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Abstract

Betaine is an endogenous osmolyte that exhibits therapeutic potential by mitigating various neurological disorders. However,
the underlying cellular and molecular mechanisms responsible for its neuroprotective effects remain puzzling.In this study,
we describe a possible mechanism behind the positive impact of betaine in preserving neurons from excitotoxicity. Here
we demonstrate that betaine at low concentration modulates the GABA uptake by GAT1 (slc6al), the predominant GABA
transporter in the central nervous system. This modulation occurs through the temporal inhibition of the transporter, wherein
prolonged occupancy by betaine impedes the swift transition of the transporter to the inward conformation. Importantly,
the modulatory effect of betaine on GAT1 is reversible, as the blocking of GAT1 disappears with increased extracellular
GABA. Using electrophysiology, mass spectroscopy, radiolabelled cellular assay, and molecular dynamics simulation we
demonstrate that betaine has a dual role in GAT1: at mM concentration acts as a slow substrate, and at uM as a temporal
blocker of GABA, when it is below its K, 5. Given this unique modulatory characteristic and lack of any harmful side effects,
betaine emerges as a promising neuromodulator of the inhibitory pathways improving GABA homeostasis via GAT1, thereby
conferring neuroprotection against excitotoxicity.
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Introduction

Betaine (N, N, N trimethylglycine) is a small molecule,
found in diverse organisms from bacteria and plants to
animals. It is a natural, stable, and nontoxic substance
that can be produced endogenously in mitochondria by
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12]. This reported evidence implies a role of betaine with a
therapeutic potential in the central nervous system (CNS) [4,
13]. While the evidence for the effects of betaine on neuronal
disorders is strong, the cellular and molecular mechanisms
involved in its membrane translocation remain unclear.

The solute carrier (SLC) membrane transporters regulate
essential physiological functions like nutrient uptake, waste
removal, and ion transport. This second-largest family of
membrane proteins has much relevance to pharmacology as
drug targets or mediators [14]. Betaine can enter the brain
by crossing the blood—brain barrier (BBB) using betaine/y-
aminobutyric acid (GABA) transporter 1 (BGT-1, slc6al2)
[15, 16]. However, the low expression of BGT-1 in the CNS
raises questions over its effectiveness in betaine transport
into the neurons [17]. The same is the case for another
transporter called sodium-dependent amino acid transporter
2 (SNAT?2, slc38a2), that transports betaine and is expressed
at low level in the CNS [18]. Interestingly, it has been
reported that betaine might interact with the GABAergic
pathway beyond BGT-1 and play a role as a signalling
ligand in the CNS [19-21]. To investigate the potential
modulatory role of betaine, we studied its interaction with
GABA transporter 1 (GAT1, slc6al) [22]. The expression of
GAT1 is mainly neuronal, predominantly in the adult frontal
cortex, and among all GATs it is the most expressed GAT
in the CNS. About 80% of GABA from the synaptic cleft is
taken up into presynaptic neurons through GAT1 [23]. The
modulation of the GABAergic activity via regulation of the
GABA homeostasis sustains the excitatory/inhibitory (E/T)
balance in the CNS, which is a critical factor in protecting
the brain against the excitotoxicity and consequently
reducing the risk of neurological and neuropsychiatric
diseases [24].

The results reported here unveil a new role of betaine in
the E/I balance by showing its important action on GAT1.
Here, we demonstrate a new relationship between GABA
and betaine by integrating data from electrophysiology: two-
electrode voltage clamp (TEVC) and automated patch clamp
(Patchliner™), measurements of radiolabelled efflux assays,
liquid chromatography-mass spectroscopy (LC-MS/MS), and
molecular dynamics simulations. It is important to underline
that the concentrations of the two substances used for many of
the experimental approaches are closed to their physiological
values, supporting the importance of betaine in regulating
GABA homeostasis.
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Results

Extracellular betaine perfusion on Xenopus laevis
oocytes heterologously expressing rGAT1 induces
inward transport currents

Fully grown Xenopus laevis oocytes have a highly
efficient biosynthetic apparatus that can perform all
the post-translational modifications needed for correct
protein targeting and function. We use the micro-
injection technique to gain the heterologous expression
of the protein of interest in Xenopus laevis oocytes [25].
BGT-1 is reported to transport betaine and GABA in a
concentration-dependent manner, with a higher affinity
for GABA than betaine [26, 27]. The perfusion of
betaine (1, 3, 10, 30, 50 mM) on the oocytes expressing
rat GAT1 (rGAT1) resulted in concentration-dependent
inward transport currents, like canine BGT-1 (cBGT-1)
(Fig. 1A—C). The representative traces of these betaine-
induced currents, in Fig. 1 A, are comparatively shown
with the currents induced by GABA 300 uM, which is the
saturating concentration for GAT1 in X. laevis expression
system [28-30].

At the holding potential V;,=—60 mV, the kinetic
analysis of these inward transport currents provided a half-
maximal transport coefficient Ky s=11.57+1.78 mM, the
maximal transport current I, =—76.15+3.46 nA, and the
transport efficiency I, /K, s=—6.58 +0.80 nA/mM (Table
in Fig. 1). As a negative control, the non-injected oocytes
were perfused with the same concentrations of betaine. The
oocytes expressing rGAT1 and the non-injected control
oocytes were also exposed to glycine (from 1 to 50 mM), and
in both cases no inward current was observed (Fig. S1A).
Additionally, also in Chinese hamster ovary (CHO) cells
overexpressing human GAT1 (hGAT1) we recorded a
concentration-dependent betaine transport current using the
automated whole-cell patch clamp technique (Patchliner™
from Nanion GmbH, Germany) (Fig. S2).

Betaine transport by rGAT1 is sodium-dependent
and can be blocked by the inhibitors of GAT1

GATI is a sodium-dependent symporter, meaning its
transport activity requires a sodium gradient [31]. To
examine the sodium dependence of betaine induced currents
in oocytes expressing rGAT, after testing them in sodium
chloride buffer solution (ND98) we replaced sodium
chloride with trimethylammonium chloride (TMA-CI). The
experiments with this buffer solution (TMA98) resulted in
the almost complete loss of the GABA- and betaine-induced
inward transport currents (Fig. 1D, E). This confirms
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Fig. 1 Betaine induces concentration- and sodium-dependent inward
currents in Xenopus laevis oocytes expressing rGAT1, which can
be blocked by SKF89976a. A Representative traces of current
recorded for GABA 300 pM and increasing betaine concentration
(0.3-10 mM) in non-injected control oocytes, oocytes expressing
cBGT-1, and rGAT1 (top to down). B A violin scattered plot shows
the concentration-dependent response of betaine (0.1-50 mM)
in rGAT1. The current values are shown as mean+SEM of 21/5 n
(number of oocytes)/N (number of batches). C The kinetic analysis
of the betaine transport in rGAT1 yielded I, =-76.16+1.12 nA,
Kys=11.57+1.28 mM, (see Table). In the inset, for cBGT-1 the

parameters were I, =-23.01+1.21 nA, K;5=1.69+0.21 mM. All
data were fitted using logistic fit model, with current values shown
as mean+SEM of 8/3 n/N. D A representative trace of currents
recorded for GABA 300 uM and betaine 10 mM in the presence of
ND98, TMA98, and ND98 +SKF89976a 30 uM. E The histogram
shows the mean values of the currents recorded as reported in D, the
Na* dependence, and the blocking effect of SKF89976a 30 uM on
the inward induced currents by GABA 300 uM and betaine 10 mM.
Current values are shown as mean+SEM of 8/3 n/N. All recordings
were performed at holding potential V, =-60 mV
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«Fig.2 The pre-steady state analysis of betaine transport by rGATI.
The current response for each condition was collected by giving
0.8 s long squared pulse at —20 mV of from the holding potential of
—60 mV, starting from —140 mV to+40 mV. A The representative
traces of the voltage-step response for ND98, GABA 300 uM,
SKF89976a 30 uM, and different indicated betaine concentrations.
The dashed red line indicates the holding current for the oocyte at the
holding potential. B The current and voltage (I-V) relationship from
—140 mV to+40 mV. C The total charge dislocation and voltage
(Q-V) relationship. D The decay time constant and voltage (t—V)
relationship. E The relationships of unidirectional rate constants
outrate (o) and inrate (8, shown as dashed line) with voltage. All
the reported values were collected in the presence of ND98 alone
and with betaine 0.1, 1, 10, 50 mM. In C-E the voltage levels tested
were from —120 mV to+20 mV. For B-E, all values are shown as
mean +SEM of 3/1 n/N

that like GABA, the betaine transport by rGAT1 also
requires sodium. We also tested the effects of SKF89976a
(30 uM), a GAT1 inhibitor [32], on betaine transport in the
oocytes expressing rGAT1. The presence of SKF89976a
in the perfused solutions caused a strong inhibition of the
transport current elicited by GABA 300 uM and betaine
10 mM (Fig. 1D, E). Similar effects were also observed with
other GAT1 inhibitors tiagabine and NO-711 (Fig. S1B),
these data confirm that the betaine- currents are mediated
by rGAT1.

The voltage-dependent transport of betaine
by GAT1 shows that it is a slower substrate
than GABA

GAT1 is a voltage-dependent transporter, and the voltage-
steps experiments on X. laevis oocytes expressing rGAT1
reveal pre-steady state, steady-state, and leak currents
[33-35]. The voltage jumps in the presence of betaine (1, 3,
10, 30, 50 mM) performed on the oocytes expressing rGAT1
elicited voltage-dependent transport currents in rGAT1,
similar to that induced by GABA [36] (Fig. 2B).

The pre-steady state (PSS) currents in GAT1 are due to
the binding and unbinding of Na™ to the transporter inside
the membrane electric field [37] and usually they disappear
in the presence of a saturating concentration of substrate
[34]. Hence expectedly, at saturating GABA concentration
(300 uM), we observed the vanishing of PSS currents as
they became too fast to be detected and only the steady state
currents were detected (Fig. 2 A, top row). In the presence
of SKF89976a (30 uM), the PSS and steady state currents
both disappeared (Fig. 2A top row) as this compound
blocks the access of Na* to the GAT1 vestibule limiting the
translocation of substrate and ions [38, 39]. The capacitive
currents recorded in the presence of the inhibitors are the
fast relaxation component due to the membrane capacitance
of the oocytes.

Interestingly, even in the presence of increasing
betaine concentrations, we observed the persistence of
a slow transient component. These relaxations are larger
than expected (Fig. 2 A, middle and last row) when
compared to that at low GABA concentrations [30]. The
PSS currents in the presence and absence of betaine
were analysed after subtraction from the currents in the
presence of SKF89976a 30 uM [25, 31] The remainders
were integrated to obtain the dislocated charge (Q) and
fitted with single exponential to determine the relaxation
time constant (t). The Q-V relationship reflects the
charge moved into the membrane electric field at each
tested transmembrane potential. Whereas the t-V
relationship provides the rate of the charge dislocation in
the transporter vestibule. These data were further analysed
to calculate outrate o and inrate P that indicate the rate
of charge moving to and from the transporter cavity
respectively (Fig. 2C-E) [30, 40]. All of the Q-V, t-V,
and rate constant analysis were done for betaine 0.1, 0.3,
1, 3, 10, 30, and 50 mM, in the figures the data for betaine
0.1, 1, 10, and 50 mM are reported (for the remaining
concentrations Fig. S3).

The Q-V relationship showed that low concentrations
of betaine (0.1-1 mM) induced charge displacements
similar to ND98 alone (Fig. 2C). With further increase
in extracellular betaine (10 and 50 mM) the charge
displacement decreased but less than expected and
did not disappear like for saturating GABA [30]. The
7—V relationship provided a similar result, where the
decay time constant decreased with the increase in
betaine concentration (Fig. 2D). This indicates an
accelerated transport rate in the presence of betaine but
again differently from what is known for GABA [30].
Further analysis of o and  showed that at low betaine
concentrations, the charge entered the transporter cavities
faster than it could leave (p > ), similar to the substrate
free Na™-buffer solution. Interestingly, B in the presence of
betaine 0.1 mM is lower than in the presence of Na*-buffer
alone, in particular at voltages lower than —80 mV
(Fig. 2E).

Detection of GABA and betaine using LC-MS/MS
in X. laevis oocytes expressing rGAT1

While the electrophysiological characterization of the
betaine-GAT1 interaction has shown that betaine is a slow
substrate of GAT1, we also wanted to detect a direct and
voltage-free uptake of betaine by GAT1. In this work, we
developed a radiolabelled-free method using a tandem
LC-MS/MS based approach to detect the substrates taken
up by rGAT1 heterologously expressed in X. laevis oocytes
(Fig. 3A). To verify the sensitivity and linearity of the
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Fig.3 Detection of GABA and betaine transport by rGAT1 using
the LC-MS/MS protocol on X. laevis oocytes. A A cartoon of the
protocol developed to extract the cytosol contents of the oocytes and
detect the presence of the substrate of interest. B A representative
trace showing the presence of GABA in rGAT1 expressing oocytes
incubated in GABA 1 mM. The histogram on the right shows a
qualitative measurement of a concentration-dependent GABA
uptake by rGAT1 expressing oocytes incubated in different GABA
concentrations (1-300 uM). C A representative trace showing the

LC-MS/MS response to betaine and GABA, standard
solutions were created, and a calibration curve was obtained
(Fig. S4). The detected retention time for GABA was 1’ 55"
and for betaine 2’ 30" (Fig. 3).

The oocytes heterologously expressing rGAT1 were
incubated in different concentrations of GABA (1, 3, 10,
30, 100, 300 uM) and betaine (0.1, 0.3, 1, 3, 10, 30 mM) for
25 min in groups of five oocytes per sample. For both GABA
and betaine, a concentration-dependent uptake by rGAT1
was observed (Fig. 3B, C histogram on right). As a negative
control, the non-injected oocytes were also incubated in
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presence of betaine in rGAT1 expressing oocytes incubated in
betaine 30 mM. The histogram on the right shows the qualitative
measurement of a concentration-dependent betaine uptake by rGAT1
expressing oocytes incubated in different betaine concentrations
(0.1-30 mM). All values are shown as arbitrary units per minute
per oocyte+SEM of 15/2 n/N. The table at the bottom shows the
collision energy required to obtain a unique production ion and the
retention time (in the 15-min-long protocol) for the detection of the
peak correlated to GABA and betaine

the same concentrations of GABA and betaine, and their
analysis showed an absence of uptake for both substrates.

Both GABA and betaine induce efflux of [*H]-GABA
in rGAT1 expressing HEK293 cells

The human embryonic kidney cell line (HEK293) is widely
utilized as the platform to express membrane proteins. In
the absence of radiolabelled betaine, it was difficult to detect
its inward transport in HEK293-rGAT1 cells using uptake
assays. In our previous work [41], we demonstrated that



Unveiling the crucial role of betaine: modulation of GABA homeostasis via SLC6A1 transporter... Page70f20 269
A.  GABA B.  GABA with Mon 10uM C.
£ 1M - 30uM é 8- — 1M ——30M  x 37 —=—KHB
E = 3M —— 100;M l = 3M —— 1M 2 - KHB+Monensin 10uM_|
N —=— 1M —=— 300M 2y —= 104M —=— 300:M % = ] :
o 64 o 6 -
% % B
3 é S £
% 44 ® 4 T T
c
< << -,
m [ & =
< 24 < 2 5
S 2 5
A I i Lol 71— 0 100 200 300
4 6 8 10 12 14 16 18 04 6 8 10 12 14 16 18
Time (min) Time (min) GABA (uM)
D-_ Betaine E. _ Betaine with Mon 10uM F.
E 8- = 1mM  —5- 30mM 'E 8- o~ imM =%—30mM x 39 —e- KHB
~ -5-3mM  —— 60mM ~ -5 3mM  —— 60mM = | =5 KHB+Monensin 10uM
55 ol —— 10mM  —o— 100mM =P = 10mM - 100mM  ‘§ ~ )
£ 32
€. £ fE
<< < g I
-0 1
@, ® 0SS X
< T T ' << 24 (=]
O 0] 3
= = z a
FE,G S N S N S S «E‘U-—' — T T T T T 0+ T : — :
04 6 8 10 12 14 16 18 04 6 8 10 12 14 16 18 0 20 40 60
G. Time (min) Time (min) Betaine (mM)
C
E 89 —o— Tiagabine 10 pM
o~ -8~ Mon + Tiagabine 10 uM
3 64 i
D) KHB KHB + Monensin 10uM
>
E 4 . . . .
@ ECs Hill’s coefficient n ECs Hill’s coefficient n
<
m )
g GABA 36.28+11.27uM 1.34+0.26 36.48+2.57uM 1.06+0.14
E‘ 0 T T T
2. 04 6 8 10 12 14 16 18 Betaine 6.73+2.21mM 1.16+0.21 7.71%1.13mM 1.51+0.47
Time (min)

Fig.4 Betaine induces efflux of [*H]-GABA in pre-loaded HEK293
cells overexpressing rGAT1. A Time course of the efflux of
[PH]-GABA in the presence of increasing GABA concentrations
(1-300 uM). B Time course of the efflux of [*H]-GABA in the
presence of monensin 10 pM and different GABA concentrations
(1-300 uM). C The kinetic analysis of the [*H]-GABA-induced efflux
with and without monensin 10 uM. D Time course of the efflux of
[PH]-GABA in the presence of different betaine concentrations
(1-100 mM). E Time course of the efflux of [*H]-GABA in the

GAT1 has a bi-directional transport characteristic. It can
function in inward and outward modes with different affinity
for GABA influx and efflux. By utilizing this characteristic
of GAT1 we performed the release assay experiment with
betaine outside on HEK293-rGAT1 cells preloaded with
radiolabelled GABA ([*H]-GABA).

We tested the effects of betaine on HEK293-rGAT1 cells
pre-loaded with 0.01 uM [*’H]GABA at 37 °C for 20 min.
The experiment was initiated by replacing the pre-loading
buffer with plain Kerbs Ringer HEPES buffer (KHB) and
starting the experiment with the collection of baseline efflux
values (Fig. 4). Basal [’H]GABA efflux was 0.12 +0.02%
min~!. Addition of betaine induced a time-, concentration-,
and rGAT1-dependent efflux of [*H]GABA, in the

presence of monensin 10 uM and different betaine concentrations
(1-100 mM). F The kinetic analysis of the [°H]-GABA-induced
efflux with and without monensin 10 pM. G Time course of the
efflux of [*H]-GABA in the presence of tiagabine 10 uM with and
without monensin 10 uM. All GABA and betaine solutions were
prepared using KHB as the buffer solution. Data were fitted using
logistic fit model and values are shown in the table at the bottom.
Data are mean+ SEM from three individual experiments, performed
in duplicate

presence and absence of the ionophore monensin (10 uM)
(Fig. 4D, E). Monensin (mon) is a sodium ionophore that
selectively collapses the Na* and H* gradients, reducing the
electrochemical driving force for uptake and favouring the
transporter efflux by an increase of sodium inside the cell
[42]. As a positive control, pre-loaded HEK293-rGAT1 cells
were exposed to GABA, and the results matched with the
time-, concentration-, and rGAT1-dependent efflux (Fig. 4A,
B), similar to our previous report [41]. For kinetic analysis,
the drug-induced efflux was calculated as the mean efflux
of the fraction where the value started plateauing divided
by the length of the fraction (=2 min). The fitting of the
data using non-linear regression by the logistic fitting model
provided the parameters as Ky s gapy =36.28 £11.27 uM

@ Springer



269 Page 8 of 20

M. Bhatt et al.

(with mon 10 uM K; 5544 =36.48 +£2.57 uM)
and K s pepaine = 6.73 £2.21 mM (with mon 10 uM
Ko.5betaine =7-71 £ 1.13 mM) (Fig. 4C, F). We also
performed a negative control experiment with tiagabine, a
GAT1 inhibitor, that resulted in the absence of [’H]-GABA
efflux (Fig. 4G).

Molecular dynamics and docking experiments show
that betaine binds in the same binding pocket
of GAT1 as GABA

Having observed that betaine is a slower substrate of
GATI, with lower affinity than GABA (Figs. 1, 2), we
were motivated to understand its binding mechanism with
GAT1 using molecular dynamics. In the absence of a crystal
or cryo-EM structure of hGATI in the outward-facing
conformation, we selected the Alphafold homology model
to analyse the stability of bound GABA and betaine [37, 43,
44]. The bound ions (two Nat and one CI~) were added to
the hGAT1 model using as a reference the outward-open
human SERT crystal structure (PDB ID: 5171) [45]. The
docking studies for betaine to the outward-open hGAT]1
provided a successful docking with the best fitness score of
42.24 (Fig. 5A). As a positive control, docking simulations
for GABA were also run, which resulted in fitness score
of 50.52 (Fig. S5). The carboxyl head of betaine, which
overlaps with the carboxyl head of docked GABA, interacts
with Nal (the sodium bound to the NA1 sodium binding
site) and formed short-range (d <3 A) contacts with the
backbone amide protons of L64 and G65, and with the side
chain hydroxyl proton of Y140. The tail containing three
methyl groups formed two medium-range (3 A<d<5A)
contacts with residues S295 and S396.

Interestingly, the recent work of Zhu et al. assigned five
water molecules in GABA binding pocket in hGAT1. They
showed in the inward occluded state, the amino acid group
of GABA is stabilized by the hydroxyl group of T400 and
a water molecule [46]. When we overlapped our hGAT1
model with GABA docked in the outward-open state with
the inward-occluded cryo-EM structure of hGAT1 with
GABA from Zhu et. al. (Fig. 5B), we observed similar
stabilization of docked GABA in our model. Moreover,
we also performed the same overlapping of the cryo-EM
structure by Zhu et. al. with our outward-open hGAT1 with
betaine docked (Fig. 5C). This overlapping showed that
betaine molecule is not long enough to have a stable polar-
contact with T400, but in the presence of a water molecule
(stabilized by T400) it can form a stable hydrogen-bond and
could allow the conformational change to the inward-open
state.

The MD simulations were performed using the three
docking poses of betaine with the best fitting scores (Fig. 5D,
E). The simulations were run for 50 ns (the simulation
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parameters are reported in supplementary information as
Code S1) and resulted in betaine stably bound to hGAT1,
with root mean square displacement lower than 0.2 nm
(Fig. 5F). The simulated GAT1 also resulted in a stable
conformation, showing root mean square fluctuations greater
than 0.2 nm only in residues belonging to the extracellular
and intracellular loops (Fig. 5G).

The relationship of GABA and betaine in rGAT1
depends heavily on their extracellular
concentrations

The neuroprotective properties of betaine have been
reported in many publications, with a positive correlation
with the GABAergic pathway. To determine the mechanism
of action betaine with GAT1 and the possible impacts on
the GABAergic pathway, we explored its relationship with
GABA, the primary substrate of GAT1. We investigated
the GABA-betaine relationship using TEVC and LC-MS/
MS. The competitive assay experiments on TEVC were
performed using six GABA concentrations ranging from
1 to 300 uM with eleven betaine concentrations from
0.001 to 50 mM. The GABA concentrations chosen to
study the GABA betaine relationship are based on the
kinetic parameters GABA transport by rGAT1 and hGAT1
obtained for and reported in the literature [29, 30, 47, 48].
The representative traces of the currents collected in the
competitive assay at the holding potential of —60 mV are
reported in Fig. 6A. With GABA concentration below
10 uM and betaine below 10 mM, we observed a reduction
of the total transport current indicating an inhibition of
the GABA transport. With betaine 10 mM and above, this
blocking effect disappeared, and a collective larger inward
transport current was observed. The mean values of the
currents for all 84 conditions are reported as a heat map of
GABA-betaine competition (Data available in Table S3).
The data showed that the GABA-betaine relationship
starkly depends on their individual extracellular
concentration (Fig. 6B).

Since in our LC-MS/MS protocol the detection time
for GABA and betaine uptake by rGAT1 are different and
have distinct production-ions, it was possible to use this
method to perform GABA and betaine competition in the
same oocyte. Based on the electrophysiological findings,
the inhibitory effect of betaine on GABA transport was the
most at 0.1 mM concentration. Therefore, we incubated
the oocytes expressing rGAT1 with GABA 3, 10, and
30 uM with betaine 0.1 mM for 25 min (n =3, five oocytes
per sample). The cytosolic contents detection by LC-MS/
MS for the uptake of all three GABA concentrations were
compared with and without betaine 0.1 mM (Fig. 6C).
The histogram showed that in the presence of betaine
0.1 mM: with GABA 3 uM no GABA was taken up, with
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Fig.5 Molecular docking

and MD simulation of betaine
and GABA in hGAT1 show
that betaine stably binds to
GAT1 and forms less polar
contacts than GABA. A The
successful docking of betaine
in hGAT1 with zoomed-in
view of the binding site. B The
overlapping of GABA-bound
hGAT1 Alphafold in outward-
open (in white) with cryo-Em
structure of the hGAT1 in

the inward-occluded (PDB:
7Y7W, in red) with zoomed-in
view of the GABA binding
site, in the presence of water
molecule stabilized by T400
shown in yellow dashed line.
C The same overlapping for
betaine-bound structure shows
the tail of betaine forming
hydrogen-bond with water
molecule that is stabilized by
carboxyl head of T400 shown
in yellow dashed line. D MD
simulation results for hGAT1 in
the outward open conformation
bound to betaine is with a
zoomed-in view as the S1-site.
The average occupancy from
three simulations is visualized
using an isosurface, color-coded
according to the legend. E The
docking poses (in white) and
the respective end structures
(in light red) at 50 ns resulting
from MD simulations. F The
root mean square displacement
of each replica smoothened
with a running average over

2 ns. G. The root mean square
fluctuation of hGAT] residues
by plotting a mean root mean
square fluctuations value from
the three replicas, emphasizing
residues belonging to TM
helices with a grey bar. In panel
A, the §h0rt-range contacts
(d<3 A) are indicated as red
dashed lines and medium-
range contacts (3 A<d<5 A)
as yellow dashed lines. The
representation illustrated
includes hGAT1 as ribbons (in
A-D: outward-open in white.
In C: inward-occluded in red),
betaine and GABA shown as
sticks, and Na* (purple) and C1~
(green) as spheres
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Fig.6 Betaine has a dual role in rGAT1, a GABA inhibitor at low
concentrations and a secondary substrate at higher concentrations.
A Representative traces of GABA betaine assay in X. laevis oocytes
expressing rGAT1 at holding potential V 60 mV, where the
oocyte was perfused with different GABA concentrations (1, 3, 10,
30, 100 pM) along with betaine 0.1, 1, and 10 mM. B The heatmap
analysis of the GABA betaine competitive assay shows their
concentration-dependent relationship, using the combination of
GABA (1-300 pM) with betaine (0.001-50 mM). Data are shown
as mean+SEM of 6/2 n/N. C Detection of GABA and betaine in
the oocytes incubated in GABA 3, 10, 30 uM with betaine 0.1 mM,
using LC-MS/MS protocol. The qualitative analysis of GABA and
betaine uptake by the oocytes is represented in this bar plot with

GABA 10 uM the GABA uptake was significantly reduced,
and with GABA 30 uM the GABA uptake didn’t alter
significantly.

Taken together, these data showed that betaine has a
dual effect on GABA transport by rGAT1. This duality can
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the uptake values, as arbitrary units, of each oocyte per minute, data
shown with SEM and obtained from n=3 with five oocytes in each
sample. The p values were obtained by ordinary one-way ANOVA
method followed by Bonferroni’s multiple comparisons test, with a
single pooled variance with statistical significance of p<0.05. D The
kinetic analysis of different betaine concentrations (0.001-50 mM)
with GABA 10 pM shows the dual behaviour of betaine in rGATI,
as at the lower concentrations (left) the GABA transport current is
reduced with an increase in betaine, and at the higher concentration
(right) the total transport current increases. All data were fitted using
the logistic fitting model, fitting values shown in the inset, and current
values shown as mean + SEM of 6/2 n/N

be best visualized at GABA 10 uM with different betaine
concentrations (Fig. 6D). When GABA 10 uM is co-applied
with betaine from 1 to 300 uM, concentration-dependent
inhibition of GABA 10 uM transport current was observed.
At the same GABA concentration, the perfusion with betaine
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Fig.7 Betaine inhibits the GABA uptake by slowing down the
transport cycle of tGAT1. A The representative traces of the voltage-
step response, from —140 mV to+40 mV of the oocyte expressing
rGAT1, at holding potential V,=—60 mV, with non-saturating
GABA 10 pM (left) and GABA 10 pM+betaine 0.1 mM (right),
the dashed red line indicates the holding current for the oocyte at the
holding potential. B The current and voltage relationship of GABA
10 pM alone and with betaine 0.1 mM, from —120 mV to+20 mV,
shows the transport current reduction at all voltages. C The total
charge dislocation and voltage relationship of GABA 10 pM alone
and with betaine 0.1 mM, from —120 mV to+20 mV shows more
charge dislocation happening in the presence of betaine. D The

from 1 to 50 mM yielded a concentration-dependent increase
in transport current. This kind of dual effect of betaine on
GABA transport vanished when the extracellular GABA
concentration was 30, 100, and 300 pM i.e., larger than

I<0‘5,GABA'

Betaine slows down the GAT1 transport cycle
inhibiting GABA uptake

The competition experiment of GABA and betaine was
also performed with the voltage-steps protocol to study
the steady and PSS transport currents. By observing the
representative traces in the presence of GABA 10 uM with
and without betaine 0.1 mM, the peculiar inhibitory action
of betaine is visible. We observed a reduction in the current
amplitude (indicated by the red dotted line) and increment
in the decay time of the PSS currents in response to the
voltage jumps (Fig. 7A). The I-V relationship for GABA
10 uM in the absence and presence of betaine 0.1 mM

Voltage (mV)

Voltage (mV)

total decay time constant and voltage relationship of GABA 10 pM
alone and with betaine 0.1 mM, from —120 mV to +20 mV shows
slowing down of the transport cycle in the presence of betaine. E The
relationships of unidirectional rate constants outrate (o) and inrate
(B, shown as dashed line) with voltage for GABA 10 puM alone and
with betaine 0.1 mM, from —120 mV to+20 mV. f in the presence
of betaine does not decrease, but a decreases significantly at positive
membrane potentials. All current responses were collected by giving
0.8 s long squared pulse at —20 mV of voltage jump. All current
values shown as mean+SEM of 3/1 n/N. The p values were obtained
by the two-tailed p test with statistical significance of p<0.05

revealed the apparent blocking effect of betaine (Fig. 7B).
Also, the Q-V analysis showed that in the presence of
betaine 0.1 mM, the total charge dislocated by GAT1 did not
increase significantly than of GABA 10 pM alone (Fig. 7C).
While the TV relationship for low betaine concentration
(0.1 mM) (Fig. 2) showed an overall similar decay time
constant as ND98, whereas for low GABA concentration
(10 uM) the decay time constant was much faster (Fig. 7D).
Interestingly, T for GABA 10 uM with betaine 0.1 mM,
slowed down significantly, especially at the positive
transmembrane potentials (Fig. 7D), indicating slowing
down of the transport cycle. Similarly, both decay constants,
a and § for GABA 10 uM in the presence of betaine 0.1 mM,
showed an overall reduction, significantly in o at the positive
transmembrane potentials (Fig. 7E). Altogether, it is evident
that in the presence of betaine the transport rate of GAT1 for
GABA decreased.
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Discussion

Betaine is an endogenous molecule that plays an essential
dual role as an osmolyte and a methyl donor in human
physiology. In the past few decades, several studies have
reported the beneficial effects of betaine in neurological
and neurodegenerative diseases, however, the mechanism
of its action at the cellular and molecular level remained
unclear. Its systematic supplementation showed only mild
side effects [4, 49, 50], making it a therapeutic molecule of
interest. However, the presence of betaine in the brain and
the mechanism involved leading to its positive action still
remained a puzzle, deeming it a “dark knight” [4].

In this work, we show that betaine can be transported in
a concentration-dependent manner by the most expressed
neuronal GABA transporter GATI1, and that betaine
modulates the uptake of GABA. From this data, we infer that
betaine can modulate the extracellular GABA concentration
and play a role in maintaining the E/I balance in the CNS.

In humans, mitochondria can produce betaine in small
quantities, but the primary source is the oral uptake from
the dietary sources [1, 51]. As betaine is an excellent
osmolyte, it tends to get accumulated in cells and tissues
[52], leading to the underestimation of betaine absorption
when using the traditional blood plasma assays [53, 54]. The
pharmacokinetics of this accumulation is dose-dependent
with the peak betaine concentration reaching 1-3 mM
within hours after intake [55, 56]. In liver and kidney,
the concentration of betaine can reach up to~30 mM
and ~ 100 mM respectively [4, 57]. The reported betaine
level in the mice brain is unclear [58], although recently
Knight et al. showed that the neurons from the hippocampal
tissues of mice, can uptake and accumulate betaine up
to 12 mM [54]. From their findings, it is conceivable
that the neuronal concentrations of betaine might reach
millimolar levels. With this argument along with the fact
that the affinity of betaine for BGT-1 also ranges towards
millimolar [26], we used betaine at millimolar levels to
study its interaction with GAT1 and BGT-1. Moreover, the
physiological concentration of GABA in the CNS ranges
between 0.1-1 mM [59, 60]. Thus, the chosen concentrations
for both GABA and betaine in this work correspond to their
reported physiological values, making the data shown
physiologically relevant.

The electrophysiological measurements using TEVC
in X. laevis oocytes heterologously expressing rGAT1
resulted in betaine-induced concentration-, voltage-, and
sodium-dependent inward transport currents, which could
be inhibited by GAT1 inhibitors like SKF89976a (Fig. 1),
tiagabine, and NO-711 (Fig. S1). The transport of betaine
by GAT1 was also confirmed with automated patch-clamp
(using the Patchliner™) on CHO cells overexpressing
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hGAT1 at V, =—80 mV with EC5, ~ 27 mM (Fig. S1).
We also showed betaine translocation by GATI1 using
radiolabelled efflux assay in HEK293 cells and LC-MS/MS
analysis of the cytosol contents of X. laevis oocytes (Figs. 3
and 4).

The kinetic analysis of the GABA and betaine transport
currents in GAT1 and BGT-1 reveals something interesting
(Table in Fig. 1). For GABA, the transporter efficiency
(Inax/Ko.5) of GAT1 is about ten times larger than BGT-1,
meaning that GAT1 can transport a lot more GABA than
BGT-1. Whereas, for betaine, the transporter efficiency of
GAT]1 is almost 0.5 times less than BGT-1. This suggests
that compared to GABA there is little difference between
the amount of betaine that can be transported by GAT1 and
BGT-1. Thus, BGT-1 cannot transport GABA efficiently like
GAT1, but GAT1 can transport betaine with efficiency close
to that of BGT-1.

The detailed analysis of the PSS currents gives
information about the initial steps of the transporter cycle
and the interaction of the transporter with ions and substrate
[22]. The analysis of the decay time constant (t) of the large
transient currents as outrate a and inrate  constants showed
that in the presence of betaine (0.1 and 1 mM), f of rGAT1
increased. This implies that when betaine is present at low
concentration and binds in the GAT1 vestibule, it cannot
induce the same fast conformational changes, as GABA [38].
Also, the higher inrate than the outrate of charge dislocation
suggests that in the presence of betaine, especially at lower
concentrations, the transporter cannot transit to the inward-
open state as fast as in the presence of GABA. This behaviour
of GATI1 suggests that it requires a third “interaction” to
transport betaine as in BGT-1 [26] or that the conformational
transition towards the inward open state is less efficient. This
is further supported by the Q-V relationship of betaine in
GATI1, where the curve is shifted towards more positive
voltage (for 0.1 mM betaine: V,5=-27.16 +2.57 mV,
voltage where half of the charge is moved) than for GABA
(for GABA 10 uM V;;5=-43.19+3.38 mV) and ND98
alone (V,5=-32.87+1.10 mV) (Fig. 7C and Table S1).
Interestingly, a similar shift in V5, could also occur when
the extracellular Na™ concentration is changed [31]. In the
experiments reported here, extracellular Na* concentrations
were unaltered, consequently, this shift can be related to
either an apparent change in Na* concentration inside the
transporter vestibule or a decrease of the Na* dissociation
[56]. Moreover, the molecular docking and MD simulations
of betaine-bound hGAT1 showed that it forms less short-
range contacts than GABA (Figs. 5A, S5). This implies that
it would require involvement of more residues to stabilize
the binding of betaine than GABA, suggesting it as a factor
behind the lower affinity for betaine in GAT1. In summary,
the transition of GAT1 out of the occluded state is slower
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for betaine than GABA, but it might not be the only possible
interpretation of our data.

The GABA-betaine competitive assay experiments clearly
showed that their relationship is strongly concentration-
dependent (Fig. 6). At the high physiological GABA
concentrations, betaine shows minimal impact on the GABA
transport by GATI. In contrast, when the extracellular
GABA concentration is lower than its physiological K 5
(~16 uM), betaine at concentrations of 0.1-3 mM inhibits
GABA transport by GAT1. It is important to note that the
concentration of GABA and betaine that gave rise to this
peculiar phenomena are in the range of the values reported as
physiological concentrations in human brain [54-56, 59, 60].
The reduction of the transport rate in the presence of betaine
has a role in this selective inhibition of GABA transport. In
the presence of low extracellular betaine, both the inrate and
outrate of GABA reduced starkly (Fig. 7D, E and Table S2).
As the time required for betaine to be moved inside the cell
is longer than GABA, the betaine remains bound to some
of the GAT1 proteins, reducing the available transporters
able to complete the cycle in the presence of GABA lower
than K 5 gapa- Consequently, several transporters fail in
rapid completion of their cycle, enabling the modulation
of the GABA uptake by betaine. When the concentration
of GABA reaches close to the saturation, it outcompetes
betaine allowing rapid completion of the transport cycle.
While at high concentrations (> K 5 pegaine)> betaine behaves
like a regular substrate as the higher chemical gradient
provides energy for its slower intracellular translocation by
GAT]1. This inhibitory role of betaine was also confirmed by
LC-MS/MS, which showed that the uptake of extracellular
GABA, when <Ky 5 gapa, Was significantly reduced by
betaine 0.1 mM (Fig. 6C). This kind of selective inhibition
by betaine appears to be specific to GAT1 and was not
observed in BGT-1 (Fig. S6). Also interestingly, betaine
did not show any selective inhibition of the nipecotic acid
(another GATI1 substrate) induced transport currents in
GAT1 (Fig. S7).

The conventional GAT1 blockers derived from its
competitive inhibitor nipecotic acid were modified with
lipophilic sidechains to allow the blood—brain barrier (BBB)
penetration and disable the substrate properties [61, 62]. One
such derivative, tiagabine, which is the only anticonvulsant
drug targeting GAT1, is used to treat partial seizures in
patients with epilepsy. However, tiagabine treatment has
been reported to cause several unwanted side effects such
as confusion, abnormal mood swings, dizziness, tremors,
fatigue, and nervousness [63]. The recent works on GAT1
structures suggest that tiagabine may bind GAT1 in the
outward open conformation and blocks in the inward open
conformation, disabling any further uptake by the transporter
[38, 39, 46, 64]. Differently from tiagabine, betaine slows
down the transport cycle of GAT1 and triggers a temporal

inhibition of GABA uptake. This effect can be abrogated
by the increase of extracellular GABA, which will allow
the transporter to regain its original function of the GABA
uptake. Along with this unique blocking characteristic
and the minimal harmful side-effects associated with its
supplementation, betaine could be a useful molecule to
modulate GABA homeostasis targeting GAT1.

Importantly, betaine does not require chemical
modifications to cross the BBB. Wang et al. showed in vivo
that the cylindrical polymer brushes (CPB) modified with
betaine could cross the BBB [65]. They also performed
in vitro uptake experiments on endothelial bEnd.3 cells to
identify the transport mechanism for the modified CPBs
and deemed BGT-1 as the transporter responsible for the
translocation. Interestingly, the uptake inhibition of the
modified CPB by GABA was much stronger than by betaine,
which they correlated with the higher affinity of BGT-1 for
GABA than betaine. By taking in account our results of
betaine transport by GAT1, it would suggest that along with
BGT-1, also GAT1, which is expressed in bEnd.3 cells [66],
could have contributed to the translocation of the modified
CPBs.

The E/I balance in the CNS is essential for the healthy,
stable, and physiologically functional neuronal circuits;
and the disruption of this balance is the primary cause
of many neurological diseases [67]. Given that GABA is
the primary inhibitory neurotransmitter in the CNS, its
homeostasis is essential for the formation of learning and
memory. The systematic supplementation of betaine has
been shown to ameliorate the E/I balance-related diseases
such as Alzheimer’s, Parkinson’s, dementia, schizophrenia,
and stress-related disorders, but these results lack substantial
mechanistic explanation [4]. Since the extracellular GABA
levels are critical for these disorders and diseases, the
peculiar GABA inhibitory behaviour of betaine can explain
its beneficiary effects from the molecular point of view.

Recently Knight et al. showed that the hippocampal
neurons not only uptake and accumulate betaine, but also
modulate the neuronal uptake of other essential osmolytes
in response to the changes in osmolarity [54]. Especially
under hyperosmotic conditions, hippocampal neurons
preferentially uptake betaine over glycine and glutamine.
This connects neuronal uptake of betaine with glycine, an
essential inhibitory neurotransmitter, and glutamine that
is the precursor to the production of both glutamate (the
primary excitatory neurotransmitter) an GABA (the primary
inhibitory neurotransmitter). Such interaction of betaine
with different essential elements of neurophysiological
processes suggests its participation in more than one [68].
Especially, with the GABA inhibitory behaviour of betaine
shown here suggests a possibly larger modulatory role of
betaine in maintaining the E/I balance in the CNS.
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Moreover, it was shown by Hardege et al. that the
Caenorhabditis elegans nervous system can synthesize
betaine, specifically in the interneurons, and use it as a
modulator of different behavioural states [21]. They also
showed that the vesicular transporter CAT-1 expressed
in the interneurons could transport betaine, suggesting
nematode neurons can load betaine in the synaptic vesicles.
Lastly, the work from Kunisawa et al. showed that the lack
of betaine in rats could affect GABAergic transmission
and memory formation [19]. They also demonstrated that
these effects of betaine are regulated not solely by BGT-1
but partly mediated by betaine modulating the GABAergic
system. These results along with the data presented here,
strongly suggest that betaine should have a specific role in
the CNS (possibly a neuromodulator) apart from being an
osmoregulator and a methyl donor.

As GABA is the primary inhibitory neurotransmitter
in the CNS, it plays a major role in the regulation of
E/I balance. GATs are responsible for the clearance of
GABA from the synapse, they contribute significantly to
maintaining the E/I balance playing a role in E/I balance-
related neurological and neuropsychiatric disorders [22,
67, 69]. Sufol et al. showed the synergic anticonvulsant
effects of GAT1 selective inhibitor tiagabine and the
BGT-1 selective inhibitor EF1502 [70]. They highlighted
that BGT-1 could also have a functional role in GABA
clearance suggesting a role in controlling epileptogenic
effects. Interestingly, Fuehrer et al. showed that in AD
patients there is a significant upregulation of BGT-1 in
the superior temporal gyrus, whereas GAT1 expression
decreases [71]. As betaine has shown to ameliorate
conditions in AD by acting against the oxidative stress
induced by generation and deposition of amyloid-f and
toxic homocysteine, this kind of upregulation of BGT-1
could be a response to the increased oxidative and osmotic
stress during AD [71-73]. Considering our results
demonstrating the neuromodulatory action of betaine via
GAT]1, it is possible that in neurodegenerative diseases
that cause loss of neurons, like AD and PD, betaine could
benefit not only by protecting the CNS against oxidative
stress, but also by regulating GABA levels to maintain the
E/I balance.

Overall, this work confirms the betaine transport by
GAT1 and the concentration-dependent modulation of
GABA transport by GAT1 using betaine. Naturally, these
findings raise the question of whether other neurotransmitter
transporters and receptors may interact with betaine. While
our work answers one of the questions around the role
of betaine, it is now even more important to explore its
presence and investigate its effects in the brain, beyond
being a substrate of BGT-1. Betaine carries the potential of
being a natural neurotherapeutic agent and given its already
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an FDA-approved drug (Cystadane® for homocystinuria),
it would be of great interest to explore its applications
in the clinical trials of GABAergic drug as a natural
neuroprotective agent.

Methods
Experimental model and subject details
Cell lines

Full-grown Xenopus laevis oocytes were maintained at 18 °C
in post-injection NDE solution (96 mM NaCl, 2 mM KCI,
1 mM MgCl,, 5 mM HEPES, 2.5 mM pyruvate, 0.05 mg/mL
gentamicin sulphate, and 1.8 mM CaCl, at pH 7.6).

Human embryonic kidney 293 (HEK293) cells stably
expressing the rat isoform of GAT1 (rGAT1) were used
(rGAT1-HEK?293 cells) in batch release assays. The
generation and maintenance of stable cell lines expressing
rGAT1 was conducted as previously described by other for
other SLC6 transporters [74]. rGAT1-HEK293 cells were
maintained in high glucose (4.5 g/L) and L-glutamine-
containing DMEM, supplemented with 10% FBS and G418
(250 pg/mL) in a humidified atmosphere (37 °C, 5% CO,)
and in a sub-confluent state.

CHO cells were grown and maintained in DMEM
containing L-glutamine (PAA laboratories, Austria) with
gentamicin 50 mg/L, geneticin 500 pg/mL, 10% foetal calf
serum on 100 mm-diameter cell culture dishes at 37 °C in
an atmosphere of 5% CO, and 95% air [75].

Method details
Heterologous expression in X. laevis oocytes

The detailed experimental procedure has been described
elsewhere [76]. Briefly, the cDNAs encoding rat GAT1
in the pAMV vector, and Madin-Darby canine kidney
(MDCK) canine BGT-1 in the pSPORT1 vector were
linearized using Notl, and the in vitro cRNA synthesis
was done in the presence of Cap Analog 10 mM and T7
RNA polymerase 200 U.

Oocytes were collected from X. laevis female frogs,
under anaesthesia, by performing laparotomy on the
abdomen, to remove portions of the ovary. Detailed
procedures are described elsewhere [25]. For the
heterologous expression of the GABA transporters, stage
IV oocytes were micro-injected with cRNA encoding the
target protein i.e., tGAT1 and cBGT-1 (12.5 ng/50 nL) and
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incubated for the expression period (3—4 days) at 18 °C
before the experimental procedure.

The oocytes used in this work were either bought from
EcoCyte Bioscience GmbH, Germany or donated by a
collaborator with approved experimental protocol by
the Committee of the “Organismo Preposto al Benessere
Animale” of the University of Insubria, Varese, Italy, and
nationally by Ministero della Salute (n. 449/2021-PR), Italy;
and used in agreement with the Art.18 of decreto legislativo
4 marzo 2014, n. 26 and Art. 26 in directive 2010/63/eu of
the European parliament and of the council of 22 September
2010.

Electrophysiology

The two-electrode voltage clamp (TEVC) Oocyte ClampOC-
725B, Warner Instruments, Hamden, CT, USA was used for
controlling voltages and recording currents. The clamped
oocytes were maintained under continuous perfusion of the
basic buffer solution ND98 (NaCl 98 mM, CaCl, 1.8 mM,
MgCl, 1 mM, HEPES 5 mM at pH7.6) with a flow rate
of 1.5 mL/min. For concentration —response curves and
competitive assay experiments, solution exchange was
performed using an in-house developed gravity-driven
digitally controlled perfusion control system. Signals were
filtered at 0.1 kHz and sampled at 1 kHz. The voltage-step
experiments were performed by the voltage pulse control
protocol consisting of 10 square pulses (0.8 s long) from
-140 mV to+40 mV (at 20 mV increments). All recorded
currents were digitalized using Axon CNS 1440B Digidata
system controlled by pClamp 11.2.2 (Molecular Devices,
USA).

For whole-cell patch clamp experiments using CHO
cells expressing human GAT1 on the Patchliner™ (Nanion
Technologies GmbH, Germany), the cell-harvesting was
performed right after the setup of the instrument, to be
transferred directly into the CellHotel™. The cells were
automatically transferred from the CellHotel™ to each of
the eight wells of 4X chips for Patchliner™ that was set in
the whole-cell mode with the holding membrane potential
at —80 mV.

The internal solution (10 mM NaCl, 110 mM KF, 10 mM
EGTA, 10 mM KCl, and 10 mM HEPES at pH 7.2) was
provided inside the cells, followed by the external solution
outside (Ca*?-rich, 130 mM NaCl, 4 mM KCl, 10 mM
CaCl,, I mM MgCl,, 5 mM b-Glucose monohydrate,
10 mM HEPES at pH 7.4) for seal enhancement. For the
recording on the Patchliner™, only cells showing a seal
resistance > 300 MQ were taken into consideration for the
analysis. After the seal was established, a double wash with

external solution (standard, 140 mM NaCl, 4 mM KCl,
2 mM CaCl,, 1 mM MgCl,, 5 mM bp-Glucose monohydrate,
10 mM HEPES at pH 7.4) was performed to remove the
extra Ca**. The following fluidic protocol was followed for
all betaine concentrations: 6 s perfusion of 60 uL of betaine-
containing external solution (speed 10 uL/s) followed by
18 s perfusion of 180 pL of external solution (standard) to
wash away the betaine (speed 10 pL/s).

Substrate detection in X. laevis oocytes using LC-
MS/MS

To perform the substrate uptake experiment, the X. laevis
oocytes expressing rGAT1 were incubated in a fresh Petri
dish containing the substrate + ND98 for 25-30 min at
18 °C. To remove any presence of the extracellular substrate
post-incubation, the oocytes were carefully washed thrice
with ice-cold ND96 for two minutes. At the end of the
washing, the oocytes (in the group of 5) were transferred
in a fresh Eppendorf containing CH,;OH:CHCl;:H,O in
proportion of 3:1:1 v/v with the solvent to oocytes ratio of
1:100. The oocytes were homogenized using water ultra-
sonicator and then centrifuged at 13,000xg for eight minutes
at 4 °C. The supernatant from these samples was removed,
and the pallet containing the cytosol content with oocyte
debris were diluted in H,O (MilliQ, Merck, Italy) to extract
the hydrophilic compounds. These samples were centrifuged
at 13,000xg for eight minutes at 4 °C and the aqueous top
part containing cytosol content was extracted and used
immediately for LC-MS/MS detection or stored at —80 °C
to use later (up to three months).

Betaine and GABA standard stock solutions (1 mM in
0.1% formic acid) were prepared in MS grade water. For
quantitative mass spectrometry, a Finnigan LXQ linear ion
trap mass spectrometer, equipped with an ESI ion source
(Thermo Electron Corporation, CA, USA) was used. The
analyses were performed in positive (spray voltage 4.5 kV,
capillary temperature 270 °C) and in the multiple-reaction
monitoring (MRM) mode. The tuning parameters, the
optimization of collision energy for each substance, and
the choice of target compound fragments were conducted
in continuous flow mode by using standard solutions at a
concentration of 5 pM. The MRM acquisitions for GABA
and betaine were accomplished by monitoring the 114/89
and 118/59 transitions, respectively. The HPLC analysis
was performed using a Finnigan Surveyor MS plus HPLC
system (Thermo Electron Corporation, CA, USA). For both
GABA and betaine quantitation, separation was achieved
using the C18 column (ACQUITY UPLC Peptide BEH C18
Column, 300 A, 1.7 pm, 2.1 mm X 150 mm). The mobile
phase was composed of (A) water with 0.1% (v/v) formic
acid and (B) acetonitrile (100%) plus 0.1% (v/v) formic acid

@ Springer



269 Page 16 of 20

M. Bhatt et al.

with a flow rate 200 pL/min; gradient 0-7.0 min/2% (v/v) B,
7-10 min/2-50% (v/v) B; 10-15 min/50-2% (v/v) B.

To verify the sensitivity and linearity of the LC-MS/
MS response to GABA and betaine, calibration curves
showing the relative peak areas plotted against analytes
concentrations (range 2—16 uM) were created. GABA and
betaine contents were expressed as relative intensities (peak
areas) among samples.

Radiolabelled GABA release assay

The batch-release assays have been conducted as described
before [77, 78]. In brief, the transfected HEK293 cells
overexpressing rGAT1 were grown overnight onto poly-
p-lysine coated 96-well plates (4 x 10% cells/well). After
removing DMEM, the cells were loaded with 0.01 uM
[*H]-GABA in Krebs—Ringer HEPES buffer (KHB; NaCl
120 mM, KCl1 3 mM, CaCl, 2 mM, MgCl, 2 mM, glucose
20 mM, HEPES 10 mM at pH7.3) for 20 min (5% CO,,
37 °C). After the incubation, the cells were brought to
room temperature and washed five times with KHB during
15 min. Afterwards, cells were kept during 10 min either in
KHB or KHB + monensin (mon) 10 pM and the resulting
supernatant was discarded. The batch-release assay started
by applying either KHB or KHB + mon 10 pM (100 pL;
every 2 min, four times). Subsequently, the substance of
the interest (in KHB or KHB +mon 10 pM) was added
at a specific concentration (every 2 min, five times). The
resulting supernatants were collected and transferred to the
neighbour wells. Tiagabine (10 pM) and GABA (1-300 pM)
were used as negative and positive controls, respectively.
Three independent experiments were performed in duplicate
for every compound and respective concentration of interest.
At the end, liquid scintillation cocktail was added to the
wells with remaining cells, with transferred supernatant and
to the wells used for total uptake and activity measurements.
The total radioactivity present in the supernatant and in
the remaining cells was set as 100%, and the amount of
[’H]-GABA present in the supernatant was expressed as
percentage of the total.

Molecular docking and molecular dynamics
simulations

In the absence of a crystal or cryo-EM structure of GAT1 in
the outward-facing conformation, we selected the Alphafold
homology model to analyse the stability of the docked
and bound betaine [43, 44]. The docking experiments
were performed using GOLDscore scoring function on
GOLD molecular docking software (The Cambridge
Crystallographic Data Centre, UK). For MD simulations,
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the bound-ions were added to the GAT1 model using
the outward-open human SERT crystal structure (PDB
ID: 5171) [45] as a reference. The generated system was
converted from full-atom into a coarse grain representation
using the MARTINI force field [79-81], with a membrane
composition of 1-palmitoyl-2-oleoyl phosphatidylcholine
(POPC): cholesterol containing membrane (POPC:CHOL
70:30 mol%) [82] solvated in water with 150 mM NaCl.
After 1 ps of coarse-grain simulation, while restraining
the protein structure, the membrane was equilibrated. The
coarse-grained system was then converted to an all-atom
representation [83] in which the transporter was replaced
by the original GAT1 model to avoid factitious structural
imprecisions induced by the double coordinate conversion
of the protocol. Betaine was positioned according to
the docking results. Possible atom overlaps between the
reinserted protein and the relaxed membrane were loosened
using the membed procedure [84] as previously described
[85]. We used the amber ff99SB-ILDN force field [86] to
describe GAT1, ions and the solvent, and Slipid [87] for
POPC and cholesterol. Previously reported structural
analysis of the orthologous SERT structure [45], suggests
that the residue E467 is protonated. All simulations were
carried out with GROMACS version 2021.4 [88]. Three
replicas of the final assembled system were energy-
minimised and equilibrated in four steps of 2.5 ns, each by
stepwise releasing the position restraints (1,000, 100, 10,
1 kJ/mol/nm) that are active on the Ca atoms and the bound
chloride ion [89, 90]. Per each trajectory, the production
run was carried for 500 ns after removing all position
restraints. The temperature was maintained at 310 K using
the v-rescale (t=0.5 ps) thermostat [91], while separately
coupling protein, membrane, and solvent. The pressure
was maintained at 1 bar using the Parrinello-Rahman
barostat [92] in a semi-isotropic manner and applying a
coupling constant of 20.1 ps. Long-range electrostatic
interactions were described using the smooth particle
mesh Ewald method [93] applying a cutoff of 0.9 nm.
The van der Waals interactions were described using the
Lennard Jones potentials applying a cutoff of 0.9 nm. Long-
range corrections for energy and pressure were applied.
Coordinates of all atoms were recorded every 5 ps. The
complete set of parameters of the production run can be
found in the supplementary materials (Code S1).

Quantification and statistical analysis
Electrophysiological analysis

For TEVC, data analysis was performed using Clampfit
11.2 (Molecular Devices, USA). The dose-response
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currents were calculated as the maximum current amplitude
during the perfusion, and the curves were fitted by non-
linear regression to the Logistic equation using Originpro
8 (OriginLab Corporation, USA). The pre-steady state
currents in rGAT1 were isolated by subtraction of the
corresponding trace in the presence of SKF89976a 30 uM,
as this molecule blocks all of the transport-associated steady
state and transient currents [29, 30]. The resultant traces
were fitted with single exponentials to obtain decay time
constant and voltage (t—V) curves. The same traces were
used to obtain the charge dislocation-voltage (Q-V) curves
by fitting with Boltzmann equation to the sigmoidal curve,
which also provided maximal displaceable charge Q,,,, [30,
40]. The further derivation of T—V and Q-V curves yielded
the unidirectional rate constants inrate (a) and outrate ()
(Eq. 1).

O, = —Qmax inrate = 1 Gin outmtel (1 - —Qi" )
1 + exp [LVHS)] T max T Qmax
o
(D

Equation 1: The Boltzmann equation quantifies Q,,,, total
displaced charge. Where Q,,,, is the maximal displaceable
charge, V5 is the voltage at which half maximal charge is
displaced (i.e., midpoint of the sigmoidal), ¢ represents the
slope factor. The inrate and outrate constants provide the
unidirectional constants a and f respectively.

The data collected with Patchliner™ were saved as
ASCII files and successively analysed with the software
OriginPro 2021 (OriginLab Corporation, USA). The traces
were filtered (using a weighted Adjacent-Averaging filter
with ten points of window) and for each cell the baseline
was subtracted to the respective betaine traces. The transport
current was read as average + SD (standard deviation) of the
current value between 4 and 6 s after betaine perfusion. It
is to be noticed that the current in each well is generated by
the sum of currents coming from four cells simultaneously
since each well of a 4X chip contains four holes for cell
attachment.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s00018-024-05309-w.
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