, accompanied by the release of
ions, as tiagabine ultimately stalls the transporter in the inward-open conformation.
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