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ABSTRACT: While y-aminobutyric acid (GABA) is the main
inhibitory neurotransmitter, suitable tools to measure its
concentration in living cells with high spatiotemporal
resolution are missing. Herein, we describe the first ratiometric
fluorescent sensor for GABA, dubbed GABA-Snifit, which
senses GABA with high specificity and spatiotemporal
resolution on the surface of living mammalian cells. GABA-
Snifit is a semisynthetic fusion protein containing the GABA;
receptor, SNAP- and CLIP-tag, a synthetic fluorophore and a
fluorescent GABAy receptor antagonist. When assembled on
cell surfaces, GABA-Snifit displays a GABA-dependent
fluorescence emission spectrum in the range of 500—700 nm
that permits sensing micromolar to millimolar GABA

SNAP,
(@)
% FRET
GABA
extracellular O
| —= TN

intracedlular

GBtla GB2 GB1a

GB2

concentrations. The ratiometric change of the sensor on living cells is 1.8. Furthermore, GABA-Snifit can be utilized to
quantify the relative binding affinities of GABAy receptor agonists, antagonists and the effect of allosteric modulators. These
properties make GABA-Snifit a valuable tool to investigate the role of GABA and GABAj in biological systems.

B INTRODUCTION

y-Aminobutyric acid (GABA) is the main inhibitory neuro-
transmitter in the mammalian nervous system.' Perturbations
in GABAergic inhibition are responsible for neurological
disorders such as epilepsy, anxiety disorders, and schizophre-
nia.” In addition to its role in neuronal communication, GABA
plays a role in embryonic development and adult neurogenesis.”
Furthermore, GABA participates in intercellular communica-
tion outside the nervous system.” A detailed characterization of
the role of GABA in these different biological processes will
require the measurement of GABA concentrations with high
temporal and spatial resolution. Reported noninvasive methods
for analysis of GABA concentrations in living systems are based
on in vivo magnetic resonance spectroscopy (MRS)S’6 and in
vivo microdialysis techniques.”® Furthermore, electrochemical’
and piezoelectric'® GABA sensors were developed to detect
GABA ex vivo. However, these methods lack the required
sensitivity or spatiotemporal resolution to measure GABA
concentrations on the level of a single cell required for further
elucidation of the role of GABA. Fluorescent biosensors based
on Forster resonance energy transfer (FRET) are well suited
for the measurement of small-molecule concentrations in cells
and in vivo."' Such FRET biosensors are usually based on a
receptor protein that undergoes a conformational change upon
binding to the analyte of interest. Expressing such a receptor
protein as a fusion protein with two autofluorescent proteins
can then result in the generation of a FRET sensor. Despite
successful examples of FRET sensors for the neurotransmitter
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glutamate,"* carbohydrates,™ cyclic nucleotides,'*'> ATP, and
others,"®™'® no FRET biosensors for GABA have been reported
so far. Using traditional methods for the generation of FRET
biosensors we would first need to identify an appropriate
GABA binding protein which undergoes a significant conforma-
tional change upon GABA binding — so far none has been
found. Recently, we reported an approach for the creation of
FRET-based biosensors that circumvents the need for a
conformational change of an analyte binding protein.'™>!
These sensors, termed Snifits (SNAP-tag based indicator with a
fluorescent intramolecular tether), are fusion proteins consist-
ing of SNAP-tag, CLIP-tag, and a receptor protein (Figure 1A).
SNAP- and CLIP-tag, two self-labeling protein tags,”"23 are
labeled with a synthetic fluorophore tethered to a receptor
protein ligand and a second synthetic fluorophore, respectively.
The ligand binds to the receptor protein and maintains the
Snifit in a closed conformation. Free analyte competes for
binding to the receptor protein and can shift the equilibrium
toward an open conformation. The conformational change
results in reduced proximity of the two fluorophores and hence
a change in their FRET efficiency.

Here we introduce a Snifit for GABA that is based on the
metabotropic GABAg receptor as a receptor protein and a
fluorescent antagonist as a synthetic ligand (Figure 1B). GABA-
Snifit represents the first biosensor that permits the measure-
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Figure 1. Snifits. (A) Snifit principle. A Snifit is composed of a fusion
protein between SNAP-tag, CLIP-tag, and a receptor protein (RP) for
the analyte of interest. SNAP-tag is labeled with a molecule containing
a fluorophore (red star) and a ligand (gray ball) that binds to the RP;
CLIP-tag is labeled with a second fluorophore (green star). In the
absence of analyte (pink ball), the intramolecular ligand keeps the
Snifit in a closed conformation. In the presence of sufficient
concentrations of analyte, the Snifit is shifted toward an open
conformation. Opening and closing of the Snifit are detected through
changes in FRET efficiency between the two fluorophores. (B) GABA-
Snifit. The metabotropic GABAy receptor composed of the GBla
(light gray; containing the sushi domains (orange)) and the GB2
subunit (dark gray) is used as RP and a GABAg receptor antagonist
(gray ball) as intramolecular ligand. GABA-Snifit detects GABA or
synthetic GABA ligands through displacement of the intramolecular
antagonist and a resulting change in FRET efficiency. As GABAy is
known to form oligomers on cell surfaces, it should be noted that an
intermolecular binding of the tethered antagonist cannot be excluded.

ment of GABA concentrations on the surface of mammalian
cells with high temporal and spatial resolution.

B RESULTS

Design of GABA-Snifit. The design of a Snifit for GABA
requires a suitable GABA-binding protein as well as a synthetic
ligand that competes with GABA for binding to the receptor.
For the GABA-binding protein we chose the metabotropic G
protein-coupled GABAjy receptor. The GABAy receptor is an
obligatory heterodimeric transmembrane receptor composed of
the homologous subunits GABA, (GB1) and GABAg, (GB2).
Furthermore, two GBIl receptor isoforms resulting from
alternative splicing exist, GBla and GB1b. GBla contains two
N-terminal complement control protein (CCP) modules, the
so-called sushi domains (SDs) that are lacking in GB 1b.** The
SDs are conserved protein interaction motifs which are believed
to be important for axonal targeting of the receptor.”> Both
subunits GB1 and GB2 possess a large extracellular domain, the
so-called venus flytrap domain (VFT) which is linked to the N-
terminus of a heptahelical transmembrane domain (7TM). The
VET of GB1 binds orthosteric ligands such as GABA and other
agonists or antagonists, whereas the VFT of GB2 does not bind
any orthosteric GABAjy receptor Iigand.26 Upon agonist
binding, the two lobes of GB1 VFT close. This results in a

change in the relative orientation of the two subunits and to G
protein activation by the 7TM of GB2.”” It has been shown that
SNAP-tag fusion proteins of the GABAg receptor are functional
and have been used for FRET studies on receptor dimerization
in living cells.”® For the generation of GABA-Snifit we focused
on GBla and generated a construct for the expression of a
SNAP-CLIP-GBla fusion protein (Figure 1B). Functional
GABA-Snifit then is based on the coexpression of SNAP-
CLIP-GBla and GB2, and the labeling of the sensor with a
fluorescent ligand that competes with GABA for binding.

Various GABAg receptor agonists and antagonists have been
reported,” and some of these were derivatized with synthetic
probes without abolishing their binding affinity to the
receptor.”” ' For the labeling of GABA-Snifit, antagonists
are preferable over agonists as they keep the G protein-coupled
receptor (GPCR) in an inactive state. We therefore chose the
GABAj receptor antagonist CGP 51783 1 ((3-[[4-
chlorophenyl)methyl Jamino-propyl]-(P-diethoxymethyl)-phos-
phinic acid) as a starting point for the generation of a
fluorescent ligand (Figure 2A).>> The affinity of CGP 51783
has been reported to be 1 yM. Furthermore, it has been shown
that coupling of a similar antagonist to a spacer did not affect its
affinity to GABAy.>" This suggests that tethering of compound
1 to SNAP-tag should not disrupt its binding affinity. To
transform CGP 51783 1 into an appropriate substrate for
GABA-Snifit, we synthesized derivative 2 (Figure 2A) to which
fluorophores and the SNAP-tag substrate benzylguanine (BG)
were coupled via a short flexible linker (Figure 2B). The
resulting probes BG-CyS-CGP 3, BG-TMR-CGP 4, and BG-
AlexaFluor$94-CGP § contained a polyethylene glycol (PEG)
linker between BG and the fluorophore to facilitate binding of
the antagonist to the receptor. For control experiments we
prepared the identical SNAP-tag substrates but lacking the
GABA;, receptor antagonist (BG-CyS 6, BG-TMR 7, and BG-
AlexaFluor594 8; Figure S1(Supporting Information [SI]). A
detailed outline of the synthesis of all derivatives is provided in
the SI.

Characterization of GABA-Snifit. To confirm the cell
surface expression of GABA-Snifit, human embryonic kidney
293 cells (HEK 293 cells) transiently expressing SNAP-CLIP-
GBla and GB2 were labeled with fluorescent substrates of
SNAP- and CLIP-tag and subsequently analyzed by confocal
fluorescence microscopy (Figure 3A). These data demonstrate
that GABA-Snifit is well expressed and can be specifically
labeled via SNAP-tag and CLIP-tag. Furthermore, the cell lysate
of cells expressing SNAP-CLIP-GB1a and GB2 was analyzed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and subsequent in-gel fluorescence scanning,
demonstrating the presence of doubly labeled sensor proteins
of the correct size (Figure 3B).

We then investigated if GABA-Snifit retains the affinity of
native GABAj receptor for GABA and is capable of GPCR
signaling. To detect GABA-binding and receptor activation of
GABA-Snifit, we coexpressed SNAP-CLIP-GB1a, GB2, and the
chimeric G protein Gqi9 in HEK 293 cells and analyzed the
nonlabeled GABA-Snifit. It has been previously shown that
Gqi9 permits activation of phospholipase C (PLC) by the
GABA; receptor in HEK 293 cells.*® Active PLC stimulates
inositol 1,4,5-trisphosphate (IP;) formation which triggers
calcium release from the endoplasmic reticulum (ER) into the
cytosol. Upon addition of different GABA concentrations we
measured an increase in cytosolic calcium concentrations
utilizing a calcium-sensitive fluorescent dye. We analyzed
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Figure 2. Molecules used for labeling of GABA-Snifit. (A) GABAg
receptor antagonist CGP 51783 1 and its derivative 2 used for
generation of tethered fluorescent ligands. (B) Synthetic probes for
semisynthesis of GABA-Snifit; these probes contain the SNAP-tag
substrate benzylguanine (BG) (blue), the intramolecular ligand CGP
(pink), and different fluorophores. Top: BG-CyS-CGP 3 (red).
Middle: BG-TMR-CGP 4 (green). Bottom: BG-AlexaFluor594-CGP §
(violet).

PLC activation as a function of [GABA] and obtained a half
maximal effective concentration (ECsy) of 56 + 19 nM for
GABA-Snifit (Figure 3C). This value describes the GABA
concentration that results in a half maximal calcium response in
cells transiently expressing GABA-Snifit. These data demon-
strate that GABA-Snifit binds GABA and is functional with
respect to GPCR signaling.

Measuring GABA with GABA-Snifit. To test the
suitability of GABA-Snifit for GABA sensing, HEK 293 cells
coexpressing SNAP-CLIP-GBla and GB2 were labeled for 20
min at 37 °C with BG-Cy5-CGP 3 (2 M) and CLIP-Surface
547 25 (10 uM) (Figure 4A). CLIP-Surface 547 contains the
fluorophore DY-547, a good FRET donor for CyS (Figure S2,
SI). It should be noted that the use of membrane impermeable
substrates for the labeling of GABA-Snifit allows us to assemble
the sensor exclusively on the cell surface (Figure S3, SI).
Perfusion of the cells with buffer containing 1 mM GABA
resulted in a decrease in DY-547 fluorescence, an increase in
CyS fluorescence, and a resulting decrease in the emission ratio

(Fpy.s47/Fcys) (Figure 4B). Control experiments of cells
expressing GABA-Snifit and labeled with BG-CyS 6 lacking
the GABAj receptor antagonist did not result in a detectable
intensity ratio change upon GABA addition (Figure S4, SI).
Furthermore, mock-transfected HEK 293 cells which were
incubated with BG-CyS-CGP 3 (2 uM) and CLIP-Surface 547
25 (10 uM) did not show any unspecific fluorescent labeling or
background fluorescence (Figure SS, SI). In further control
experiments GABA-Snifit was perfused with GABAg-unspecific
ligands such as glutamate, glycine, aspartate, and others,
resulting in no intensity ratio change (Figure S6, SI). This
indicates that the observed intensity ratio change of GABA-
Snifit labeled with BG-CyS-CGP 3 is indeed due to a specific
replacement of the GABAg receptor antagonist by GABA and a
concomitant switching of GABA-Snifit to an open conforma-
tion. The fact that FRET efficiency increases upon sensor
opening is noteworthy as previously described Snifits showed a
decrease in FRET efliciency upon sensor opening. However,
the GABAjp receptor is a heterodimeric transmembrane
receptor that is known to form stable dimers of heterodimers.”®
The dimerization was shown to occur at the level of GB1,*
raising the possibility that the covalently bound antagonist
binds to the GBla of the other heterodimer. Another unique
property of GABA-Snifit is that the SNAP-CLIP fusion is
separated from the GABA-binding domain by an additional
domain, the so-called Sushi domains (Figure 1B), whereas in
previously described Snifits SNAP-CLIP was fused directly to
the ligand-binding domain. To gain more insights into the
sensing mechanism of GABA-Snifit, we compared its FRET
efficiency in the open state with those of two other Snifits
previously utilized on cell surfaces. These were a Snifit for
sulfonamides based on human carbonic anhydrase (HCA-
Snifit)*® and a Snifit for glutamate based on the ionotropic
glutamate receptor iGluRS (Snifit-iGluRS).*" All three Snifits
were expressed in HEK 293 cells and labeled with BG-CyS 6
and BC-DY-547 25, and the fluorescence emission intensity
ratios were measured for all three Snifits under identical
instrument settings. Snifits labeled with fluorophores not
containing a ligand for the receptor proteins mimic the open
state of the sensor. We found that the intensity ratio is similar
for all three Snifits (Figure S7, SI). This demonstrates that the
dimerization of GABAy does not influence the FRET efliciency
in the open Snifit state. However, the absence of structural
information on (dimeric) GABAj receptor prevents a
clarification if sensor closing is due to an inter- or intra-
molecular interaction. Regardless, our results demonstrate that
the GABA-dependent emission ratio change is due to a
displacement of the fluorescent antagonist from the GABA
binding site.

To determine the concentration range in which GABA-Snifit
can be utilized to measure changes in [GABA], we perfused
cells expressing GABA-Snifit with different GABA concen-
trations (Figure SA) and fitted the corresponding ratio changes
to a single-site binding isotherm (eq 4, SI; Figure SB). These
experiments yielded a K °™PS*BA of 100 + 10 uM; this
constant represents the concentration at which GABA has
displaced half of the antagonist from the binding site. It should
be noted that the affinity of GABA is lower than its efficacy at
GABA3™> and that in labeled GABA-Snifit GABA competes for
binding with tethered GABAg antagonist. For these reasons,
higher GABA concentrations are needed to open the GABA-
Snifit than to induce an intracellular calcium response. Different
reports indicate that GABA concentrations in brain rise to the
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Figure 3. Characterization of GABA-Snifit. (A) Expression of GABA-Snifit on the surface of mammalian cells. SNAP-CLIP-GB1a was labeled on the
surface of HEK 293 cells with the dyes Alexa Fluor 488 and DY-647 via their corresponding benzylcytosine (BC)- and benzylguanine (BG)-
derivatives. Images were taken using a confocal Zeiss LSM 700 microscope. Scale bar 10 ym. (B) SDS-PAGE and in-gel fluorescence scanning of the
labeled sensor protein SNAP-CLIP-GBla on HEK 293 cell surface and Coomassie staining. Lane 1: MW, lane 2: GABA-Snifit (150 kDa). (C)
Calcium dose response generated by increasing concentrations of GABA in HEK 293 cells expressing SNAP-CLIP-GB1a together with GB2 and the
chimeric G protein Gqi9. In this experiment GABA-Snifit was not labeled. Data are means + s.d. of triplicate determinations and representative of

three independent experiments.
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Figure 4. Perfusion experiments for GABA detection on the surface of HEK 293 cells. (A) Donor channel (DY-547), FRET channel (CyS), and
transmission channel of the GABA-Snifit on HEK 293 cells labeled with BC-DY-547 25 and BG-CyS-CGP 3. Scale bar 50 ym. (B) Time course of
the intensity ratio of donor emission vs acceptor emission (top), of the donor channel (middle), and the acceptor channel (bottom) upon addition
and removal of 1 mM GABA. The red bar indicates the time span of GABA perfusion.

millimolar range and that GABA’s half-maximal response
(ECy,) in brain stem slices of rats is about 20—70 #M.>® The
here measured K °"PCABA demonstrates that GABA-Snifit
detects GABA in a concentration-dependent manner and that it
should be well suited for GABA detection under physiological
conditions. By dividing the intensity ratio when no GABA is

present and at saturating GABA concentration (eq 2, SI) we
obtained a maximum ratio change of AR, = 1.5 + 0.08 for the
DY-547—CyS5 pair. We have observed for other Snifits that the
quantum yield (QY: the ratio of photons absorbed to photons
emitted through fluorescence) of fluorophores bound to SNAP-
tag can slightly decrease in the closed state of the sensor and
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Figure 5. Calibration of GABA-Snifit. (A) Perfusion of GABA-Snifit with increasing GABA concentrations. GABA-Snifit is labeled with BC-DY-547
25 and BG-CyS-CGP 3 on the surface of HEK 293 cells and perfused with GABA (a =1 uM, b = 10 uM, ¢ = 20 uM, d = 40 uM, e = 100 uM, f=1
mM, g = 10 mM). Shown is the ratio of donor (DY-547) and acceptor (CyS) emission. (B) GABA titration curve of GABA-Snifit on the surface of
HEK 293 cells. Shown is the intensity ratio change AR = Frero> TS [ ALY S/ for different GABA concentrations. Data are means + s.d. of

three independent experiments; (n = 15).

that this can contribute to the observed ratio change.'” To
investigate if AR, is due to a FRET effect alone or if other
factors contribute, we labeled GABA-Snifit with BG-CyS-CGP
3 but not with CLIP-Surface 547 25. We perfused the cells with
1 mM GABA and recorded the emission of CyS (Figure S8A,B
SI). We observed a decrease in CyS fluorescence when the
fluorescent antagonist was displaced from the GABA-binding
site of GABA-Snifit (R,o, prer”° = 1.07 + 0.03; eq 3, SI). This
environmental effect decreases the total intensity ratio change.
To improve the observed ratio change of GABA-Snifit, we
labeled the sensor with BG-TMR-CGP 4 as donor fluorophore
and CLIP-Surface 647 24 containing DY-647 as acceptor
fluorophore. In this arrangement, a reduced QY of SNAP-
bound FRET donor in the closed state should increase the
intensity ratio change. As predicted, we found a maximum ratio
change of AR, = 1.6 + 0.08 (eq 2, SI) for the TMR/CyS pair
(Figure S9A, SI and Table 1). This increased maximum ratio

Table 1. Fluorophore Pairs Utilized with GABA-Snifit

maximum ratio environmental
SNAP-tag CLIP-tag change effect
BG-CysS-CGP BC-DY-547 1.5 £ 0.08 —
BG-Cys-CGP BC-Alexa488 1.8 + 0.06 —
BG-TMR-CGP BC-DY-647 1.6 + 0.04 +
BG-TMR-CGP BC-Alexa488 1.4 + 0.02 —
BG-Alexa594-CGP BC-Alexa488 1.3 + 0.04 -

change relative to the DY-547/CyS pair is due to the
environmental effect on the TMR fluorophore (Ro,prer "°
= 1.08 + 0.04; eq 3, SI) (Figure S6C,D). Furthermore, control
experiments with a derivative of BG-TMR-CGP 4 lacking the
GABAj antagonist (ie, BG-TMR 7) did not result in an
intensity ratio change upon GABA addition (Figure S10A, SI).

To further demonstrate the ease with which different FRET
pairs can be utilized for GABA-Snifit we labeled it with three
additional FRET fluorophore pairs: Alexa Fluor 488/CyS, Alexa
Fluor 488/TMR, and Alexa Fluor 488/Alexa Fluor 594. We
found a GABA-dependent intensity ratio change for all
fluorophore pairs upon perfusion (Figure S9, SI).

Control experiments for each fluorophore pair confirmed
that the observed ratio change is dependent on the presence of
covalently attached GABAj receptor antagonist (Figure S10,
SI). The intensity ratio changes for all five different fluorophore
pairs tested with GABA-Snifit are summarized in Table 1. The
AR_,,, varied between 1.3 and 1.8, and the Alexa488/CyS pair
showed the highest ratio change.

The use of membrane-impermeable dyes results in the
exclusive semisynthesis of GABA-Snifit on the cell surface. This
prevents interference from sensor protein not fully transported
to the cell surface when measuring extracellular GABA
concentrations. To visualize the intracellular protein pool of
GABA-Snifit we incubated HEK 293 cells expressing GABA-
Snifit with a cell-permeable fluorescent SNAP-tag substrate,
revealing the presence of a significant intracellular pool of
SNAP-CLIP-GB1a (Figure S11, SI). It should be noted that the
cell-permeable substrate does not contain the GABAjg
antagonist, and thus the intracellular pool of GABA-Snifit
does not allow for GABA sensing. In contrast to Snifits, the
intra- and extracellular sensor populations of FRET sensors
based on autofluorescent proteins can only be discriminated
through confocal microscopy, complicating the use of these
Sensors.

Signal transduction of GABAy might interfere with the use of
GABA-Snifit and/or might result in the internalization of
GABA-Snifit. To prevent GPCR signaling after GABAj
receptor activation, we replaced wt-GABA; with the GABAy
receptor chimera GB1/2*” (Figure S12A, SI). GB1/2 contains
the VFT of GBla and the 7-TM of GB2. It is able to bind
GABAj receptor ligands but is not able to couple to G proteins.
SNAP-CLIP-GB1/2 fusion protein was expressed in HEK 293
cells, and its cell surface expression was confirmed by confocal
microscopy (Figure S12B, SI). When SNAP-CLIP-GB1/2 was
labeled with BG-Cy5-CGP 3 and CLIP-Surface 547 2§, we
could detect GABA by a decrease in the emission ratio with a
AR, of 1.4 (Figure S12C, SI). GB2 VFT was reported to
increase GB1 VFT affinity for GABA.>® As this GABAy domain
is missing in the new GABA-Snifit, we observed K «mPSABA of
420 + 50 uM upon perfusion with different [GABA] (Figure
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Figure 6. Titration curves of SNAP-CLIP-GBla on the surface of HEK 293 cells with different GABAg receptor ligands. GABA-Snifit is labeled with
BC-DY-547 25 and BG-CyS-CGP 3 on the surface of HEK 293 cells and perfused with increasing concentrations of ligands. (A) Intensity ratio
change AR = 1, PYS7/053) rh-gmdDY'S‘W ©s for different concentrations of the agonists R,S-baclofen (black squares), GABA (cyan triangles), 3-APPA
(red circles), and for the antagonist CGP 52432 (blue triangles). (B) Intensity ratio change AR = r,,, DY/ /50,5 PYS7/OS for different GABA
concentrations in the absence of PAMs (black squares) and the presence of the PAMs CGP 7930 (blue triangles) or rac-BHFF (red circles). Data are

means + s.d. of three independent experiments (n > 18).

S12D SI) compared to the previously described K ©mPSABA of
100 + 10 M.

Functional tests with SNAP-CLIP-GB1/2 and the chimeric
G protein Gqi9 showed no increase in cytosolic calcium
concentrations upon addition of GABA (Figure S12E, SI). This
demonstrates that SNAP-CLIP-GB1/2 is suitable as GABA
Snifit. It senses GABA on the cell surface in a higher
concentration range and is nonfunctional with respect to G
protein coupling. GABA-Snifit based on GB1/2 is therefore
suitable for sensor applications where cell signaling has to be
avoided.

The release of GABA from neurons takes place over a period
of ~200 ms,* and the temporal resolution of any GABA sensor
ideally should be in a similar range. Our previous experiments
with other Snifits'® ™' suggest that the kinetics of the opening
and closing of GABA-Snifit should be determined by the
dissociation rate constant (k) of the tethered fluorescent
antagonist and GABA, respectively. A ko of 5.8 s™* has been
reported for the dissociation of GABA from GABAy* We
attempted to determine the rate of sensor opening and closing
through GABA perfusion experiments. The measured opening
rate of the sensor (kopening = 0.68 + 0.17 s™; obtained by fitting
the change in emission ratio to a single exponential function;
S1, eq S and Figure S13A) was similar to the speed with which
the bath solution inside the perfusion chamber could be
exchanged (kpm-usian = 0.77 + 0.04 s~'; Figure S14, SI). As
observed for sensor opening, the measured rate for sensor
closing upon GABA removal was at least partially determined
by the rate of GABA removal from the perfusion chamber
(kdosing = 0.35 £ 0.14 s7'; obtained by fitting the change in
emission ratio to a single exponential function; SI eq 6 and
Figure S13B). In conclusion, the temporal resolution of GABA-
Snifit is in the range of seconds, but more sophisticated
experiments are needed to determine if GABA concentration
changes in the range of milliseconds can be measured.

Characterization of GABA; Receptor Agonists, Anta-
gonists, and Allosteric Modulators through GABA-Snifit.
The pharmacological manipulation of GABAg receptors is of
interest for the treatment of a wide variety of neurological
diseases and psychiatric disorders.*' The only synthetic ligand

19031

currently in clinical use is the agonist Baclofen (4-amino-3-(4-
chlorophenyl)butanoic acid - Lioresal). GABA-Snifit could be
employed in drug research for the characterization of the
affinity of synthetic GABAj receptor agonists and antagonists as
the binding of such ligands to the orthosteric site of GABAg
receptor should switch GABA-Snifit to its open conformation.
We characterized the interaction of GABA-Snifit with the
known agonists R,S-baclofen*” and 3-APPA (3-aminopropyl-
phosphinic acid)*® as well as the antagonist CGP 52432 ([3-
[[(3,4-dichlorophenyl)methyl]amino]propyl](diethoxy-
methyl)phosphinic acid).** All three ligands were able to open
the sensor (Figure S1S, SI), and by titrating the sensor with
different ligand concentrations and fitting the data to a single-
site binding isotherm (SI eq 4) we obtained KPP = 300
+ 60 uM, K OmPAPPA = 20 + 1.7 uM, and K,mPCCPS2432 - 280
+ 20 nM (Figure 6A). K;™P!8 reflects the affinity of each
ligand for the GABAj receptor. The K™ values of R,S-
baclofen and 3-APPA are in agreement with the reported 15-
fold difference between their GABAg receptor affinities (35 nM
for R,S-baclofen and 2.4 nM for 3-APPA; inhibition of binding
of [*H]-baclofen to cat cerebellum).* In contrast, according to
our K4 values, the GABAy affinity of the antagonist CGP
52432 is 70-fold higher than that of 3-APPA, whereas its
reported affinity on brain membranes is 11 times lower (55 nM
for CGP 52432 and S nM for 3-APPA; inhibition of binding of
[*H]-APPA to rat cerebral cortex membranes).”’ We speculate
that this discrepancy is due to the different assay systems
employed: GABA-Snifit measures the affinity of a ligand for the
heterologously expressed GABAj receptor consisting of GBla
and GB2 in HEK 293 cells, whereas in previous reports the
affinity of a ligand for the ensemble of GABAg receptors was
measured in preparations of brain membranes. It was shown for
3-APPA that agonist affinities to native GABAg receptors differ
from those measured for recombinant GABA.*® Furthermore
GABAj receptor isoforms may be pharmacologically hetero-
genic in vivo, and some show insensitivity toward CGP
52432.%” Thus, GABA-Snifit can be utilized in drug discovery to
characterize the specific binding affinity of GABAy agonists or
antagonists, but the measured affinity does not necessarily
reflect the affinities of such ligands in vivo.
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Allosteric modulators of GABAy receptors bind to GABAg
outside its orthosteric site, thereby altering the binding affinity
and biological activity of agonists or antagonists.”® To test if
GABA-Snifit can sense the activity of allosteric modulators of
the GABAg receptor we used the positive allosteric modulators
(PAMs) CGP 7930 (2,6-di-tert-butyl-4-(3-hydroxy-2,2-dimeth-
yl-propyl)-phenol)* and rac-BHFF ((R,S)-5,7-di-tert-butyl-3-
hydroxy-3-trifluoromethyl-3H-benzofuran-2-one).>® CGP 7930
and rac-BHFF are known to increase the affinity of GABA;
receptor agonists but not antagonists, presumably by binding to
the heptahelical domain of GB2.*>' The addition of CGP 7930
(30 uM) or rac-BHFF (10 uM) in GABA titration experiments
of GABA-Snifit reduced K;°™PF4BA from 90 yuM + 10 uM to
30 uM + 3 uM with CGP 7930 and to 10 uM + 1 uM with rac-
BHFF (Figure 6B). The observed 3-fold increase in agonist
affinity is in agreement with previously published data on the
CGP 7930-dependence of [*H]3-APPA binding to GABAg
receptors in rat cortical membranes.*” For rac-BHFF a
nonselective GABA-binding assay is reported where rac-
BHFF enhanced [*H]-GABA binding in rat cerebral cortex
by 2-fold.>® However, rac-BHFF is 20-fold more potent than
CGP 7930 in increasing GABA efficacy at GABA; receptors.*®
Our data confirm that rac-BHFF is a more potent PAM than
CGP 7930. In conclusion, GABA-Snifit is capable of sensing the
activity of positive allosteric modulators of GABAg, broadening
its use for applications in drug discovery. These results also
demonstrate that the interaction of ligands other than GABA
with GABA-Snifit can interfere with GABA sensing,

B DISCUSSION

GABA-Snifit is the first fluorescent ratiometric sensor for
measuring GABA concentrations on the surface of live cells.
GABA-Snifit senses GABA in a physiologically relevant
concentration range from low yM to mM with high
spatiotemporal resolution. Considering (i) the ubiquitous role
of GABA in neurobiology, embryonic development and adult
neurogenesis, and (ii) the absence of other suitable sensors for
measuring GABA concentrations with appropriate spatiotem-
poral resolution, GABA-Snifit should become a valuable
research tool in biology. An important feature of GABA-Snifit
is its modular design which facilitates an adaption of the sensor
toward a particular application. For example, by exchanging its
underlying fluorophores different FRET pairs can be readily
generated. This flexibility is important when GABA-Snifit will
be used simultaneously with other, less flexible fluorescent
sensors in multiplexing experiments. Furthermore, previous
studies on the structure—activity relationship (SAR) of GABAy
antagonist CGP 51783 suggest how to modif;f the tethered
ligand to either improve or decrease its affinity.>* Changing the
affinity of the tethered ligand of GABA-Snifit would shift the
concentration range at which the sensor could be used.

Another application of GABA-Snifit is to sense the affinity of
synthetic ligands of GABAg. Such ligands can be agonists,
antagonists, or allosteric modulators, all of which are of
importance in drug research.

GABA-Snifit might also be used for studying the function of
GABAg. The tethering of an antagonist to GABA-Snifit locks
the receptor in an inactive conformation until GABA
concentrations rise to umolar levels. As the activation of
GABA-Snifit by GABA or other agonists results in an emission
ratio change, a simultaneous visualization of receptor activation
and internal signaling events for which appropriate fluorescent
sensors are available should be possible. Furthermore, locking

GABAj in a defined conformation through a tethered ligand
might facilitate structural studies. A synthetic agonist covalently
tethered to 3(2) adrenergic receptor was shown to stabilize the
receptor in an active conformation and facilitate its
crystallization.>

Another important aspect of this work is the demonstration
that GPCRs can act as binding proteins to generate fluorescent
ratiometric sensors for applications on cell surfaces on the basis
of the Snifit concept. Hundreds of different GPCRs have been
identified, and their ligands include neurotransmitters,
hormones, odorants, and pheromones. GABA-Snifit might
therefore be the first example of a family of GPCR-based Snifits
for biologically important analytes. It has been shown for more
than 20 GPCRs that they can be functionally expressed as N-
terminal SNAP-tag fusion proteins,>> > and synthetic ligands
for numerous GPCRs have been described that could serve as
startingség)oints for the design of tethered fluorescent

ligands. 7

H CONCLUSION

We have introduced the first fluorescent sensor for the
important neurotransmitter GABA based on the GABAy
receptor. The sensor should become a powerful tool for
studying the role of GABA in biology and for quantifying the
relative binding affinities of GABAj receptor agonists,
antagonists and the effect of allosteric modulators. Further-
more, GABA-Snifit should serve as blueprint for the generation
of other GPCR-based fluorescent sensors for biologically
relevant extracellular metabolites.

B METHODS

Synthesis. The detailed synthetic procedures and compound
characterizations are described in the SL

Cell Culture and Transfection. HEK 293 cells were grown on
polyornithine-coated glass coverslips (@ 15 mm) in DMEM Glutamax
medium (Lonza) supplemented with 10% fetal bovine serum (Lonza).
Transient transfection was performed using Lipofectamine 2000
(Invitrogen) and a total of 0.75 ug DNA (SNAP-CLIP-GB1la/GB2 =
1:1) and a DNA/lipofectamine ratio of 0.4.

SNAP- and CLIP-Tag Labeling on the Surface of Live
Mammalian Cells. At 24—48 h after transfection HEK 293 cells
were labeled by incubation with a solution of 2 yuM of the fluorescent
OS-benzylguanine (BG) and 10 uM of the fluorescent O*-
benzylcytosine (BC) derivatives in Hank’s buffered salt solution
(HBSS; Lonza) complemented with 10 mg/mL BSA (Sigma-Aldrich)
for 20 min at 37 °C followed by four washing steps with HBSS.

Confocal Microscopy. Twenty-four hours after transfection HEK
293 cells were labeled with BC-Alexa Fluor 488 23 and SNAP-Surface
647 (New England Biolabs) and imaged using a Zeiss LSM 700
confocal microscope equipped with a 40 X plan Apochromat 1.3
numerical aperture (NA) oil immersion objective lens. The imaging
was performed using a 488 nm laser line for excitation of Alexa Fluor
488 and a 639 nm laser line for excitation of DY-647. Fluorescence was
collected at 510—560 nm and at 650—700 nm for BC-Alexa Fluor 488
and DY-647, respectively. The settings for scanning were: X 2 zoom,
image format 1024 X 1024 pixels, pinhole 1 Airy unit (AU), average 16
frames.

Wide-Field Microscopy and Live Cell FRET Imaging. Perfusion
experiments were performed by transferring the glass coverslips with
the labeled HEK 293 cells to a Warner imaging chamber (RC-20) and
perfusing it with HBSS or HBSS containing different GABA receptor
ligands (GABA (Sigma-Aldrich); RS-Baclofen, 3-APPA, CGP 52432
and CGP 7930 (Abcam)) gravity-fed at a flow rate of 0.5 mL/min.
Imaging of sensors time-course experiments was performed using a
Leica LAS AF 7000 wide-field microscope equipped with a 40 X plan
Apochromat 1.25 NA oil immersion objective lens and a xenon arc
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lamp. For recording each frame the donor and the FRET channel were
measured consecutively with an interval between 10 and 0.7 s,
depending on the experiment. The image size was 293 pm X 293 pm if
not stated otherwise. The following filter sets were used for the FRET
ratio imaging: for DY-547/CyS, excitation at 530 nm (bandwidth 3S
nm), emission at 580 nm (bandwidth 40 nm) (DY-547) and at 700
nm (bandwidth 72 nm) (CyS$); for Alexa Fluor 488/CyS, excitation at
470 nm (bandwidth 40 nm), emission at 580 nm (bandwidth 40 nm)
(Alexa Fluor 488) and at 700 nm (bandwidth 72 nm) (CyS); for Alexa
Fluor 488/ TMR, excitation at 470 nm (bandwidth 40 nm), emission at
520 nm (bandwidth 40 nm) (Alexa Fluor 488) and at 605 nm
(bandwidth 70 nm) (TMR); for Alexa Fluor 488/Alexa Fluor 594,
excitation at 470 nm (bandwidth 40 nm), emission at 520 nm
(bandwidth 40 nm) (Alexa Fluor 488) and at 632 nm (bandwidth 60
nm) (Alexa Fluor 594).

SDS-PAGE Analysis. After 72 h of transient protein expression
transfected HEK 293 cells were labeled with 2 yM SNAP-Surface 647
and 10 yM CLIP-Surface 547 (New England Biolabs) for 20 min at 37
°C. The labeled cells were lysed by rocking them for 45 min at 4 °C
with RIPA buffer (S0 mM TrisHCI, pH 7.4, 150 mM NaCl, 1% Igepal
CA-630, 0.5% sodium deoxycholate, 0.1% SDS, protease inhibitor
cocktail tablets (Roche) in presence of 100 uM SNAP-Cell Block and
CLIP-Cell Block (New England Biolabs). The supernatant was cleared
by spinning the cells at 10000 rpm at 4 °C for 30 min, incubated for 1
h at RT with SDS loading buffer and analyzed on a 7.5% SDS-
polyacrylamide gel by electrophoresis (SDS-PAGE) and in-gel
fluorescence scanning.

Intracellular Calcium Measurements. HEK 293 cells were
reversely transfected with plasmids encoding SNAP-CLIP-GBla
together with GB2 and a chimeric protein Gqi9 using Lipofectamine
2000 (Invitrogen) seeding them in 96-well clear-bottom black-well
plates (Corning) pretreated with poly ornithin (Sigma-Aldrich) at
100,000 cells/well. Forty-eight hours after transfection intracellular
calcium measurements were performed as previously described™® after
addition of various GABA concentrations.

B ASSOCIATED CONTENT

© Supporting Information

Synthetic procedures, protein sequences, additional methods,
and additional figures for the characterization of GABA-Snifit
on the cell surface. This material is available free of charge via
the Internet at http://pubs.acs.org.
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