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Abstract

Bestrophin 1 (BEST1) is chloride channel expressed in the eye, central nervous system (CNS), and
other tissues in the body. A link between BEST1 and the principal inhibitory neurotransmitter y-
aminobutyric acid (GABA) has been proposed. The most appreciated receptors for extracellular
GABA are the GABAg G-protein coupled receptors and the pentameric GABAa chloride channels,
both of which have fundamental roles in the CNS. Here, we demonstrate that BEST1 is directly
activated by GABA. Through functional studies and atomic-resolution structures of human and
chicken BEST1, we identify a GABA binding site on the channel’s extracellular side and determine
the mechanism by which GABA binding induces opening of the channel’s central gate. This same
gate is activated by intracellular [Ca®'], indicating that BEST1 is controlled by ligands from both sides
of the membrane. The studies demonstrate that BEST1, which shares no structural homology with
GABAA,, is a GABA-activated chloride channel. The physiological implications of this finding remain
to be studied.

Significance Statement

y-aminobutyric acid (GABA) is the principal inhibitory neurotransmitter in the central nervous system.
Extracellular GABA is primarily sensed by GABAs G-protein coupled receptors, and GABAa
pentameric chloride channels. We show that the chloride channel bestrophin-1 (BEST1) is also
activated by extracellular GABA. The application of GABA, but not glycine or other endogenous
molecules we tested, markedly potentiates chloride currents through the channel. Structural studies
combined with electrophysiology and other functional studies reveal the mechanism of GABA
activation. GABA binding within the outer entryway of the channel allosterically controls its gate, ‘the
neck’. Molecular interactions with GABA resemble those in GABAa receptors, despite a lack of
homology between the channels. The physiological significance of GABA-activation in BEST1
remains to be studied.

Main Text
Introduction

y-aminobutyric acid (GABA) is the primary inhibitory neurotransmitter in the central nervous
system (CNS) (1). GABAergic signaling is mediated by the GABAa and the GABAg families of
receptors. GABAg receptors are G-protein coupled receptors that signal to adenyl cyclases and
potassium (K*) channels when activated by GABA binding (2). GABAA receptors, on the other hand,
are pentameric chloride (CI") channels that are directly stimulated by the binding of GABA to sites
within the channel’s large extracellular domain (3-5). Nineteen types of GABAa subunits assemble
as heteropentamers to form a myriad of receptor subtypes with finely tuned functional properties
and a range of GABA affinities. GABA binding stimulates opening of GABAa channels through
allosteric coupling to the transmembrane region that contains the gate of the ion pore (3). Opening
of GABAA channels generally results in ClI™ influx in mature neurons, leading to hyperpolarization that
decreases the chance of action potential firing. GABAa receptors respond to GABA over a broad
range of concentrations; synaptic receptors are tuned to the millimolar levels of GABA found in
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synapses, while receptors present in extrasynpatic areas are sensitive to GABA in the micromolar
range (6).

While they have no apparent sequence or structural similarity to GABAa receptors, the
bestrophin family of proteins (BEST1-4 in humans) assemble as pentamers and function as CI
channels (7-9). Bestrophin channels are activated by the binding of calcium (Ca?*) to their cytosolic
side (7, 8, 10). Mutations in human BEST1 cause degenerative eye diseases, which are typically
characterized by structural changes in the macula, loss of central vision, and reduction of the light
peak of the electrooculogram, which indicates abnormal RPE function (11-13). Among the mutations
in BEST1 that have been evaluated, most disrupt the electrophysiological properties of the channel,
suggesting that perturbations in channel function are causative for eye disease (8, 14-17). In addition
to the eye, there is evidence that bestrophins are expressed in the colon, pancreatic duct cells,
airways, and in the CNS (18-24). In the CNS, for which there has been some debate about the extent
of BEST1 expression (23, 24), it has been proposed that BEST1 may mediate low-level release of
glutamate and GABA in astrocytes by the permeation of these molecules through the pore of the
channel (22, 25). However, the breadth of physiological functions of bestrophin channels is largely
unknown.

Bestrophin proteins are highly conserved among metazoan organisms. One of the most
studied orthologs, chicken BEST1, shares 74% amino acid sequence identity to human BEST1
within the structured region of the channel (9). X-ray crystallographic studies of chicken BEST1, and
subsequent structures of human BEST1 and BEST2, reveal that the channel is a pentamer,
composed of five bestrophin subunits, and that it contains a single ion conduction pore along the
symmetry axis (9, 26, 27). The pore has two constrictions: the ‘aperture’ at its cytosolic end, and the
‘neck’ within the transmembrane region (9). Electrophysiological and cryo-EM studies have shown
that the neck functions as the Ca®" controlled gate of the channel (10, 28). In the absence of Ca®*,
the neck is closed. In the Ca**-activation process, Ca** binding to a cytosolic site, the ‘Ca* clasp’,
induces opening of the neck that permits the flow of ions (9, 10, 28).

The aperture comprises a short, narrow constriction of the pore that is lined by the sidechains
at amino acid 205 (Val205 in chicken BEST1, lle205 in human BEST1) from the five subunits of the
channel. The aperture functions as a molecular sieve that limits the size of molecules that can pass
through the channel (10, 28). The aperture adopts the same conformation in all structures of BEST1
determined to date and does not respond to changes in intracellular Ca®* concentrations, suggesting
that it does not function as a gate (9, 10, 26-29). Rather, the aperture governs permeability properties
of the channel, making small anions, such as CI, more permeable and larger anions, such as
glutamate, lowly permeable (10, 28, 30, 31).

In addition to being activated by cytosolic Ca?* (with an ECso ~ 140 nM for human BEST1),
the channel also undergoes inactivation whereby currents through the channel decrease over time
(32, 33). The inactivation process is itself controlled by the intracellular Ca®* concentration (32, 33).
In human BEST1, micromolar levels of Ca?* cause more rapid inactivation (time constant of ~ 2 min),
whereas slower inactivation is observed at lower (~140 nM) Ca?* concentrations (32). Studies have
demonstrated that inactivation occurs due to the binding of C-terminally located peptide of BEST1
to a site on the cytosolic surface of the channel (27, 28, 32, 33). Binding of this ‘inactivation peptide’
induces neck closure of the channel. Unlike most other channels that undergo inactivation due to
different molecular perturbations of the ion conduction pathway, one structural element — the neck
— serves as both an activation and an inactivation gate.
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86 We have previously determined structures of chicken BEST1 that represent the primary
87 gating steps for both Ca?*-dependent activation and Ca®*-dependent inactivation (9, 28). These
88 structures revealed that the neck can adopt two structural conformations, a closed conformation that
89 prevents ion flow, and an open conformation that permits it. The channel thereby toggles between
90 conductive and non-conductive conformations that are energetically biased by the activation and
91 inactivation processes. The conformational landscape observed in the previous structures suggest
92 that the closed conformation is energetically favored. In structural studies where the construct of
93 chicken BEST1 used (spanning amino acids 1-405) contains the inactivation peptide, only the closed
94 conformation of the neck was observed, even though Ca?* was present at the Ca?* clasp (9, 28). We
95 were able to obtain the open conformation of the neck by removing the inactivation peptide (using a
96 construct spanning amino acids 1-345) (28). Even in this case, only approximately 14% of the
97 particles in the cryo-EM analysis represented the open conformation, and the remainder represented
98 a Ca*-bound closed conformation of the channel, suggesting that the closed conformation is
99 energetically favorable.
100 Previous cryo-EM structures of human BEST1 revealed a similar pattern (27). When the
101 inactivation peptide was included in the construct for cryo-EM analysis, two subtly different
102 conformations of the neck were observed — a closed conformation analogous to that observed
103 previously for chicken BEST1, and what was referred to as a ‘partially open’ conformation in which
104 the neck-lining residues are slightly dilated from their closed conformation. Analogous to our studies
105 of chicken BEST1, a fully open conformation was not observed for human BEST1 when the construct
106 used for structural analysis included the inactivation peptide. As for chicken BEST1, an open
107 conformation of the human channel was obtained by removing the inactivation peptide, and in this
108 case resulted in essentially all the particles adopting an open conformation. The observation that
109 the open conformation of BEST1 has only been observed by removal of the inactivation peptide
110 raises a possibility that the neck may not be able to open fully when the inactivation peptide is
111 present.
112 Here, we identify a link between GABA and BEST1. We find that the ion channel activity of
113 BEST1 is activated by extracellular GABA. Through functional approaches and atomic-level cryo-
114 EM structures, we determine that GABA binds to an allosteric site on the extracellular side of the
115 channel that controls its gating. In addition to its roles in Ca?*-activation and inactivation, the neck
116 also functions as the GABA-dependent gate.
117

118 Results

119 Purified BEST1 is activated by GABA. Data from other laboratories have suggested that the
120 inhibitory neurotransmitter GABA may permeate through BEST1, perhaps in ionic form (25). We first
121 evaluated a possible effect of GABA on BEST1 using a fluorescence-based flux assay, where flow
122 of anions is detected by a decrease in fluorescence (Fig. 1A). As we previously reported for chicken
123 BEST1 (9, 10), CI readily permeates through the channel as detected by a time-dependent decrease
124 in fluorescence (Fig. 1B). When the CI" in the assay (as 65 mM NaCl) is replaced by 65 mM GABA,

125 no fluorescence decrease is observed. This indicates that GABA does not appreciably flow through
126 the channel in anionic form. However, when both GABA and CI are present, a dramatic decrease
127 in fluorescence is observed (Fig. 1B). These results suggested that GABA may potentiate the flow
128 of CI" through chicken BEST1. A titration of GABA, in the context of a fixed concentration of CI,
129 reveals a dose response activation by GABA in the millimolar range (Fig. 1C).
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130 To evaluate how specific the response was to GABA, we used the flux assay to evaluate
131 endogenous molecules with similar chemical structures. 30 mM concentrations of glycine,
132 glutamate, gluconate, and D-serine had no discernable effect on the rate of fluorescence decrease

133 (Fig. 1D and E). A slight potentiation of flux was observed for 3-alanine, which has a highly similar
134 chemical structure to GABA (Fig. 1D and Fig S1).

135 To evaluate if GABA has an analogous effect on the human channel, we purified human
136 BEST1 and reconstituted it into liposomes for flux assay analysis. As observed using whole-cell
137 electrophysiology (7, 18), but not previously in a reconstituted system, the assay indicated that CI

138 flows through purified human BEST1 (Fig 1F). We found that GABA accentuated the fluorescence
139 decrease for the human BEST1, suggesting that GABA also potentiates CI flow through the human
140 channel (Fig. 1F). To further interrogate the effect of GABA, we studied human and chicken BEST1
141 using electrophysiology.

142

143 Extracellular application of GABA activates human BEST1. We evaluated the effects of GABA
144 on human BEST1 using whole-cell patch-clamp electrophysiology, with conditions based on
145 previous electrophysiological studies of the channel (32). To minimize inactivation of BEST1, a low
146 (10 nM) concentration of Ca* was used in the patch pipette. Mammalian cells (HEK293T)
147 transfected with human BEST1 displayed characteristic BEST1 currents, with near-linear current-
148 voltage (I-V) relationships (Fig. 2D). To evaluate a possible effect of GABA, repeated applications
149 of 30 mM GABA were made by perfusing the extracellular solution followed by washout of the
150 compound. The GABA applications resulted in corresponding periodic increases in ionic current (Fig.
151 2C). Analogous experiments using cells transfected only with green fluorescent protein (GFP),
152 showed no appreciable ionic current or effect of GABA application (Fig. 2B).

153 We next sought to assess whether the observed increase in current was due to an increase
154 in CI" flow through the channel or due to GABA permeation itself. The GABA molecule (Fig. S1)
155 would typically be considered a zwitterion at physiological pH indicating that it bears no formal
156 charge; the pKas of the amine and carboxylate are estimated at 10 and 4, respectively (34). The
157 possibility that GABA permeates through BEST1 and carries an ionic current in doing so (25) could
158 potentially occur if specific interactions with the channel altered the pKa of either group to endow
159 GABA with a charge at neutral pH. To address this possibility, we measured reversal potentials (the
160 voltage at which the net current is zero) using voltage ramps, with symmetric CI', in the absence and

161 presence of external GABA (Fig. 2A and D-E) (Methods). If an ion other than CI” permeates through
162 the channel during GABA application, this would be detected by a shift in the reversal potential. We
163 measured a reversal potential near 0 mV in both the absence and presence of GABA, indicating that
164 GABA additions do not change the reversal potential (Fig. 2D and E). Therefore, the current
165 observed upon GABA application is not due to GABA permeation through the channel. As observed
166 in the fluorescence-based flux assay for chicken BEST1, the response of human BEST1 to GABA

167 occurred in the millimolar range. Application of 300 uM GABA or less elicited no discernible
168 increases in current, whereas application of 3 mM GABA or higher concentrations resulted in marked
169 current increases (Fig. 2F, G). The response to GABA was not fully saturated at 50 mM, indicating
170 a large dynamic range of response to GABA (Fig. 2G). To assess specificity and control for changes
171 in osmotic pressure during high concentration additions of GABA, 30 mM glycine was used

172 periodically in place of GABA. Glycine, which has a similar chemical structure to GABA, did not elicit
173 increases in current (Fig. 2H and Fig. S1).
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174 To further characterize the effect of GABA, we tested its effect using a higher (100 nM)
175 concentration of Ca?*in the pipette solution. In the absence of GABA, currents increase following
176 whole-cell break-in and then decline over time, as expected, due to inactivation of the channel at
177 this higher Ca*" concentration (Fig. S2). Applications of GABA during the time course cause
178 concomitant increases in current even during the inactivation process. Our whole-cell patch-clamp
179 observations complement the flux assay results and indicate that extracellular GABA activates
180 BEST1.

181

182 Bilayer electrophysiological studies of chicken BEST1. To further assess the effect of GABA on
183 the channel, we turned to bilayer electrophysiology, which we have previously used to investigate
184 the function of purified chicken BEST1 (10, 28, 33). Bilayer electrophysiology is a reconstituted
185 technique that allows exquisite control of the experimental conditions, including the protein, lipid
186 composition, and aqueous solutions (35). One of its benefits is that the use of purified components
187 allows one to interrogate whether an effect is direct or indirect. Additionally, the system facilitates
188 changing the components of the aqueous solutions bathing either side of the membrane during the
189 experiment. Using bilayer electrophysiology, we evaluated the effect of GABA on ionic currents

190 through chicken BEST1. Using symmetric conditions, with identical (30 mM KCI) solutions on either
191 side of the membrane, the addition of GABA markedly increases the current observed (Fig. 3A). A

192 plot of the current increase as a function of GABA concentration can be fit with a standard activation
193 curve (Fig 3B). Doing so indicates an ECso of approximately 2 mM and a Hill coefficient of
194 approximately 1.

195 We next sought to revisit the possibility that GABA might be permeating through the channel
196 in ionic form. To do so, GABA was added to only one side of the membrane, while other components
197 of the buffers were held constant. The reversal potential would shift if the increase in current was
198 due to GABA permeation in an ionic form. As expected, increases in current were observed with the
199 addition of GABA to one side of the membrane (Fig. 3C). The extent of increase was lower than
200 when GABA was added to both sides of the membrane, consistent with ion channels facing in both
201 orientations as is typical in bilayer electrophysiology. |-V plots reveal that the reversal potential
202 remains around 0 mV even when 80 mM GABA is added (Fig. 3C). The absence of a measurable
203 change in reversal potential indicates that GABA does not detectably permeate through the channel
204 in ionic form. The possibility that GABA may permeate through the channel in its zwitterionic form
205 remains, but this cannot be detected with electrophysiology.

206 Finally, we sought to assess whether the GABA-dependent increase in current could be due
207 to a change in the selectivity of the channel, perhaps by increasing the ability of the channel to
208 permeate cations. Previous characterizations of the channel indicate that it preferentially permeates
209 CI" in comparison to K* (10). With 10 mM KCI on one side of the membrane and 30 mM KCI on the
210 other, conditions we have previously used for such experiments, we observed a reversal potential
211 of 21.9 + 0.4 mV, indicating selectivity of the channel for CI over K* and a permeability ratio P«x/Pc;
212 =0.10 £ 0.01. If the effect of GABA is to change the channel's relative permeability of CI" and K*,
213 one would observe a change in the reversal potential. The addition of GABA reveals no change
214 beyond the error in the measurement — the reversal potential is 20.6 £ 0.6 mV in the context of 80

215 mM GABA and Px/Pci=0.13 £ 0.01 (Fig. 3D). We conclude that GABA does not significantly change
216 the selectivity of the channel for CI" over K*. The data presented thus far indicate that GABA
217 potentiates CI” currents by directly activating BEST1.
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218
219 Cryo-EM structures of human BEST1 in the absence of GABA. To contextualize the molecular
220 basis for GABA potentiation, we sought to understand the conformational landscape of human

221 BEST1 in the absence of GABA. Our single particle cryo-EM analysis of human BEST1 revealed
222 two conformations of the channel (Fig. 4). By comparison with chicken BEST1 (9, 28), these two

223 conformations represented: 1) an inactivated conformation where the neck is closed and the
224 inactivation peptides are bound to their receptors, and 2) a conformation in which the neck of the
225 channel is fully open, and the inactivation peptides are disordered. These structures are determined
226 to 2.45 A and 2.57 A resolutions, respectively. We did not observe the ‘partially open’ conformation

227 previously reported for human BEST1 (27). The inactivated structure is indistinguishable from that
228 previously observed for human BEST1 (RMSD for Co. atoms = 0.3 A) (27). The inactivation peptide,

229 which has also been referred to as an auto inhibitory segment (27), binds to the cytosolic surface of
230 the channel wherein the inactivation peptide (spanning amino acids 345 to 379) from each of the
231 five BEST1 subunits wraps around two other subunits in belt-like fashion (Fig. 4C). In the inactivated
232 structure, the neck of the channel adopts a closed conformation, as described previously (27, 28).
233 Fifteen hydrophobic amino acids, three from each subunit (lle76, Phe80, and Phe84), line the neck
234 and form a constriction that is impervious to ions (Fig. 4D).

235 Our cryo-EM data set in the absence of GABA also revealed an open conformation of the
236 channel (Fig. 4B). In this conformation, the inactivation peptide is disordered, and the neck of the
237 channel is open. The phenylalanine residues in the neck that previously formed the constriction
238 impervious to ions (Phe80 and Phe84) are now tucked away, and a large opening is formed that
239 would be easily permeable to hydrated ions (Fig. 4D). The structure represents, to our knowledge,
240 the first apo structure of BEST1 in an open conformation using a construct that contains the
241 inactivation peptide. It is the same conformation as that obtained for both chicken and human BEST1
242 by removing the inactivation peptide (27, 28). These results confirm our biochemical, functional, and
243 structural analyses of chicken BEST1 that indicated that the inactivation peptide dynamically
244 interacts with its binding site on the cytosolic surface of the channel to allosterically control the
245 conformation of the neck (28, 33). Both the open and the closed conformations of the neck are
246 observed in the data set, indicating that these two states have similar energies. The mechanism by
247 which the inactivation peptide biases the equilibrium is not fully understood. However, the open
248 structure indicates that the neck can fully open even when the inactivation peptide is present.

249 Analysis of the human BEST1 data set also revealed dimers of complete channels wherein
250 the cytosolic ends of two channels interact with one another, in a head-to-head manner (Fig. S5).
251 The dimeric assembly, which we have not observed for chicken BEST1, may not be physiologically
252 relevant; it would require that the two membranes in which the BEST1 channels reside would need
253 to be separated by approximately 10 nm. Particles containing dimeric channels did not yield high
254 resolution structures and therefore were excluded in the cryo-EM data processing. A comparison of
255 the chicken and human BEST1 channels indicate the surface of the human channel is slightly more

256 hydrophobic in the dimer interface, with a Gly198 in human BEST1 instead of Glu198 in chicken
257 BEST1 (Fig. S5B).

258
259 GABA shifts the equilibrium to favor the open state. Having obtained information on the
260 conformational landscape of BEST1 in the absence of GABA, we sought to determine structures

261 with GABA present. We found that inclusion of 30 mM GABA in the samples dramatically affected
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262 the landscape to favor the open conformation of both human and chicken BEST1. Without GABA,

263 approximately 16% of particles of human BEST1 were observed in an open conformation and the
264 remainder adopted an inactivated conformation. With GABA, approximately 66% of the particles
265 adopted an open conformation (Fig. 5). The remainder adopted an intermediate state that is a
266 structural hybrid between the open and inactivated states, described in more detail below. At the
267 protein level, the open state conformation with GABA was structurally indistinguishable from the
268 open conformation observed in the absence of GABA (Fig. 4C, Fig. 5D, RMSD for Ca atoms = 0.3
269 A).

270 The structure of the open conformation of human BEST1 in the presence of GABA is
271 determined to 2.45 A resolution. At this resolution, the side chains of amino acids are well defined
272 (Fig. S12). Non-protein densities consistent with GABA molecules are located at five symmetrical
273 sites within the extracellularly-exposed ‘outer entryway’ of the pore (Fig 5). The sites are found at
274 each of the five subunit-subunit interfaces (Fig. 5B).

275 We also determined structures of chicken BEST1 in the presence of GABA. Initially, we
276 pursued structures of chicken BEST1 using a construct spanning amino acids 1-405, which contains
277 the inactivation peptide. In the absence of GABA, this construct previously yielded a homogenous
278 population of particles that represented the inactivated conformation of the channel (28). Cryo-EM
279 analysis in the presence of 30 mM GABA also yielded the inactivated conformation of the channel;
280 the neck of the pore was closed, the inactivation peptide was bound to its receptor, and no density
281 could be ascribed to GABA.

282 Next, we used the construct of chicken BEST1 spanning amino acids 1-345 that lacks the
283 inactivation peptide (28). Previous cryo-EM analysis of this construct yielded two conformations of
284 the channel: a Ca?*-bound open conformation in which the neck was open, which represented ~14%
285 of the particles, and a Ca?*-bound closed conformation in which the neck was closed, representing
286 the remaining majority. Strikingly, in the presence of GABA, the cryo-EM analysis yielded only an
287 open conformation of the channel (Fig. S9). We were unable to discern a closed conformation from
288 the dataset, despite this state representing the predominant conformation without GABA. The open
289 structure with GABA is determined to 1.95 A resolution (Fig. S9 and S10). The high resolution was
290 useful for visualizing GABA, numerous ordered water molecules, and the conformations of amino

291 acid side chains (Fig. 6B and S13). As for human BEST1, the GABA-bound open conformation of
292 the protein is indistinguishable from the open conformation without GABA (RMSD for Ca atoms =
293 0.4 A). Well-defined density for GABA was observed in the same location as for human BEST1 (Fig.

294 6A and B). We conclude that the presence of GABA alters the conformational landscape to favor
295 the open conformation for both human and chicken BEST1.

296

297 The GABA binding site. Five GABA binding sites are identified, according to the pentameric
298 assembly of the channel. These sites are flanked by amino acids conserved between human and
299 chicken BEST1 (Fig. 6 and Fig S14C). For both chicken and human BEST1, particles that
300 represented the open conformation uniformly had GABA bound — we were unable to isolate classes
301 of open channel particles that did not contain GABA, which is consistent with a high occupancy for
302 GABA at these sites. Each of the five identical sites is formed at an interface between adjacent
303 subunits. These sites had previously been identified as CI/Br binding sites from X-ray
304 crystallographic analysis of chicken BEST1 in an inactivated conformation (9). GABA binds in a
305 pocket on the sides of the wide ‘outer entryway’ of the pore that is open to the extracellular solution
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306 (Fig. 5D). The base of the pocket is formed by the amino terminal end of helix S4a and the S3-S4

307 linker (Fig. 6C). The pocket is ‘capped’ by Tyr72 and surrounding amino acids from the adjacent
308 subunit. GABA makes extensive hydrogen bonding and van der Waals contacts with the protein.
309 The carboxylate of GABA forms hydrogen bonds with two backbone nitrogen atoms at the amino

310 terminal end of helix S4a (at Phe276 and Thr277), with Thr277, and with Tyr68 from the adjacent
311 subunit (Fig. 6D). The amino end of GABA participates in a cation-pi interaction with Phe257, and it
312 forms hydrogen bonds with the backbone carbonyl of Arg255 and two ordered water molecules,
313 which are in turn coordinated by amino acids Tyr72 and His267. Tyr72 has extensive van der Waals
314 contacts with the aliphatic portion of GABA. The aromatic ring of Tyr72 forms a thin separation
315 between the pocket and the bulk solution of the outer entryway (Fig. 6C). In the GABA-bound
316 structures, density for Tyr72 is well ordered, whereas density for this amino acid is weaker in the
317 open conformation without GABA, suggesting that Tyr72 has increased mobility in the absence of
318 GABA (Fig. S11 and S12). A dynamic nature of Tyr72 may facilitate access to the binding site.

319

320 An intermediate structure. The single particle analysis of human BEST1 in the presence of GABA
321 also revealed an intermediate conformation (Fig. 7B and Fig. S7). In this structure, GABA is bound
322 at two of the five sites — in a GCGCC manner (G indicating GABA bound and C indicating
323 unoccupied). We were unable to identify other structures with different configurations of GABA
324 binding from the dataset. In the observed intermediate, the neck of the channel adopts a narrow
325 configuration but with slight changes to the positioning of the neck-lining phenylalanine residues

326 (Phe80 and Phe84) relative to the closed conformation without GABA (Fig. 7 D, E and Fig S7B). In
327 the sites with GABA bound, amino acids Tyr72-Pro77 adopt the configuration observed in the fully
328 open channel, and Tyr72 contacts GABA. In the unoccupied sites, Tyr72-Pro77 adopt their closed

329 conformation. We refer to amino acids Tyr72-Pro77 as the ‘GABA switch’ because its conformation
330 corresponds with the presence or absence of GABA.

331

332 The GABA switch and the mechanism of GABA activation. As described earlier from our studies
333 of chicken BEST1 (28), opening of the neck involves a concertina of rotamer side chain
334 rearrangements that allow the neck-lining phenylalanine residues (Phe 80 and Phe 84) to swing
335 away from the central axis of the pore and thereby create a large opening within the neck (Fig. 7 A
336 and C). The region of the polypeptide identified here as the GABA switch (Tyr72-Pro77) undergoes
337 dramatic changes in its secondary structure between the open and closed conformations of the pore
338 — these represent the largest backbone conformational changes within the entire polypeptide (Fig.
339 7 D, Eand F). Tyr72 and lle76, both part of the GABA switch, transition between components of a -
340 helices to having extended secondary structures (Fig. 7 D and F). As a result, opening of the neck
341 is accompanied by a shortening of the neck-lining S2b helix and a lengthening of S2a. 1le76, which
342 is part of the neck helix (S2b) in the closed state, moves by approximately 9 A (measured at its Ca
343 atom) in the open state. 11e76 is no longer a part of the neck in the open state — rather a break in the
344 neck helix occurs at Pro77 and the side chain of lle76 binds in a hydrophobic cleft, formed by amino
345 acids Phe247, Phe276, Leu279 and Phe283, on the side of the pore (Fig. S15A). Among the amino
346 acids that contact GABA directly, Tyr72 undergoes the largest conformational change between the
347 closed and open conformations, moving by approximately 4 A (Fig. 7 D and F, Fig. S15B). In the
348 opening transition, Tyr72 moves from being part of the linker between S2a and S2b to being a

349 component of the S2a helix. The repositioning of the GABA switch creates the binding pocket for
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350 GABA. The ligand would be unable to bind to the closed conformation of the channel due to steric
351 clashes, primarily with Tyr72 (Fig. 7 D, E, and F).
352 In comparison with the closed conformation, other small changes occur to accommodate

353 GABA binding. Tyr68 moves by approximately 1.5 A to form a hydrogen bond with the carboxylate
354 of GABA (Fig S15B). A slight general expansion of the entire extracellular entryway also

355 accompanies opening; for example, the amino end of helix S4a, with which GABA interacts, is
356 positioned approximately 1 A further from the center of the pore in the open conformation than in
357 the closed conformation. Other changes are necessary to accommodate movement of the region of
358 the GABA switch that does not interact directly with GABA — these include rotamer conformational
359 changes of GIn280, Phe282, and Phe283 on the adjacent subunit to make room for Leu75, lle76,
360 and Pro77, as we have shown previously from comparisons of open and closed structures without
361 GABA (Fig. S15A) (28).

362 Inspection of the structures engenders a mechanism of GABA-dependent activation (Fig. 7).
363 GABA binding stabilizes the open conformation of the channel by stabilizing an open conformation
364 of the GABA switch — when GABA is bound, the GABA switch is inhibited from adopting the
365 conformation observed in the closed state. The GABA switch is a direct component of the neck of
366 the channel in its closed conformation. Movement of the GABA switch is necessary for opening of
367 the neck and for the binding of GABA. However, the intermediate structure indicates that GABA can
368 bind to two of the five sites without opening of the neck. Therefore, there is a degree of flexible
369 coupling, a ‘molecular clutch’, between the GABA switch and the neck of the channel. Taken

370 together the data indicate that GABA stabilizes the open conformation of the neck through the
371 conformational change in the GABA switch, and that multiple GABA binding events further favor

372 channel opening.

373

374 Discussion

375 General summary. We have shown here that GABA, the chief inhibitory neurotransmitter in the
376 central nervous system, activates the BEST1 chloride channel. Functional and structural studies of
377 chicken and human BEST1 indicate that GABA activation is direct. There are five GABA binding
378 sites on the channel, according to its pentameric architecture. The binding sites are located at
379 interfaces between adjacent subunits and are exposed to the extracellular solution. Whole-cell
380 patch-clamp electrophysiology indicates that the extracellular application of GABA activates the
381 channel in a reversable manner. Cryo-EM studies reveal that GABA binding stabilizes the channel
382 in a conductive conformation wherein the neck of the channel, which functions as its gate, is open.
383 In each GABA site, the amino terminal end of helix S4a and surrounding residues from the same
384 subunit form the base of the binding pocket, which retains a relatively fixed conformation between
385 the open and closed states of the channel. The GABA switch from the adjacent subunit forms the
386 cap of the binding pocket and undergoes substantial conformational changes between the open and
387 closed states. Reorganization of the GABA switch is necessary to form the site. The GABA switch
388 is directly connected to the S2b helix which forms the walls of the neck of the channel. The GABA
389 binding site is thereby directly connected to the gating apparatus of the channel. Comparison among
390 the structures indicates that GABA dramatically increases the percentage of particles that adopt the
391 open confirmation. The data suggest that GABA binding thereby activates the channel by increasing
392 the probability that the neck adopts an open conformation.

393
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394 GABA does not alter the ion selectivity of BEST1. The region(s) of the channel responsible for

395 its selectivity for anions over cations are not known. Mutations of the neck and the aperture have
396 been shown, for example, to have no effect on anion vs cation selectivity (10). Our structural data
397 indicate that GABA binds at a site previously identified as a CI/Br binding site. We had hypothesized
398 that the ability of this site to bind anions might contribute to the channel’s selectivity for anions (9).
399 A structure-function analysis for this site is difficult to obtain because CI is coordinated by backbone
400 nitrogen atoms, an interaction that is inaccessible to mutation. The displacement of CI" by GABA
401 allowed us to interrogate the role of this site in anion selectivity. The electrophysiology data
402 presented here show that high (80 mM) concentrations of GABA that maximally activate chicken
403 BEST1 do not detectably alter the selectivity of the channel for anions over cations. We conclude
404 that the ability of this site to bind CI" is not responsible for the channel’s selectivity for anions over
405 cations — this aspect of the channel’s function remains a mystery but could be partially due to a CI
406 site observed in the inner cavity of the channel (9).

407

408 On GABA permeation. The electrophysiological data presented here indicate that GABA does not
409 permeate through BEST1 in an ionic form to an appreciable degree at neutral pH, as would be
410 expected due to its zwitterionic form. Our experiments do not address the possibility that GABA can
411 permeate through the channel in zwitterionic form, as has been suggested (25), because
412 electrophysiology cannot detect the permeation of uncharged species.

413

414 Similarities with the GABAA receptor. The GABA binding site of BEST1 has similarities to the
415 GABA binding site in the GABAA receptor (36) (Fig S14). As in BEST1, GABA binds to the GABAx
416 receptor at an interface between adjacent subunits. Hydrogen bonds are formed with both the
417 carboxyl and amino ends of the GABA molecule in the GABAAx receptor. In GABAx, a tyrosine residue
418 (Tyr205) packs against GABA, forming van der Waals contacts with much of the ligand, in a similar
419 manner that Tyr72 does in BEST1. The carboxylate of GABA in the GABAa receptor also forms

420 hydrogen bonds with nitrogen atoms — in that case with an arginine side chain (Arg100) instead of
421 the backbone nitrogen atoms observed in BEST1. Like BEST1, the GABAA receptor is a pentameric
422 chloride channel. However, the channels have no similarities in their overall structures, and the
423 mechanisms of GABA-dependent activation are distinct. For instance, GABA binding in the GABAa
424 receptor occurs in this channel’s large extracellular ligand binding domain rather than within the
425 transmembrane region as in BEST1.

426

427 Concluding remarks. Many classes of cation channels share a common pore architecture and
428 gating mechanism even though they are selective for different cations (e.g. Na*, K*, Ca?*) and are
429 controlled by different stimuli, such as ligands or voltage (37). Different classes of anion channels,
430 on the other hand, have proven to be structurally very distinct. Each class of anion channel
431 discovered seems different than the rest with respect to structure and gating mechanism. For
432 example, the two known types of Ca?*-activated chloride channels, bestrophin channels, and
433 TMEM16A-type channels, could hardly be more different from one another from structural or
434 mechanistic perspectives (9, 38). Bestrophin channels are pentamers with a single ion conduction
435 pore. They are gated by Ca®" binding to sites in the cytosolic domain of the channel. TMEM16A
436 channels are dimers with two ion conduction pathways, each of which runs not down the middle of

437 the protein but on its periphery and is exposed to the lipid membrane itself (39-41). In TMEM16A
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438 channels, Ca®* activation occurs by binding within the membrane spanning region. Structural and
439 electrophysiological studies of BEST1 have been fruitful in elucidating the unexpected mechanisms
440 of this channel. We have found that the neck is both the Ca®*-dependent activation gate and the
441 inactivation gate: Ca?* binding favors opening of the neck and inactivation peptide binding favors its
442 closing (10, 28, 33). In this study, we show that BEST1 is also activated by extracellular GABA and
443 that GABA controls the same gate — the neck. Most other ligand-gated ion channels have ligand
444 binding sites located on ligand binding domains outside of their pores. BEST1 is one of the few
445 channels in which protein conformational changes that underlie gating are controlled by a ligand that
446 binds at the periphery of its pore.

447 Sequence analysis and a structure of human BEST2, show that the site in which GABA binds

448 BEST1 is conserved in BEST1-3 (Fig S14C and (27)). This sequence and structural conservation
449 suggest that BEST1-3 may also be activated by GABA, but this remains to be tested experimentally.
450 The site is similar in BEST4 in that all amino acids that coordinate GABA are conserved except for
451 Tyr72, which is replaced by a serine residue. The extensive contacts that Tyr72 makes with GABA
452 in BEST1 suggest that BEST4 may have diminished response to GABA.

453 The studies presented here show that extracellular GABA activates the BEST1 chloride
454 channel. During the preparation of this work for publication, another study presented
455 electrophysiological and cryo-EM studies that demonstrated activation of human BEST1 by GABA
456 (29). Our work expands and corroborates this finding. A notable difference is the reported response
457 range for GABA — we observe a response in the millimolar range, whereas the other study suggested
458 a response in the ~400 nM range. The reasons for this difference are unclear. We find that the
459 channel displays specificity for GABA among the naturally occurring molecules that were tested, but
460 it remains possible that other endogenous ligand(s) could activate BEST1. The mechanism of
461 GABA-activation is to dilate the neck of the channel. The neck also serves as the gate for Ca*-
462 dependent activation and for inactivation, both of which processes are controlled by cytosolic inputs.
463 Astonishingly, three inputs from two sides of the membrane impinge on one structural element to

464 control the flow of ions through the channel (Fig. 8). The identification that BEST1 is activated by
465 GABA will hopefully inspire new efforts to further probe the biological functions of the broadly
466 expressed bestrophin family of channels.
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467 Materials and Methods

468 Protein expression and purification. Chicken BEST1 constructs (spanning amino acids 1-405 and
469 1-345) were expressed in Pichia pastoris and purified for reconstitution into liposomes and cryo-EM
470 sample preparation as previously described (9, 28). For chicken BEST1 reconstitution into
471 liposomes, the size exclusion chromatography (SEC) buffer was: 20 mM Tris-HCI, pH 7.6, 150 mM
472 NaCl, and 3 M n-decyl-B-D-maltopyranoside (DM, Anatrace). A Superose 6 Increase 10/300 GL
473 column (GE Healthcare) was used at 4°C for all SEC purifications. For cryo-EM analysis, chicken
474 BEST1 was purified using SEC in the buffer: 20 mM Tris, pH 7.6, 50 mM NaCl, 1 mM n-dodecyl-3-
475 D-maltoside (DDM, Anatrace) and 0.1 mM cholesteryl hemisuccinate tris salt (CHS, Anatrace). After
476 SEC, the sample (~1 mL) was concentrated to 7 mg/mL, using a100-kDa MWCO concentrator
477 (Amicon Ultra-2), and used immediately for cryo-EM grid preparation.

478 The human BEST1 protein (spanning amino acids 1-398) was expressed in Pichia pastoris
479 using the pPICZ vector (Invitrogen) with a C-terminal green fluorescent protein (GFP) tag, separated
480 by a linker for cleavage by PreScission protease. All steps for purification were done at 4°C. For
481 reconstitution into liposomes, human BEST1 was extracted from 10 g of lysed cells using 1.75 g

482 DDM for an hour in 150 mL lysis buffer [50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.1 mg/mL DNase
483 (Sigma-Aldrich), 1:600 Protease inhibitor cocktail set Ill (Sigma Aldrich), 0.5 mM AEBSF (Gold
484 Biotechnology), 1:1000 Aproptonin (Sigma-Aldrich),1.5 ug/mL Leupeptin (Sigma-Aldrich), 1.5 pg/mL
485 Pepstatin (Sigma-Aldrich) and 0.1 mg/mL Soybean Trypsin inhibitor (Sigma-Aldrich)]. The lysate
486 was then centrifuged at 45,000 g for 1 hour at 4°C and the supernatant was filtered using a 0.22 um
487 filter (Millipore). The filtered sample was incubated with 3 mL of CNBr activated Sepharose Fast
488 Flow resin (GE Healthcare) beads coupled to GFP nanobody (42) for an hour with gentle agitation.
489 The beads were then applied to a column and washed with 70 mL of purification buffer containing
490 20 Tris-HCI, pH 7.6, 150 mM NaCl, 3 mM DDM, 0.15 mM CHS and 0.06 mg/mL of 3:1:1 (wt/wt/wt)
491 of POPC:POPE:POPG (Avanti). The beads were then incubated with 4 mL of purification buffer
492 containing 0.2 mg of PreScission protease and 1 mM dithiothreitol (DTT) for three hours at 4°C.
493 Human BEST1 was eluted from the beads and was concentrated to approximately 500 ml using
494 100-kDa MWCO concentrator (Amicon Ultra-15). The concentrated sample was further purified
495 using SEC in buffer containing 20 mM Tris-HCI, pH 7.6, 150 mM NaCl, 10 mM CaCl,, 1 mM DDM,
496 0.1 mM CHS and 0.06 mg/mL of POPC:POPE:POPG. The sample (2 mL) was concentrated to 9

497 mg/mL using a 100-kDa MWCO concentrator (Amicon Ultra-2). Concentrated sample was used
498 immediately for reconstitution into liposomes.

499 For Cryo-EM analysis, human BEST1 was purified with the following modifications to the
500 procedure described above. After binding to the GFP nanobody resin, the column was washed with

501 70 mL of purification buffer containing 20 mM Tris-HCI, pH 7.6, 150 mM NaCl, 10 mM CaCl,, and
502 0.5 mM glyco-diosgenin (GDN; Anatrace). The SEC buffer contained 40 mM HEPES, pH 7.6, 200

503 mM NaCl and 50 uM GDN to mimic conditions previously used for cryo-EM analysis of human
504 BEST1 (27). After SEC, the sample (~ 2 mL) was concentrated to 4 mg/mL using a 100-kDa MWCO
505 concentrator (Amicon Ultra-2) and immediately used for cryo-EM grid preparation.

506

507 Reconstitution into liposomes. Reconstitution of purified chicken BEST1 (1-405) into liposomes
508 followed procedures previously described (9, 10). Briefly, for the fluorescence-based flux assay, a
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509 3:1 (wt/wt) POPE:POPG lipid mixture (Avanti) was resuspended in reconstitution buffer: 10 mM
510 HEPES, pH 7.0, 100 mM Na»SO4, 0.2 mM EGTA and 0.1 mM CaCl.. For planar lipid bilayer
511 electrophysiology, the 3:1 (wt/wt) POPE:POPG lipid mixture was resuspended in 20 mM HEPES,
512 pH 7.6, 450 mM NacCl, 0.2 mM EGTA and 0.19 mM CaCl,. Resuspended lipids (at 20 mg/mL) were

513 sonicated for total of 6-10 minutes and then solubilized using 8% (wt/vol) of n-octyl-B-D-maltoside
514 (OM; Anatrace). Purified chicken BEST1 and SEC buffer, as needed, were added to the solubilized
515 lipids to yield protein:lipid (wt/wt) ratios of 1:100, 1:500, such that the final lipid concentration was
516 10 mg/mL. Empty vesicles (i.e. liposomes without purified BEST1) were also prepared in parallel
517 using SEC buffer in place of purified protein. The samples were then incubated at room temperature
518 for one hour without agitation. To remove detergent, the mixture was dialyzed using 8 kDa molecular

519 weight cutoff dialysis tubing (Spectra/Por 7 Membrane Tubing; Fisher Scientific Catolog no.
520 086805A) in reconstitution buffer at 4°C for 5 days with daily 2 L buffer changes. Following dialysis,

521 vesicles were sonicated briefly, aliquoted into 40 - 60 uL aliquots, flash frozen, and stored at -80°C
522 until use.
523 The procedure for reconstitution of human BEST1 (1-398) into liposomes generally followed

524 methods described for the MCU channel (43). A 3:1 (wt/wt) POPE:POPG lipid mixture was prepared
525 for reconstitution and resuspended in reconstitution buffer (5 mM HEPES, pH 7.0, 100 mM K>SOs,
526 and 200 uM CacCl,) to yield lipid concentration of 20 mg/mL. Lipids were sonicated for 6-10 minutes.
527 140 ng of human BEST1 purified in DDM (9 mg/mL) was added to 14 mg of lipids to yield a 1:100

528 protein:lipid (wt/wt) ratio and the mixture was incubated overnight at 4°C with end-over-end agitation.
529 Empty liposomes were also prepared in parallel by adding SEC buffer in place of purified protein.
530 100 mM methyl-B cyclodextrin (MBCD; Sigma-Aldrich), dissolved in the reconstitution buffer, was
531 added to the lipid-protein mixture so that the final concentration of MBCD was ~1.2 mM. The sample
532 was rotated end-over-end at 4°C. The same amount of MBCD was added to the sample every 8
533 hours, with a total of 4 additions. The vesicles were then pelleted by centrifugation at 194,000 g (TLA
534 100.3 fixed angle rotor) for 1 hour at 4°C. The supernatant was discarded, and the vesicle pellet was
535 resuspended in reconstitution buffer so that the final lipid concentration was 10 mg/ml (based on full
536 recovery of the initial lipids). Vesicles were sonicated briefly, aliquoted into 60 uL aliquots, flash
537 frozen and stored in -80°C until use.

538

539 Fluorescence based flux assay. The flux assay followed methods previously published (9). Briefly,
540 liposomes were thawed rapidly (using a 37°C water bath), sonicated for 20 seconds, and then
541 incubated at room temperature for 2 hours before use. For chicken BEST1, the flux assay buffer

542 consisted of 10 mM HEPES, pH 7.0, 0.2 mM EGTA, 0.1 mM CaCl,, 2 uM 9-amino-6-chloro-2-
543 methoxyacridine [ACMA; 2 mM stock in dimethyl sulfoxide (DMSO)], 0.5 mg/mL bovine serum

544 albumin, and the indicated test compound (NaCl, GABA, etc.). Detailed buffer compositions for each
545 flux assay experiment are given in Table S1. Na.SO4 was used to balance osmolality for test
546 compounds as indicated (Table S1). Unless noted otherwise, all reagents were purchased from
547 Sigma-Aldrich. Fluorescence was measured throughout the experiment every 30 sec. At the 1-
548 minute mark, liposomes were mixed into the flux assay buffer to yield a 100-fold dilution (10 uL
549 liposomes into 1 ml of flux assay buffer). At 2.5 minutes, 2 uM of the proton ionophore carbonyl

550 cyanide m-chlorophenyl hydrazone (CCCP, from a 2 mM stock in DMSO) was added and mixed
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551 with a pipette. The flux assay with human BEST1 was completed with minor modifications. The flux
552 assay buffer consisted of 5 mM HEPES, pH 7.0, 2 uM ACMA, 0.5 mg/mL bovine serum albumin,
553 200 uM CaCl,, and the indicated test compound (NaCl, GABA, etc.). Detailed buffer compositions

554 are given in Table S1. Na>.SO4 was used to balance osmolality for test compounds as indicated
555 (Table S1). Data were collected on a SpectraMax M5 fluorometer (Molecular Devices) using SoftMax
556 Pro 7 software. Fluorescence intensity measurements were collected every 30 seconds with
557 excitation and emission wavelengths of 410 nm and 490 nm respectively. The data were normalized
558 to the maximum fluorescence observed before adding CCCP. Data were analyzed and visualized
559 using GraphPad Prism 10.

560

561 Whole-cell patch-clamp electrophysiology. For expression in mammalian cells, human BEST1
562 cDNA (spanning amino acids 1-398) was cloned into the Xhol and EcoRI sites of a mammalian
563 expression vector that includes a C-terminal Rho-1D4 antibody tag (44, 45). Sequences were
564 confirmed by DNA sequencing (Azenta).

565 Human Embryonic Kidney 239T (HEK293T, ATCC cat # CRL-3216) cells were cultured in

566 Dulbecco’s modified Eagle’s medium (DMEM, Gibco cat # 1995065) supplemented with 10% fetal
567 bovine serum (FBS) (Gibco cat # A3840002) and 100 pg/mL of kanamycin. HEK293T cells between

568 passage numbers 5-30 were used and passaged when cells were between 40-80% confluent. In
569 preparation for patch-clamp experiments, cells were treated with 0.25% trypsin for 20-30 s,
570 resuspended in warmed cell media, and then seeded on glass coverslips (Fisher Scientific, 22 x 22
571 mm No. 1 thickness, cat # 50-189-9778) at approximately 15% of the original confluency in 35 mm
572 petri dishes. Transfections were done using the FUGENE6 Transfection Reagent (Promega,
573 following manufacturer instructions) using a 3:1 ratio of FUGENEG to DNA; 6 uL of FUGENES6 to 2
574 pug DNA. To facilitate identification of transfected cells, the hBEST1 expression vector was co-
575 transfected with a vector containing cDNA encoding green fluorescent protein (GFP) (46) with a

576 DNA ratio of 5:1, hBEST1 to GFP. Cells transfected with GFP alone also served as controls.
577 Transfected cells were incubated for 16-48 hours at 37°C with 95% air and 5% CO; before use in

578 patch-clamp recordings.

579 Membrane currents were recorded from HEK293T cells using the whole-cell patch-clamp
580 technique. When the whole-cell configuration was established, the desired extracellular solution was
581 continuously perfused through a valve-controlled (Valvelink 8.2) gravity-fed perfusion system that
582 used an 8-into-1 manifold (Automate Scientific) connected to a perfusion chamber (Warner
583 Instruments, RC-26GLP). Membrane voltage was controlled using an Axopatch 200B patch-clamp
584 amplifier (Axon Instruments) and currents were digitized using a Digidata 1550B and pCLAMP 11
585 software. Membrane currents were collected with a sampling rate of 10 kHz with a 2 kHz low-pass
586 filter. Micropipettes were pulled with a P-1000 Next Generation Micropipette Puller (Sutter
587 Instrument) using borosilicate glass with a filament (Sutter Instrument, cat # BF150-86-10HP).
588 Typical patch pipette resistance ranged between 2-4 MQ. Whole-cell recordings were performed

589 starting from a holding voltage of -60 mV. Voltage ramps from -100 mV to +100 mV (over 500 ms,
590 and flanked by 250 ms steps at -100 mV and +100 mV, respectively) were repeatedly applied every

591 2 s (Fig. 2A). Whole-cell current time courses depict the mean current values at each -100 mV and
592 +100 mV step unless otherwise mentioned. Whole-cell patch-clamp recordings were excluded from
593 analysis when: currents were too large (>5 nA), pipettes became obstructed and series resistance
594 increased during the recording, or the cell was lost before the experiment could be completed.
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595 Following previous characterization of BEST1 (32, 47), the standard extracellular solution
596 contained 145 mM NaCl, 2 mM CaCl,, 1 mM MgClz, 10 mM HEPES, and 15 mM D-glucose, adjusted
597 to pH 7.4 with 1 M NaOH, with an osmolality of approximately 330 mmol/kg. The “zero” Ca?* pipette
598 solution contained 146 mM CsClI, 2 mM MgCl,, 5 mM EGTA, 10 mM HEPES, and 10 mM sucrose,
599 adjusted to pH 7.3 with NMDG, with an osmolality of approximately 330 mmol/kg. A high Ca** (~25
600 uM free Ca?*) pipette solution contained 146 mM CsCl, 2 mM MgCl,, 5 mM Ca-EGTA, 10 mM
601 HEPES, and 10 mM sucrose, adjusted to pH 7.3 with NMDG, with an osmolality of about 330

602 mmol/kg. To achieve pipette solutions with the desired concentrations of free Ca?*, the “zero” Ca?*
603 and high Ca?" pipette solutions were mixed according to free Ca®" calculations performed with
604 MaxChelator (48). A ground chamber contained the internal pipette solution and a ground electrode
605 made with chlorided silver (Ag/AgCl) wire. The bath and ground chambers were connected by an
606 agar bridge containing 3 M KCI. K" was not used in recording solutions to prevent contamination
607 from Kv channel currents. A 4 M GABA stock solution was made in deionized water and was used
608 to make external solutions with the desired concentrations of GABA in the standard extracellular
609 solution. A 1 M glycine stock made in deionized water, pH 8.0 with NaOH, was used to make an
610 external solution containing 30 mM glycine. External solutions containing 30 mM GABA or 30 mM
611 glycine had osmolalities of approximately 365 and 360 mmol/kg, respectively. Baseline current
612 subtraction was not performed due to inactivation of hBEST1 in different intracellular calcium
613 conditions. Electrophysiology data analysis and visualization were performed with Python
614 (matplotlib) and GraphPad Prism 10.

615

616 Planar lipid bilayer electrophysiology. Bilayer methods were based on those previously described
617 (10). Liposomes containing chicken BEST1 (1-405) were thawed in 37°C water bath, sonicated for
618 ~10 seconds, and incubated at room temperature for 1 hour prior to use. The two chambers of the
619 bilayer apparatus (Warner Instruments) were filled with 4 mL of bath solutions. Bath solutions

620 contained 20 mM HEPES, pH 7.6, 0.21 mM EGTA, 0.19 mM CacCl,, and 10 mM KCI (trans chamber)
621 or 30 mM KCI (cis chamber). Chlorided silver (Ag/AgCl) electrodes were submerged in 3 M KCI and
622 connected to the bath solutions with salt bridges made with 2% agar (wt/vol) and 3 M KCI. Bath

623 solutions were separated by a polystyrene partition with a 200 um hole across which a bilayer was
624 painted using POPE:POPG in n-decane [3:1 (wt/wt) ratio at 20 mg/mL]. Liposomes were added to
625 the cis chamber 1 uL at a time until currents were observed, indicating that liposomes had fused
626 with the bilayer. Each experiment began with recordings in asymmetrical (10/30 mM) KCI conditions
627 to verify that the recorded currents displayed selectivity for CI- (from a reversal potential of ~21 mV).
628 For recordings in symmetric KCI conditions, after fusion of channels into the bilayer, the KCI
629 concentration in the trans chamber was raised to 30 mM using 3 M KCI (while stirring).

630 For GABA activation experiments, KCl was made symmetric (cis/trans = 30/30 mM), and
631 GABA (Millipore Sigma; 1, 2, or 4 M stock solutions in deionized water) was added to obtain the
632 desired concentration (stirring for ~1 minute). To measure GABA activation, currents at 100 mV
633 were analyzed for each GABA concentration. To normalize between experiments using different
634 bilayers (and containing different numbers of channels), the currents (which ranged from ~140 pA
635 to ~900 pA at 100 mV) were normalized to the current observed when 30 mM GABA was present.
636 To analyze the half maximal concentration (ECso) and Hill slope, the data were fit using the [agonist]
637 vs. response — variable slope equation in GraphPad Prism 10.
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638 For GABA permeation experiments, GABA was only added to the cis chamber under
639 symmetric 30 mM KCI conditions to observe if the addition of GABA influenced the reversal potential.
640 A representative |-V relationship is shown in Fig 3C; two analogous experiments are shown in Fig
641 S3G and H. For experiments investigating whether GABA changes the selectivity of anions over
642 cations, recordings were done in asymmetric KCI conditions (cis/trans = 30/10 mM), and GABA was
643 added to both chambers. Relative permeabilities (P«x/Pc) were calculated from the measured
644 reversal potential (E) and the Goldman Hodgkin Katz equation.
645 E,,, = RT 1 <PI([K+]0 + Pcz[Cl:]i>

F Pg[K*]; + PgCl7],
646 All bilayer electrophysiological recordings were made using a Warner Instruments planar
647 lipid bilayer workstation. Currents were recorded using an Axopatch 200B amplifier (Axon
648 Instruments), filtered at 1 kHz, and digitized at 5 kHz using the Clampex 10.4 program (Axon
649 Instruments). Data were analyzed using Clampfit 10.4 (Axon Instruments) and GraphPad Prism 10.
650 Currents from bilayers without channels are subtracted. All experiments were repeated at least three
651 times, using different bilayers. Error bars represent SEM. The cis chamber is defined as the side to
652 which vesicles are added. The trans chamber is defined as electrical ground.
653
654 Cryo-EM sample preparation and data collection. All samples for cryo-EM were applied to glow
655 discharged Quantifoil R 1.2/1.3 grids (Au 400; Electron Microscopy Sciences) and plunge frozen in
656 liquid ethane using a Vitrobot Mark IV (FEI Thermo Scientific). For structural studies of chicken

657 BEST1 with GABA, purified protein was concentrated to 7 mg/mL and filtered using a 0.22 uM spin
658 filter. Immediately before the sample was applied to grids, 1 uL of GABA (300 mM stock) was added

659 to 10 uL of protein sample to yield a 30 mM GABA concentration. The grids were plunge frozen
660 using the Vitrobot (operated at 22°C, blot time of 3.5 seconds, wait time of 20 seconds, 0% blot force
661 and 100% humidity). Micrographs were collected using a Titan Krios G4 microscope (Thermo Fisher)
662 operated at 300kV using Falcon IV direct detector with a SelectrisX energy filter at the National
663 Center for CryoEM Access and Training (NCCAT). Details of all datasets are summarized in Table

664 S2. Similarly, purified human BEST1 was concentrated to 4.1 mg/mL and filtered using a 0.22 ym
665 spin filter. For apo human BEST1 samples, the purified protein was applied to grids and plunge

666 frozen using the Vitrobot (operated at 4°C, blot time of 3 seconds, wait time of 30 seconds, 0% blot
667 force and 95% humidity). For studies with GABA, 30 mM GABA was added prior to grid preparation
668 in the same manner as for chicken BEST1. Micrographs were collected using Titan Krios microscope

669 (Thermo Fisher) operated at 300kV using Falcon IV direct detector SelectrisX energy filter (Thermo
670 Fisher) at Memorial Sloan Kettering Cancer Center (MSKCC).

671

672 Cryo-EM structure determination. Figures S4, S6 and S8 show cryo-EM data processing
673 workflows. Data processing was done using Relion 3.1 (49) and cryoSPARC 4.5 (50). Data
674 processing for human BEST1 without GABA proceeded as follows. Movies in EER format were
675 fractionated into 45 fractions (up sampling factor of 1), and gain and motion-corrected using Relion
676 3.1 (49). These micrographs were imported into cryoSPARC 4.5 (50) for patch CTF estimation.
677 Micrographs with a CTF fit better than 3.5 A (6,415 micrographs) were selected for further
678 processing. To obtain an initial model of human BEST1, 2000 micrographs were randomly selected.
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679 Using these micrographs, particles were picked using blob picker and extracted (box size 384, bin
680 factor 2). Three ab-intio reconstructions were generated and used for five rounds of heterogenous
681 refinement. The resulting class that resembled BEST1 was used to create templates for particle
682 picking, and particles were selected using the template picker tool in cryoSPARC. 5,338,248
683 particles were picked and extracted and binned by factor of 2. To remove junk particles, particles
684 were sorted using multiple rounds of iterative 3D heterogenous refinement using the refined ab-initio
685 model and decoy models (employing C1 symmetry). The resulting 1,357,422 particles were
686 reextracted using a box size 512. Using 2D classification, the particles were classified into sets that
687 contained monomer channels (pentamers) and dimers of channels (containing two pentamers in
688 head-to-head assembly). Ab-initio dimer and monomer reconstructions were generated and used
689 as inputs for heterogenous refinement of the particles along with decoy reconstructions. From this,
690 1,046,173 particles classified as monomers were subjected to further 3D classification using a
691 solvent mask excluding the detergent micelle. This resulted in two conformations of human BEST1,
692 inactivated and open, which were subsequently processed separately. Both particle sets were
693 subjected to non-uniform refinement, followed by two rounds of Bayesian polishing in RELION 3.1,
694 with heterogenous refinements in cryoSPARC 4.5 between polishing steps. Final particles
695 (inactivated: 565,261, open: 107,143) were subjected to non-uniform refinement using C5 symmetry,
696 with global CTF and defocus refinements, resulting in final maps of the inactivated and open
697 conformations with 2.45 A and 2.57 A overall resolutions, respectively.

698 For human BEST1 with GABA, processing followed the same general procedure. Movies in
699 EER format were fractionated into 45 fractions (up sampling factor of 1), and gain- and motion-

700 corrected using Relion 3.1 (49). These micrographs were imported into cryoSPARC 4.5 (50) for
701 patch CTF estimation. Micrographs with a CTF fit better than 3.5 A (5,833 micrographs) were

702 selected for further processing. 4,996,553 particles were picked and extracted from micrographs. To
703 remove junk particles, particles were sorted using rounds of iterative heterogenous refinement using
704 C1 symmetry. The resulting 962,724 particles were reextracted using a box size of 512. Dimer and
705 monomer particles were separated as described above. 619,096 monomer particles were subjected
706 to 3D classification, using a solvent mask excluding the detergent micelle. This yielded two
707 discernable conformations, GABA-bound open (177,595 particles) and intermediate (163,534
708 particles). The volumes generated from 3D classification were used as input volumes, along with
709 decoy models, for iterative heterogenous refinement. Iterative heterogenous refinement and 3D
710 classification yielded two conformations, open (305,050 particles) and closed (180,153 particles).
711 The two particle sets were subsequently processed separately. The particles in the open
712 conformation class were subjected to non-uniform refinement, followed by two rounds of Bayesian
713 polishing in RELION 3.1, with heterogenous refinements in cryoSPARC 4.5 in between polishing
714 steps. The final particle set (295,666 particles) was subjected to non-uniform refinement in C5
715 symmetry, with global CTF refinement and defocus refinements resulting in a 2.45 A overall
716 resolution reconstruction of the open conformation. As the particle set for closed channels was still
717 heterogenous, further processing was done to isolate different states. The particles were subjected
718 to homogenous refinement with C5 symmetry in cryoSPARC 4.5, followed by C5 symmetry
719 expansion. The symmetry expanded particle set was subjected to 3D classification, using 6 classes,
720 a solvent mask excluding the detergent micelle, and a focused mask containing the neck region of
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721 BEST1 and the GABA binding site. 3D classification yielded multiple 3D reconstructions that

722 contained two GABA molecules at the same positions within the pentamer (GCGCC configuration,
723 i.e. at the interfaces between subunits A-B and C-D). The GABA switch regions at these positions
724 also bore the same conformation in the classes. We were not able to obtain reconstructions with
725 other distributions of GABA molecules or GABA switch conformations. Duplicate particles were
726 removed, and the resulting 148,312 particles were subjected to local refinement in C1 symmetry to
727 yield the intermediate reconstruction at 2.62 A overall resolution.

728 Processing of data for chicken BEST1 (1-345) with GABA was similar. Movies in EER format
729 were fractionated into 45 fractions (up sampling factor of 1), and motion-corrected using Relion 3.1

730 (49). Motion-corrected micrographs were imported into cryoSPARC 4.5 (50) for patch CTF
731 estimation. Micrographs with a CTF fit better than 4.5 A (1,224 micrographs) were selected for

732 further processing. Following template picking, 987,499 particles were extracted using a box size
733 512 (binning by a factor of 2). The particles were subjected to iterative rounds of heterogenous
734 refinement in C1 symmetry. Following unbinning, the particles were subjected to two rounds of 3D
735 heterogenous refinement, yielding 75,954 particles in the open conformation. These particles were
736 subjected to non-uniform refinement, followed by two rounds of Bayesian polishing in RELION 3.1,
737 with heterogenous refinements in cryoSPARC 4.5 between polishing steps. The final particle set
738 was subjected to non-uniform refinement in C5 symmetry, with global CTF refinement and defocus
739 refinement, resulting in a reconstruction of the open map at 1.95 A overall resolution. The dataset
740 appears to have a single major conformation (open with GABA bound); multiple attempts were made
741 to distill other conformations (e.g., closed, or those without GABA) by ab-initio reconstruction, 2D
742 classification, 3D classification, or focused classification approaches. A relatively small fraction of
743 particles from the initial set were used for the final map because this subset of particles yielded the
744 highest resolution reconstruction and most well-defined density.

745 Atomic models were built in COOT (51) using previously determined structures of chicken and

746 human BEST1 as references (PDB IDs: 4RDQ, 6N28, and 8D1l). All models were refined in real
747 space using COOT and further refined using PHENIX (52). Structural figures were prepared using
748 ChimeraX (53), PyMOL (pymol.org), and HOLE (54). Data collection and refinement statistics are
749 shown in Table S2.
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763 Data and materials availability: Atomic coordinates and maps of the apo human BEST1
764 (inactivated and open), GABA-bound human BEST1 (open and intermediate), and GABA-bound
765 chicken BEST1 (open) have been deposited in the PDB (accession numbers: 9EGS, 9EGT,
766 9EGM, 9EGQ and 9EFZ, respectively) and EMDB (EMD-47996, EMD-47997, EMD-47991, EMD-
767 47995 and EMD-47982, respectively). All data needed to evaluate the conclusions in the paper
768 are present in the paper and/or the Supplementary Materials.
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Fig 1. GABA augments CI flow through BEST1. (A) Schematic of the flux assay. Purified BEST1 is
reconstituted into liposomes. Liposomes either contain sodium sulphate (chicken BEST1) or potassium
sulphate (human BEST1), which are not permeable through the channels. Liposomes are diluted in assay
buffer containing NaCl and/or test compounds (Table S1). The flow of anions (CI") into the liposomes generates
a negative potential, which is used to drive the uptake of protons through the ionophore CCCP. The protons
quench the fluorescence of the pH sensitive dye ACMA. Thus, decrease in fluorescence is an indicator of
anion flux through the channel. (B) Experiment testing the effect of GABA. The addition of GABA enhances CI
flux through chicken BEST1. On its own, GABA does not cause a decrease in florescence. Empty vesicles (i.e.
vesicles without BEST1) are shown as controls. (C) GABA increases CI flux through chicken BEST1 in a dose
dependent manner. (D-E) Among endogenous molecules tested, only GABA dramatically enhances CI- flux.
(F) Analogous experiment to (B) for human BEST1, showing that GABA potentiates CI flux.
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Fig 2. Whole-cell patch-clamp electrophysiology indicates that extracellular GABA activates human BEST1. (A)
Voltage protocol using a train of 0.5 s voltage ramps from -100 mV to +100 mV (from a holding potential of -60
mV), repeated every 2 s. (B) GFP and (C) hBEST1-transfected HEK293T representative whole-cell current time
courses at -100 mV and +100 mV during 1 min applications of external 30 mM GABA from a train of voltage ramps
using the protocol shown in panel A. Cells were washed for 1.5 min with standard external solution between GABA
applications. Blue circles represent mean current at -100 mV (bottom) or +100 mV (top) during the 250 ms steps
at these voltages before and after the voltage ramp. Pink horizontal bars above the time course represent GABA
application duration. Zero current level is denoted by the dotted black line. For time courses, GFP cells n = 3,
hBEST1 cells n = 7. (D) Representative |-V relationships for the same hBEST1-transfected cell in the absence
(black) and presence (pink) of external 30 mM GABA. Data are derived from the voltage protocols applied in (C).
“ctrl” indicates hBEST1 current without GABA. (E) Reversal potentials for hBEST1 currents in the presence and
absence of external 30 mM GABA are plotted for different hBEST1-transfected cells from data as shown in (D)
(n=7). Reversal potential measurement for hBEST1 without GABA (ctrl) was 0.8 £ 0.8 mV and with 30 mM GABA
was 1.9 + 1.2 mV. Mean is depicted by the black horizontal bar and error bars represent SEM. (F) GABA dose
response. Representative hBEST1 whole-cell current time course at +100 mV using the protocol in (A) in the
presence of various external GABA concentrations (from 300 uM to 50 mM), which were applied for 30 s, followed
by washout for 1 min with external solution without GABA. 10 mM GABA was applied between each test
concentration of GABA to control for possible rundown. (G) Dose response curve. Data from (E) in the presence
of each GABA concentration were normalized to the subsequent current observed with 10 mM GABA. Data from
all GABA titration recordings are shown as dots (n = 8); mean is depicted by black horizontal bars, with error bars
representing SEM. Some error bars are smaller than symbols. Individual measurements are plotted as pink circles.
(H) Representative hBEST1 whole-cell current time course with 30 mM GABA and 30 mM glycine with the same
conditions as in (B) and (C), n = 12. All recordings use a pipette solution containing 10 nM free Ca?*.
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Fig 3. Bilayer electrophysiology shows that GABA potentiates CI- current through chicken BEST1. (A) Current-
voltage (I-V) relationship indicates that GABA increases BEST1 currents. Symmetric conditions were used,
such that both chambers contain 30 mM KCI. Increasing amounts of GABA were added to both chambers
during the experiment. (B) GABA dose response curve. Currents observed at 100 mV at different GABA
concentrations from (A) were plotted as fraction of current observed with 30 mM GABA at 100 mV. Data from
five separate experiments, denoted by different symbols, were used to calculate half maximal concentration
(ECso), Hill coefficient, and SE by fitting the data to a standard agonist activation function (Materials and
Methods). (C) Addition of GABA does not shift the reversal potential. The experiment was done in symmetric
30 mM KCI. Increasing amounts of GABA were added to only the cis chamber. (D) GABA does not change
the channel’s selectivity for anions over cations. Asymmetric conditions were used, where the cis chamber
contains 30 mM KCI and the trans chamber contains 10 mM KCI. Increasing amounts of GABA were added to
both chambers. Permeability ratios (Px/Pci)) at 0 mM GABA and 80 mM GABA were calculated using the
Goldman-Hodgkin-Katz equation; three separate experiments were used to calculate associated SE.
Representative I-V graphs are shown in (A, C, D); current traces for these are shown in (Fig. S3).
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Fig 4. Cryo-EM structures of apo human BEST1. (A-B) Cryo-EM reconstructions of human BEST1 without
GABA represent an inactivated state (A) and an open state (B). Left panels show views from the side; right
panels show slices of the map from the extracellular side to highlight the widening of the neck in the open
structure. (C) Overall architecture of inactivated human BEST1. a helices are depicted as cylinders and each
subunit is colored differently. Approximate boundaries of a lipid membrane are indicated. (D) Cutaway views of
the inactivated and open conformations of human BEST1. The ion conduction pore, show in grey, is depicted
as the minimal radial distance from the center of the pore to the nearest van der Waals contact. The neck and
aperture regions are indicated (dashed boxes). Two subunits are shown for clarity. (E) Superimposed individual
subunits from the inactivated and open structures highlight the difference in conformation of the neck (boxed
region). The inactivation peptide, labeled, is ordered in the inactivated structure but disordered in the open
structure.
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Fig 5. GABA-bound structure of human BEST1
in an open conformation. (A) 2.45 A resolution
cryo-EM map. Densities corresponding to GABA
are colored orange. The view is a slice shown
from the extracellular side, highlighting the open
neck of the pore at the center. (B) Analogous
view, showing a cartoon representation of the
atomic model. GABA molecules are represented
as orange spheres. One subunit is colored blue
to highlight the binding of GABA at the interface
between two subunits. (C) Side view of two
adjacent subunits. GABA interacts with a portion
of helix S2a from one subunit (green) and with
the S3-S4 linker and amino-terminal end of the
S4a helix from the adjacent subunit (blue). (D)
Cutaway view of the GABA complex showing
the pore (grey) and highlighting the binding of
GABA adjacent to the pore within the outer
entryway. The aperture adopts the same
conformation in all structures of BEST1.
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. \ > 3 o " identical binding sites for GABA is shown in
each panel, with one subunit colored blue
and the adjacent subunit green. (A-B)
Cryo-EM densities from structures of the
GABA-bound open conformations of

: VAL _ human (A) and chicken (B) BEST1. Density
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linker \ﬁ;\\ \ ey, human BEST1 with GABA is shown (the
(R255) y ’\;\binding site  in chicken BEST1 is

“analogous, Fig. S14). The atomic model is
(G266) drawn as cartoons and sticks. Hydrogen
bonds are depicted as dashed lines. Two
ordered water molecules are shown as red

(6 X spheres. Protein backbone atoms that form
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S4a by parentheses. Oxygen atoms are red;
A/ nitrogen atoms are dark blue.
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Fig 7. The GABA switch allosterically controls gating of the neck. (A-C) Comparison of cryo-EM structures of
human BEST1 in the GABA-bound open conformation (A), the GABA-bound intermediate conformation (B),
and the inactivated conformation in the absence of GABA (C). The structures are depicted as cartoons, with
certain amino acids drawn as sticks. The view is from the extracellular side, to highlight the dimensions of the
neck. GABA molecules are depicted in sphere representation (orange). The S3-S4 linker is blue, the GABA
switch (Tyr72-Pro77) is red, and Phe80 and Phe84 of the neck are green. Two GABA molecules are bound in
the intermediate structure, as shown. Ca?* ions are shown as faded green spheres. (D-F) close-up view of the
GABA binding site, the GABA switch, and the neck from the structures. In each panel, the GABA switch and
neck helix (S2b) from two adjacent subunits (labeled A and B) are shown, but only one S3b-S4a region is
drawn (from subunit A). In the open conformation (D), GABA is bound at all five sites, and the GABA switches
and neck helices uniformly adopt their open conformations. In the inactivated conformation (F), the neck and
GABA switch regions adopt their closed conformations. The intermediate (E) is a structural hybrid. The GABA
switch to which GABA binds (subunit B) adopts a GABA-bound conformation. The other GABA switch (subunit
A) adopts a closed conformation. The neck of the intermediate is narrow (B) and similar to the inactivated
state.
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Fig 8. Gating. A schematic of the channel is shown.
The neck serves as the gate of the channel. It is
allosterically controlled by three inputs (arrows): Ca?*
binding to the cytosolic Ca?* clasp sensor, binding of
the inactivation peptide to a cytosolic receptor on the
channel, and GABA binding within the outer entryway
of the pore. The aperture does not function as a gate,
but rather acts as a size selective filter to govern the
size of anions that can flow through the channel.
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