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ABSTRACT GABA, receptors (GABAARS) are neurotransmitter-gated ion channels critical for inhibitory synaptic transmission
as well as the molecular target for benzodiazepines (BZDs), one of the most widely prescribed class of psychotropic drugs today.
Despite structural insight into the conformations underlying functional channel states, the detailed molecular interactions involved
in conformational transitions and the physical basis for their modulation by BZDs are not fully understood. We previously identified
that alanine substitution at the central residue in the a1 subunit M2-M3 linker (V279A) enhances the efficiency of linkage between
the BZD site and the pore gate. Here, we expand on this work by investigating the effect of alanine substitutions at the analogous
positions in the M2-M3 linkers of 2 (1275A) and y2 (V290A) subunits, which together with «.1 comprise typical heteromeric «.1p2y2
synaptic GABAARs. We find that these mutations confer subunit-specific effects on the intrinsic pore closed-open equilibrium and
its modulation by the BZD diazepam (DZ). The mutations a1(V279A) or y2(V290A) bias the channel toward a closed conformation,
whereas B2(I1275A) biases the channel toward an open conformation to the extent that the channel becomes leaky and opens
spontaneously in the absence of agonist. In contrast, only «1(V279A) enhances the efficiency of DZ-to-pore linkage, whereas mu-
tations in the other two subunits have no effect. These observations show that the central residue in the M2-M3 linkers of distinct
subunits in synaptic a«1p2y2 GABAARS contribute asymmetrically to the intrinsic closed-open equilibrium and its modulation by DZ.

SIGNIFICANCE GABAA, receptors are pentameric ligand-gated ion channels that regulate inhibitory signaling throughout
the central nervous system. Although many subtypes are comprised of combinations of several different subunits,
structural and functional observations have begun to paint a general picture of largely pseudo-symmetric conformational
changes in each subunit. Here, we show that the flexibility of an important gating loop has subunit-specific asymmetric
effects on the energetics of channel activation and drug modulation. This work illustrates that different subunits can apply
non-symmetric and even opposing forces on the gating conformational change.

INTRODUCTION phrenia, and neurodevelopment disorders such as fragile X
syndrome (3-9). GABAARs are also the molecular target for
numerous anxiolytic, analgesic, and sedative compounds.
One of the most widely prescribed classes of psychotropic
drugs are benzodiazepines (BZDs) (10), whose modulation
of GABAAR activity is used to treat neurological conditions
including anxiety, insomnia, muscle spasms, pain, and epi-
lepsy (11). Many functional studies together with recent cryo-
genic electron microscopy (cryo-EM) structural models of
heteromeric synaptic GABA ARs have begun to paint a picture
of the conformational landscape involved in channel gating.
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GABARs are the primary neurotransmitter-gated ion chan-
nels mediating inhibitory synaptic signaling throughout the
central nervous system (1). They belong to the superfamily
of cys-loop pentameric ligand-gated ion channels (pLGICs)
including glycine, nicotinic acetylcholine, and serotonin re-
ceptors (2). Genetic mutations conferring GABAR dysfunc-
tion are associated with human disorders including epilepsy,
autism spectrum disorder, intellectual disability, schizo-
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Typical synaptic GABAARs are heteropentamers
comprised of «l, B1-3, and y2 subunits (Fig. 1) (13,14).
The M2-M3 linker at the interface between the extracellular
domain (ECD) and the transmembrane domain (TMD) has
been identified as an important region for transducing the
chemical energy from agonist (e.g., GABA) binding in the
ECD to gating of the channel pore in the TMD (Fig. 1)
(15-19). Structurally, the M2-M3 linker moves radially out-
ward along with the top of the pore-lining M2 helices during
channel opening (20-22). However, the role of the M2-M3
linker in allosteric modulation by BZDs or the intrinsic en-
ergetics of the pore in the absence of agonist are less studied.

Previously we identified a specific residue, the central
valine in the ol subunit M2-M3 linker (V279), that regu-
lates the efficiency of energetic linkage between diazepam
(DZ) bound in the ECD and the pore gate in the TMD
(23). Both functional and structural observations indicate
that channel gating and allosteric modulation by BZDs in-

volves conformational changes throughout the receptor
(24-29) including changes in buried surface area at all inter-
subunit interfaces and with the M2-M3 linkers of all sub-
units undergoing a radial expansion during pore opening
(20,21,30). Thus, we investigate here the effects of alanine
substitutions in the analogous central position of
al1(V279) in the M2-M3 linkers of B2 (I275A) and y2
(V290A) subunits (Fig. 1). Specifically, we explore how
these alanine substitutions affect the intrinsic closed-open
equilibrium and linkage between DZ bound in the ECD
and the pore gate in the TMD. Although DZ does also
bind to several lower affinity sites in the TMD (20,21), the
observed saturation of DZ responses in this study at 1-3
uM DZ suggests that we are primarily assaying binding to
the high affinity site in the ECD (31). We show here that
alanine substitution at the center of the M2-M3 linker has
subunit-specific effects on the intrinsic closed-open equilib-
rium and its modulation by DZ.
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B2 249 ARVALGITTVLTMTTINTHLRETLPKIPY-VKAIDMYLMGCFVEFVFMALLEYALV 302
Y2 264 ARTSLGITTVLTMTTLSTIARKSLPKVSY-VTAMDLFVSVCFIFVFSALVEYGTL 317

FIGURE 1

Cryo-EM structural representation of a synaptic GABA sa1 32y2 receptor in complex with GABA and DZ. Upper left: top-down view from the

extracellular side of the membrane. Subunits a1, 32, and y2 are shown in green, blue, and yellow, respectively, with bound GABA and DZ as salmon spheres. The
9’ leucines forming the central pore gate are shown as light gray sticks. Upper middle: side-on view from the plane of the membrane omitting back two subunits
for clarity. The central residue in each M2-M3 linker that was mutated in this study is shown as black spheres. Upper right: top-down view with the ECD removed
and M2-M3 linkers colored magenta. Middle boxes: expanded views of the M2-M3 linker residues that were mutated in this study shown as black sticks. Loca-
tion of each view corresponds to the magenta boxes in the upper middle panel. Cryo-EM map is from PDB: 6X3X. Note that rat o.1(V279) corresponds to human
21(V280) in the cryo-EM map. Bottom: sequence alignment of M2-M3 linker regions in rat subunits. Mutation sites and 9’ leucines are highlighted.
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Rationale for use of a gain-of-function mutant as a
background on which to probe the intrinsic pore
closed-open equilibrium and linkage between the
BZD site and the pore gate

Weak modulatory drugs such as BZDs do not confer appre-
ciable channel opening by themselves, but rather regulate
the channel’s response to an agonist such as GABA. Thus,
electrophysiological measures of channel current necessi-
tate coapplication of both drug and agonist to open the chan-
nel. This complicates elucidation of the molecular linkage
between the drug site and the pore gate because 1) the ago-
nist’s energetic contribution to pore gating typically domi-
nates compared with the weak modulator and 2) it is
difficult to distinguish between direct effects of the modu-
lator on the pore equilibrium versus indirect effects via a
change in agonist affinity while the modulator is bound.
To overcome these challenges and investigate the energetic
linkage between the BZD site in the ECD and the pore gate
in the TMD, we leverage the gain-of-function mutation
al(LY'T) in the M2 pore-lining helix (Fig. 1) (32-34).
This mutation in the hydrophobic pore gate confers sponta-
neous exchange between closed and open states in the
absence of ligand, to which changes in current in response
to either BZDs or mutations can be readily detected. Thus,
this mutant allows straightforward quantification of the en-
ergetic consequence of BZD binding or a mutation on the
pore closed-open equilibrium from conventional measures
of channel current (23).

Importantly, a1(L9'T)B2y2 receptors exhibit the same
pharmacology as wild-type receptors, being blocked by picro-
toxin (PTX), allosterically modulated by BZDs, and activated
robustly by GABA (Fig. 2) (33,34). Kinetic analysis of macro-
scopic currents elicited with rapid jumps in ligand concentra-
tion indicate that nearly all the effects of the al(L9'T)
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Asymmetric roles for M2-M3 linkers

mutation can be explained by a stabilization of the open
conformation with little change to the energetics of closed
or desensitized states (34). A similar conclusion based on
both single channel recordings and macroscopic kinetic ana-
lyses was reached for the y2(L9'S) gain-of-function mutation
(35). This suggests that the primary effect of the o1(L9'T) mu-
tation is to shift the intrinsic closed-open equilibrium while
otherwise maintaining the same mechanism for gating and
allosteric modulation as in wild-type channels, similar to ob-
servations of gain-of-function mutations in nicotinic acetyl-
choline receptors (36). If this is true, then activation of wild-
type channels with lower concentrations of GABA that elicit
similar activity to the gain-of-function mutant should be
equivalent. However, whenever an agonist such as GABA is
used to obtain a desired level of activity, it is difficult to distin-
guish between a mutation having a direct effect on the pore
equilibrium versus an indirect effect via a change in agonist af-
finity (37). Thus, we chose to use the a.1(L9'T) gain-of-func-
tion mutation for a uniform background on which to probe
the energetics of the pore equilibrium and its linkage with
the classical BZD site in the ECD without complication
from any changes in agonist affinity. We note that we have
shown previously (23) and show here that observations for mu-
tations in the al(LY'T) background have translated to pre-
dicted effects in wild-type channels.

MATERIALS AND METHODS
Mutagenesis and expression in oocytes

DNA for rat GABAAR al, B2, and y2 subunits were a gift from Dr. Cynthia
Czajkowski. Note that the long isoform of y2 was used throughout. The
a1(LY'T) and o, mutations were introduced individually or serially by
site-specific mutagenesis (QuikChange II, QIAGEN, Redwood City, CA).
Mutations B, and 7y, were obtained from GENEWIZ (South Plainfield,

o (L9T)5242 aA(L9TB 12 al(L9T)E2y

DIZ GAIBA

:
PTX

DIZ GAIBA

< @« ~ ] -
0 (=} =} o

100 s 100 s 100 s 100's

FIGURE 2 M2-M3 linker mutations o,,, B, or v, have subunit-specific effects on the intrinsic closed-open equilibrium and its modulation by DZ. Example
currents from wild-type o122 and gain-of-function o.1(L9'T)B2Y2 receptors without and with M2-M3 linker mutations oy, By, Or Y. Currents are in response
to 10 s pulses (black bars) of either | mM PTX, saturating 1-3 uM DZ (high affinity ECD site), or saturating GABA. Full concentration-response curves are
shown in Figs. S1 and S2. Current block by the pore blocker PTX was used to assess the amount of spontaneous activity and to normalize DZ- and GABA-evoked
responses from different oocytes. Currents are normalized from the zero-current baseline in PTX to the maximal GABA-evoked response.
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NJ). Each construct was verified by forward and reverse sequencing of the
entire gene.

For expression in Xenopus laevis oocytes (EcoCyte Bioscience, Austin, TX),
cRNA for each construct was generated from DNA plasmids (mMessage
mMachine T7, Ambion, Austin, TX). Oocytes were injected with 27-54 ng
of total mRNA for o, B, and y subunits (or mutants) ina 1:1:10 ratio (38) (Nano-
ject, Drummond Scientific, Broomall, PA). Oocytes were incubated in ND96
(in mM: 96 NaCl, 2 KCI, 1 MgCl2, 1.8 CaCl,, 5 HEPES [pH 7.2]) with
100 mg/mL gentamicin at 18°C.

Two-electrode voltage-clamp recording and
analysis

Currents from expressed channels 1-3 days postinjection were recorded using
a two-electrode voltage clamp (Dagan TEV-200 amplifier, Minneapolis, MN,
HEKA ITC digitizer and Patchmaster software, Holliston, MA). Oocytes were
held at —80 mV and perfused continuously with buffer (ND96) or buffer con-
taining PTX, GABA, or DZ. PTX was diluted from a 1 M stock solution in
DMSO. DZ was diluted from a 10 mM stock solution in DMSO. Fresh PTX
and DZ stock solutions were tested several times with no change in results.
GABA was dissolved directly from powder. A microfluidic pump (Elveflow
OB1 MK3+) and rotary valve (Elveflow MUX Distributor, Paris, France) pro-
vided consistent and repeatable perfusion and solution exchange across exper-
iments, which limited solution exchange variability to primarily differences
between oocytes only. Ten second pulses of PTX, GABA, or DZ were followed
by 3—-6 min in buffer to allow currents to return to baseline. Recorded currents
were analyzed with custom scripts in MATLAB (The MathWorks, Natick,
MA).

Recordings of concentration-response relationships were bookended by
pulses of PTX to correct for any drift or rundown during the experiment and
to identify the zero current baseline. As described previously (23), in some 0o-
cytes we accounted for a gradual rundown of channel current during the time
course of the recording by applying a linear scaling in time so that the initial
and final PTX responses were of equal amplitude. It is worth noting that
such scaling had little to no effect on the ratio of the maximal GABA- or
DZ-evoked responses (IGaa-max OF Ipz.max) to the following final PTX
response (Ipry) as used to estimate open probability and conferred only minor
shifts at most to the concentration-response relationships. The amount of cur-
rent rundown was variable across oocytes, with no clear relation to specific
constructs.

Current (/) concentration-response curves (CRCs) were measured with
respect to the unliganded current baseline and fit to the Hill equation:

Lax
= tmex 1
(e .
X]

where 1,4 is the peak current response relative to the unliganded current
baseline, [X] is ligand concentration, ECs is the concentration eliciting a
half-maximal response, and / is the Hill coefficient. Note that, although
the parameters from Hill fits provide a general metric for assessing apparent
affinity and sensitivity, they are not easily translatable into physical param-
eters such as affinities of specific sites or numbers of bound ligands (39,40).

DZ-gating model

The DZ-gating model (Fig. 5 A) is the same as described previously (23). In
brief, the free energy difference from closed to open states was calculated for
unliganded (AG iigandea) 0r DZ-bound (AGpz-pouna) receptors as follows:

Po -unliganded

AGuniance = — RTIn| —— (2)
figanded (1 - Pn~unliganded>
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where RT is the product of the gas constant and temperature, and we esti-
mated Pa-unligundﬂd :IPTX/IGABA'IH(L\’ and P()-DZ-br)uml :IDZ-mLu/IGABA-max-
This estimate is reasonable for gain-of-function mutants whose open prob-
ability in saturating GABA is close to one. See Fig. 2 for an illustration of
Iprx, IDZ-max> and IGapa.max- The energetic consequence of DZ binding on
the pore closed-open equilibrium AAG); is the difference between DZ-
bound and unliganded conditions:

AAG’DZ = AGDZbound - AC;Mnliganded (4)

RESULTS

Effects of alanine substitutions in the center of
the M2-M3 linkers of specific subunits on GABA-
and DZ-evoked currents in a gain-of-function
receptor

We previously identified a specific residue in the center of the
ol subunit M2-M3 linker (rat V279, human V280) that is
involved in mediating linkage between the BZD DZ and the
pore gate (23). Here, we investigate the effects of alanine sub-
stitutions at the analogous central positions in the M2-M3
linkers of rat o1, B2, and y2 subunits in wild-type alf2y2
and gain-of-function al(LYT)B2y2 GABAsRs (o, =
al(V279A); Bn = B2(I275A); Y = Y2(V290A)). Note that
rat and human sequences are nearly identical, differing by
only one residue in a1 and B2 subunits in disordered regions
at the N-terminus or in the M3-M4 intracellular linker, respec-
tively, and in 2 subunits having slightly different lengths of
M3-M4 linkers. Xenopus laevis oocytes were coinjected
with mRNA for al, B2, and y2 subunits (or mutants) in a
1:1:10 ratio (38), and current responses to microfluidic appli-
cation of ligands were recorded using a two-electrode voltage
clamp. Activation by DZ indicates incorporation of the y2
subunit, and we further assume that all constructs assemble
primarily with the canonical (a),(B)»(7y); stoichiometry (41).

For wild-type a1B2y2 receptors, no detectable currents
were evoked upon application of the pore blocker PTX or
the weak modulator DZ, whereas robust currents were eli-
cited with GABA (Fig. 2). These observations are as ex-
pected for channels that are closed at rest and consistent
with DZ being a sufficiently weak modulator that it is un-
able to open the pore to an observable level on its own. In
contrast, receptors harboring the gain-of-function
o1(L9'T) mutation exhibited both spontaneous PTX-sensi-
tive current (/prx) and additional current beyond the sponta-
neous current baseline in response to DZ alone (Ipz)
(Fig. 2). The ability of DZ to elicit increased channel activ-
ity in the gain-of-function mutant parallels its ability to
potentiate responses to subsaturating concentrations of
agonist (e.g., GABA) in wild-type receptors (42) and illus-
trates that DZ does energetically bias the pore toward an
open conformation. This bias is insufficient to observe



channel opening in wild-type receptors but is readily de-
tected in the gain-of-function mutant with a much smaller
energy difference between closed and open conformations.

For each oocyte we recorded current responses to a series of
10 s pulses of increasing concentrations of either GABA or DZ
bookended by 10 s pulses of | mM PTX (Figs. S1-2). Current
block by the pore blocker PTX was used to assess the amount
of spontaneous unliganded activity (/prx) and to define the zero
current baseline. For comparison across oocytes, currents were
normalized from the zero current baseline in PTX to the
maximal GABA-evoked response (Igapa-mar) (Fig. 2). For
DZ recordings lacking a response to saturating GABA, cur-
rents were normalized such that the PTX-sensitive current
amplitude in the DZ recording matched the median PTX-sen-
sitive current amplitude across normalized GABA recordings
for the same construct. This amounts to computing the fold-in-
crease in basal open probability conferred by DZ. GABA and
DZ CRCs were computed for ligand-evoked current ampli-
tudes with respect to the unliganded current baseline (i.e.,
the baseline current in the absence of any ligands) and fit to
the Hill equation (Eq. | in materials and methods; Figs. S1—
S8). For each construct, the GABA or DZ CRCs were pooled
after normalizing to their individual Hill fits, and the pooled
data were fit to the Hill equation with /,,,,, = 1. Importantly,
no currents were elicited upon application of PTX, GABA, or
DZ in uninjected oocytes (data not shown).

The gain-of-function mutant o.1(LY'T)B2y2 left-shifts the
GABA CRC by ~100-fold, consistent with previous reports
(33) and qualitatively as expected for a bias from closed to
open conformations where GABA binds with higher affinity
to open versus closed states (Fig. S7). In the o1(L9'T)B2vy2
background, the individual mutations o.,,, or v, had little effect
on GABA CRCs, whereas B, right-shifted the CRC by ~10-
fold and conferred a reduced sensitivity with a Hill coefficient
less than one (Figs. S4 and S7). Thus, B, contributes to
apparent affinity for GABA binding, whereas o, and v, do
not. None of the individual mutations a.,, B, or v, had any
effect on DZ CRC:s (Figs. S5 and S8), indicating that the mu-
tations do not appreciably perturb affinity for DZ binding. Re-
ports for the ECsq of DZ-potentiation in wild-type receptors
are comparable with the observed ECs for direct DZ-gating
of gain-of-function receptors reported here and in previous
studies (Fig. S8) (23,31,33,43,44).

Asymmetric roles for the central residue of the
M2-M3 linker of specific subunits in regulating the
pore closed-open equilibrium

The spontaneous unliganded open probability (P, . uiigandea) 1
given by the product of the maximal open probability in satu-
rating GABA (P,.GaBA-max) and the ratio of the PTX-sensitive
to the maximal GABA-evoked current amplitudes (Iprx/
IGABA -max @s shown in Fig. 2). For wild-type a1 322 receptors,
Po.caBa-max =0.8 (45). Under the assumption that all gain-of-
function constructs (e.g., constructs harboring the o1(L9'T)

Asymmetric roles for M2-M3 linkers

mutation) should increase P,.GaA-max tO something
approaching one, we estimate for these constructs
Po.uniiganded =Ip1x /IGABA-max (ratios are of absolute current
amplitudes as defined in Fig. 2). We previously verified from
single-channel recordings that P,.Gaga-max = 0.93 for
on(L9'T)B2Yy2 receptors (23). Importantly, our primary con-
clusions are relatively insensitive to such small errors in the
estimation of P,.GABA - max-

In the al(L9'T)B2y2 background, both o, and v,
reduced the unliganded open probability by ~2-fold
(Fig. 3). In contrast, B,, increased the spontaneous unli-
ganded open probability by ~2- to ~0.7-fold which is close
to the maximal open probability in saturating GABA for
wild-type receptors (Fig. 3). Thus, mutation of the central
residue in the B2 subunit M2-M3 linker from isoleucine to
alanine dramatically increases the intrinsic probability of
pore opening, whereas the analogous mutations in the ol
or y2 subunits inhibit spontaneous unliganded activity.

Given the large increase in intrinsic open probability
conferred by By, in the a1(L9'T)B2y2 background, we asked
whether B, provides a sufficient bias for an open conformation
to detect appreciable unliganded channel opening in the
absence of the gain-of-function o.1(L9'T) mutation. To test
this, we repeated the same PTX and GABA concentration-
response protocol described above for olf,,y2 receptors
(Figs. 4 A and S3). The clear PTX-sensitive current verifies
that B, alone is sufficient to open the channel pore in the
absence of ligand. In contrast, a,p2y2 receptors did not
exhibit any obvious PTX-sensitive current, as expected given
that o, reduces spontaneous activity in the o1(L9'T)B2y2
background (Figs. 4 A and S3). We did not test v, as it also re-
duces spontaneous activity similar to o,,. Consistent with o,
inhibiting and B, promoting intrinsic pore opening, in the
wild-type a1 B2v2 background o, or B, right- or left-shifted
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FIGURE 3 M2-M3 linker mutations either enhance (f,,) or inhibit (¢, Ym)
intrinsic pore opening in the absence of ligand. Spontaneous open probability
for M2-M3 linker mutations o, By, Or Yp, in the background of the gain-of-
function mutation o1(L9'T) estimated as the ratio of PTX-sensitive to maximal
GABA-evoked current amplitudes Iprx /IGasa-max (se€ Fig. 2). Data points are
for individual oocytes (a1 (L9'T)B2Y2: n = 7; 00y (LYT)B2y2: n = 4; a1 (LY'T)
BmY2: n="T7; al(LYT)B2yn: n = 6). Boxplots indicate quartiles, and the ver-
tical dashed line is the median for the o1 (L9'T)B2y2 background.
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FIGURE 4 The central residue (1275) in the B2 subunit M2-M3 linker is required to keep the channel closed in the absence of ligand. (A) Example currents
from receptors with a.,,, or B, mutations in a wild-type a1 32y2 background. Currents are in response to 10 s pulses (black bars) of either | mM PTX, saturating 3
uM DZ (high affinity ECD site), or saturating GABA. Full concentration-response curves are shown in Fig. S3. Current block by the pore blocker PTX was used
to assess the amount of spontaneous activity and to normalize DZ- and GABA-evoked responses from different oocytes. Currents are normalized from the zero-
current baseline in PTX to the maximal GABA-evoked response. (B) Spontaneous unliganded open probability for M2-M3 linker mutations a.,, and/or B, in
wild-type a.1B2y2 and gain-of-function a.1(L9'T)B2y2 backgrounds estimated as the ratio of PTX-sensitive to maximal GABA-evoked current amplitudes
Iprx /IGaBA-max (see (A) and Fig. 2). Data points for constructs including the ¢.1(L9'T) mutation are as shown in Fig. 3. Data points are for individual oocytes
(a1B2y2: n = 6; 0, B2Y2: n = T; ol B Y2: n = 4; o Brny2: n = 3; al(LYT)B2Y2: n = 7; al(LY'T)B,,y2: n = 7). Boxplots indicate quartiles.

GABA CRCs, respectively (Figs. S6-7). Given that B, is a
gain-of-function mutation, we estimated the unliganded
open probability in the same manner as for channels with
the ol(L9'T) mutation. In comparison to al(LY'T)B2y2,
alB,Y2 receptors were open spontaneously approximately
half as much, whereas the combination of both mutations in
o 1(LY'T)B,,y2 receptors conferred the most unliganded chan-
nel opening, consistent with effects of the gain-of-function
mutations a1(L9'T) and B, being at least partially additive
and independent (Fig. 4 B). However, see below in the section
on combinations of mutations for their nonadditive energetic
effects on the intrinsic closed-open equilibrium.

These data show that the central position in the 2 subunit
M2-M3 linker is important for regulating the intrinsic closed-
open equilibrium in GABA 4 receptors. Unlike o.1(L9'T), B,
(I275A) is located outside of the pore, suggesting that this
regulation may overlap with events underlying the transduc-
tion of the chemical energy from ligand binding to pore
gating. In contrast, alanine substitutions at the analogous po-
sition in the M2-M3 linker of a1 or 2 inhibit pore opening,
indicating an asymmetric role for specific subunit M2-M3
linkers in regulating the pore closed-open equilibrium.

Asymmetric roles for the central residue of the
M2-M3 linker of specific subunits in regulating the
efficiency of DZ-to-pore linkage

Despite having little effect on DZ apparent affinity, we previ-
ously identified that the a,;, mutation increases the efficiency
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of transduction of chemical energy from DZ binding to
gating of the channel pore by up to threefold (23). Intrigu-
ingly, this increase in DZ efficiency was only observed for
alanine substitution at the central residue (V279) of the rat
ol subunit M2-M3 linker, whereas alanine substitutions at
other residues in the linker had no effect (23). In addition
to its high affinity site in the ECD (Fig. 1), DZ also binds to
several lower-affinity sites in the TMD (20,21). However,
the observed saturation of DZ responses in this study at 1—
3 uM DZ suggests that we are primarily assaying binding
to the high affinity site in the ECD (31). Thus, we interpret
our results as probing linkage between the high-affinity
BZD site in the ECD and the pore gate in the TMD.

Given that structural changes conferred upon DZ binding
appear to involve global changes in conformation with
similar gross overall changes in each subunit (20,21), as
well as functional evidence that BZDs confer global confor-
mational changes at multiple subunit-subunit interfaces
(24-29), we asked whether the analogous alanine substitu-
tions at the center of the M2-M3 linkers in 32 or y2 subunits
would confer similar effects on DZ efficiency. We employed
a simple channel gating scheme between closed (C) and
open (O) pore states in both unliganded and DZ-bound con-
ditions to quantify the energetic linkage between DZ bind-
ing and pore gating (Fig. 5 A). In the absence or presence
of DZ we estimated the maximal unliganded or DZ-evoked
open probability as either Py.unigandea = Ip1x/IGABA-max OF
Po.pz-bound = Ipz-max/IGABA-max (ratios are of absolute cur-
rent amplitudes as defined in Fig. 2). The free energy
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FIGURE 5 The ol subunit M2-M3 linker mutation o, enhances DZ modulation of pore gating, whereas analogous mutations in B2 or y2 subunits have
little effect. (A) Simple scheme for gating between closed and open conformations (vertical arrows) with DZ binding and unbinding (horizontal arrows)
separating unliganded and DZ-bound states. The free energy difference between open and closed conformations in both unliganded (AG uiigandeq) and
DZ-bound (AGpz.pouna) conditions are depicted graphically below the scheme. See Eqs. 2 and 3 in materials and methodsfor how these energies are
computed. (B) The change in closed versus open free energies upon DZ binding in the ECD (see Eq. 4 in materials and methods) for o, By, Or v, mutations
in wild-type a.1B2y2 and/or gain-of-function o1(L9'T)B2y2 backgrounds. The more negative the value of AAGp, the more DZ increases channel open prob-
ability. Data points are for individual oocytes (1B, Y2: n =4; &P Y2: n =4; al(LYT)B2y2: n = 5; any(LYT)B2Y2: n = 5; al (LY T)Bryy2: n = 5; a1 (LI'T)
B2ym: n = 3). Boxplots indicate quartiles, and the vertical dashed line is the median for the o.1(L9'T)B2y2 background.

difference between closed and open states in unliganded
(AGuniigandea) or DZ-bound (AGpz.pouna) conditions is given
by Egs. 2 and 3 (see materials and methods). The energetic
consequence of DZ binding on the pore closed-open equilib-
rium is the difference between DZ-bound and unliganded
conditions: AAGpz = AGpz.-pound — A(;unliganded-

In contrast to our previous observation that a,, increases
the energetic linkage between DZ binding and pore gating
(23), we observe little to no effect of the analogous muta-
tions By, or v, on AAGpz (Fig. 5 B). These data suggest
that linkage between DZ binding and the pore gate is medi-
ated differentially by M2-M3 linkers of specific subunits.

Combinations of M2-M3 linker mutations with
subunit-specific effects

To assess the independence of ., B, and vy, mutations we
measured GABA and DZ CRCs, spontaneous unliganded
open probabilities, and DZ-to-pore linkage energetics for
combinations of mutations in the «1B2y2 and al(L9'T)
2v2 backgrounds in the same manner as for the individual
mutations. In the a1(L9'T)B2y2 background, all double mu-
tants and the triple mutant right-shifted GABA CRCs by ~3-
to 10-fold with either similar or increased sensitivities, i.e.,
Hill coefficients (Figs. S4 and S7). Interestingly, every sub-
unit combination that includes the B,, mutation exhibits a
similar GABA ECs, independent of whether the o1(L9'T)
mutation is present. If the shifts in GABA ECsq reflect only
the degree of bias toward the higher-affinity open conforma-
tion, then the combination of al1(LL9'T) and B,, should be

even more left-shifted than either mutation alone. However,
we observe a right-shift in GABA ECs, for a.1(L9'T)B,,Yy2
as compared with a.1(L9'T)B2y2, suggesting that B, has a
dominant effect on setting the affinity for GABA binding in
the ECD in addition to its effect on the intrinsic pore equilib-
rium. In contrast, nearly all combinations of a.,, By, and v,
mutations had little effect on DZ CRCs, like observations for
the individual mutations, the exception being a fourfold right-
shift in the DZ ECs for o,,B,y2 (Figs. S5, S6 B, and S8).
For nearly all tested combinations of mutations, the
intrinsic probability of spontaneous unliganded pore open-
ing was enhanced by B,, and inhibited by o, and/or v,
(Fig. 6). The only exception is that o.1(L9'T)B,,ym receptors
exhibit similar or even more spontaneous activity than
a1(L9'T)B,Yy2 receptors, despite the addition of vy,,. The
reason for this exception is not clear. The combination of
Bm and al(L9'T) conferred a spontaneous unliganded
open probability that was roughly the sum of the sponta-
neous open probabilities for each of the individual muta-
tions. However, the effect of the individual mutations B,
and a.1(L9'T) on the free energy difference between closed
and open states in the absence of ligand (AG niganded) are not
additive. For wild-type alP2y2 receptors we estimate
Py unligandea = 0.002(46), from which Eq. 2 (see materials
and methods) implies AGiiganded = 3.7 kcal/mol. Either
Bm or al1(L9'T) reduce AG yiigandeq to 1.0 or 0.1 kcal/mol,
respectively, thereby increasing the probability of sponta-
neous channel opening. However, for the combination of
both mutations in ol(L9'T)B,Y2 receptors AG uicanded =
— 0.3 kcal/mol, which is only slightly less than for
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o1(L9'T) alone. Thus, the effects of By, outside of the pore
and o1(L9'T) at the pore gate on the channel’s closed-open
equilibrium are energetically nonindependent. It seems
plausible that both mutations may promote similar confor-
mational changes to enhance channel opening.

In the a1(LY'T)B2y2 background the combination of o,
and Y, on AGiigandea Was roughly the sum of the effects of
the individual mutations (Fig. 6). Thus, inhibition of pore
opening by a,, and v,, is largely independent. In contrast,
AG yniiganded Tor combinations of either o, or vy, with B, was
similar to that for B, alone. This indicates that the enhance-
ment of channel gating conferred by B, largely dominates
such that a.,, or v,,, can no longer confer their inhibitory effects.
Thus, whereas o, and v,, are largely independent of each
other, they are not independent of B3,,. However, in the triple
mutant a,,(LYT)B,Ym the combination of both o, and v, is
sufficient to slightly inhibit the gain-of-function conferred
by B

DZ-to-pore linkage AAGpy in the triple mutant o.,,,(L9'T)
BmYm Was much smaller in magnitude than expected based
on energetic additivity of the individual mutations, indicating
that the mutations are not independent (Fig. 7). The double
mutants o,(LYT)Bmy2 and o,(LY'T)B2Y,, also exhibited
AAGpy values that appear slightly less than additive, although
the variation in the data makes it difficult to determine this
unambiguously. However, the qualitative observation that
., enhances the efficiency of DZ-gating remains true when
in combination with either B, or v, in the o.1(L9'T)B2vy2
background, and with B, in the o.1B2y2 background. In the
o 1(L9'T)B2v2 background this enhancement is, if anything,
reduced when a,, is combined with either B, or v,,, and is
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reduced appreciably for the combination of all three mutations
Om» B, and y,,. The mechanism for the nonadditive effects of
combinations of mutations on AAGpy is unclear but indicates
that it is at least possible for M2-M3 linkers from each subunit
to contribute to DZ-to-pore linkage.

DISCUSSION

We show that alanine substitutions at the central residue in
the M2-M3 linkers of specific subunits ¢, By, Or Yy, have
asymmetric effects on the intrinsic unliganded closed-
open equilibrium and its modulation by DZ. Whereas o,
and v, inhibit pore opening, B, promotes opening to the
extent that this mutation alone is sufficient to cause the
channel to open spontaneously in the absence of agonist.
Estimating the unliganded open probability in wild-type
a1B2v2 receptors as 0.002 (46), the energetic effect of By,
on the closed-open equilibrium is —2.5 kcal/mol (using
Eq. 2 in materials and methods), which is more than half
the —4.5 kcal/mol supplied by GABA binding to the two
neurotransmitter sites (i.e., for a change in open probability
from 0.002 to 0.8). In contrast, only o, increases the effi-
ciency of DZ-to-pore linkage, whereas f3,, or v, have no ef-
fect. Summary statistics are shown in Table 1.

In this study we restrict our analysis to the relative popula-
tions of closed (nonconducting) versus open (conducting)
channels. Although stabilization of the open state in spontane-
ously active mutants should minimize the effects of desensiti-
zation on the peak current responses (34), some residual
desensitization coupled with the relatively slow solution ex-
change over the oocyte membrane may contribute to the
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FIGURE 7 M2-M3 linker mutations either enhance (a,) or have no effect
(B, Ym) on the energy DZ-binding in the ECD provides to the channel’s
closed-open equilibrium. The change in the free energy difference from closed
to open states upon DZ binding in the ECD (see Eq. 4 in materials and methods)
for oy, P, OF vy, mutations in wild-type o1 B2y2 and/or gain-of-function
a1(LY'T)B2y2 backgrounds. The more negative the value of AAGpy, the
more DZ increases channel open probability. Data points are for individual oo-
cytes (ol B y2: n =4; 0B Y2: n =4; al (LY T)B2y2: n = 5; oy (LYT) B2y2:
n=>5; al(LYT)Bny2: n=5; al(LYT)B2Ym: n = 3; ap(LYT)By2: n =7,
(LY T)B2Ym: 1 = 7; al(LYT)BrYm: 2 = 45 0n(LY T)BryYm: 2 = 6). Box-
plots indicate quartiles, and the vertical dashed line is the median for the
a1(L9'T)B27y2 background. The data for some of the constructs are the same
as shown in Fig. 5 B.

variation in our measurements. Ultimately, measures that can
discern the kinetics of distinct states (e.g., resting-closed
versus desensitized-closed) such as single-channel or excised
patch recordings will likely be needed to address this question.

Comparison of GABAAR and other pLGIC structures in
closed antagonist-bound and activated/desensitized agonist-
bound conformations suggests that gating involves grossly
symmetric motions of all five subunits including a radial
expansion of the M2 pore lining helices and M2-M3 linkers
(22,47). Similarly, comparison of GABAAR structures with
and without BZDs suggest that BZDs such as DZ confer a
global compaction of the ECD with increased intersubunit
contacts, although the observed conformational changes are
not large and differ in magnitude based on the solubilization
strategy (20,21). However, all structures with bound BZD
to-date were obtained in the presence of bound GABA where
the complex with GABA is expected to energetically dominate

Asymmetric roles for M2-M3 linkers

the observed conformation. As discussed above, GABA bind-
ing to both agonist sites confer approximately —4.5 kcal/mol
to channel gating compared with —0.4 kcal/mol for DZ in the
ECD site (23). Furthermore, the observed effect of DZ de-
creases with increasing baseline activity, similar to recent ob-
servations for the energetic effect of the anesthetic propofol
and neurosteroid etiocholanolone on the closed/open equilib-
rium (48). Indeed, functional studies show that DZ fails to
potentiate responses to saturating GABA (49-53), suggesting
that the presence of GABA may occlude the conformational
effects of DZ in these structures. Nonetheless, there is also
functional evidence for more global effects of BZDs on inter-
subunit interfaces throughout the receptor (24-29). Indeed, the
nonadditive effects of various combinations of the mutations
examined here indicate some cooperativity between the M2-
M3 linkers of all subunits consistent with a global conforma-
tional change. However, the effects of individual mutations
Oy PBrm» OF Y, are highly asymmetric.

We hypothesize that the decreased sidechain volume
upon substitution of the central linker residue with alanine
(%ms Bm,» Ym) removes steric packing in the center of the
roughly arc-shaped structure that the linker adopts and
thereby confers an increase in linker flexibility (Fig. 1).
Our previous observation that neither ol(V297W) nor
al(V297D) enhance DZ-to-pore linkage as does
al(V297A) is consistent with this idea (23). However, it is
unclear as to why increased flexibility in the M2-M3 linker
of different subunits confers such disparate effects. A cryo-
EM structural model of o132 receptors suggests that the
domain including the M2-M3 linker and top of the M2 and
M3 helices may be intrinsically more flexible in 2/3 sub-
units than in a1 or y2 subunits due to differential stabiliza-
tion via intrasubunit interactions with a conserved 19
arginine near the top of the M2 helix (21). A similar orien-
tation of R19’ in one of the B subunits as compared with the
other subunits was found in a recent structure of a native re-
ceptor from mouse brain (54). Changes in linker flexibility
and intersubunit contacts have also been associated with
closed versus open conformations of glycine receptors
(55). Thus, a difference in intrinsic flexibility may
contribute to the disparate effects of o, By, Or Yy, on the
closed-open equilibrium. However, the opposing effects of
Bm as compared with o, or y,, on pore opening suggests
that linker flexibility does not automatically map to
increased channel activity but depends on the intersubunit
interface in which the linker is located.

Changes in M2-M3 linker flexibility could also alter the
overall compaction of the TMD helices thought to affect
coupling with the BZD site (20). The observation that
only oy, enhances the efficiency of DZ-to-pore linkage
whereas B, or vy, does not suggests that the effects of
the mutations on TMD compaction are either 1) global
but opposing, 2) more localized to their respective intersu-
bunit interfaces, or 3) not relevant. The idea of distinct ef-
fects at specific subunit-subunit interfaces is interesting
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TABLE 1 Summary of the estimated unligand open probability (P, . unigandes) and associated closed-open free energy difference
(A Guniiganded), DZ-to-pore linkage (AAGpz), and ECs, values for GABA and DZ CRCs for all tested constructs, values are median (25—

75% interquartile range) across cells

AAGpz (kcal/mol)

GABA ECs, (uM)

DZ ECso (uM)

Po-unliganded AGunliganded (del/mOl)

alB2y2 0" N/A
omB2Y2 0" N/A
o1Bmy2 0.12 (0.11-0.20) 1.2 (0.9-1.2)

O B2 0.07 (0.07-0.12) 1.5 (1.2-1.5)
al(LY'T)B2y2 0.39 (0.33-0.60) 0.3 (-0.3-0.4)
(LY T)B2y2 0.17 (0.14-0.20) 0.9 (0.8-1.1)
a1(LY'T)Bmy2 0.68 (0.66-0.70) —0.4 (-0.5+(-0.4))
al(LYT)B2Ym 0.16 (0.11-0.29) 1.0 (0.5-1.3)
(LY T)Brny2 0.64 (0.54-0.66) —0.3 (-0.4—+(-0.1))
ALY T)B2Y 0.04 (0.04-0.04) 1.9 (1.8-2.0)

o 1(LYT)BmYm 0.77 (0.72-0.82) —0.7 (-0.9-(-0.6))
ALY T)BmYm 0.51 (0.44-0.56) 0.0 (-0.1-0.1)

N/A
N/A
—0.1 (=0.1-(—0.1))
—0.5 (—0.6~(—0.5))
0.2 (—0.3~(—0.2))
—1.1 (~1.34(—0.9))
—0.3 (—0.4-(—0.2))
—0.3 (—0.3+(—0.3))
—0.9 (—0.9-(—0.6))
—0.7 (—0.9~(—0.6))
0.2 (—0.3~(—0.1))
—0.4 (—0.4-(—0.3))

48 (32-65)
410 (220-450)
1.2 (1.1-1.3)
16 (14-21)
0.24 (0.18-0.37)
0.28 (0.19-0.50)
2.4 (2.0-2.6)
0.27 (0.25-0.28)
1.7 (1.1-2.3)
0.58 (0.47-0.66)
0.62 (0.39-0.92)
1.1 (0.5-2.3)

N/A

N/A
0.09 (0.06-0.11)
0.34 (0.25-0.42)
0.07 (0.06-0.10)
0.12 (0.07-0.19)
0.13 (0.07-0.17)
0.07 (0.07-0.09)
0.11 (0.08-0.12)
0.25 (0.13-0.26)
0.13 (0.09-0.17)
0.06 (0.02-0.10)

Data for individual cells are plotted in Figs. 6, 7, S7, and S8.
“No detectable PTX-sensitive current.

given that the M2-M3 linkers in B subunits are located at
the P/o intersubunit interfaces below the agonist binding
sites, whereas the M2-M3 linker in one of the o subunits
is located at the o/y intersubunit interface below the
BZD binding site (Figs. 1 and S9). Thus, physical location
of each M2-M3 linker with respect to either agonist or
BZD binding sites in the ECD may explain the subunit-spe-
cific effects of o, Bm, Or Y, on the intrinsic closed-open
equilibrium and its modulation by DZ. In such a case,
the M2-M3 linkers of distinct subunits would have asym-
metric roles in pore gating and drug modulation, with the
3 subunit M2-M3 linker having a predominant role in regu-
lating pore opening and the o subunit M2-M3 being most
involved in DZ-modulation.

Although grossly symmetric, comparison of structures of
a1PB2/3y2 receptors in closed antagonist-bound and desensi-
tized agonist-bound conformations indicates some asymme-
try in subunit motions. For example, the ECDs of 3 subunits
rotate a few degrees further than other subunits, the M2-M3
linkers of B subunits undergo the largest radial expansion,
and the pore gate 9’ leucine in B subunits rotate furthest
out of the ion-conducting pathway (Fig. 8) (20,21). Obser-
vations for disulfide bond formation and zinc binding to
introduced cysteines also suggest asymmetric flexibility be-
tween o and B subunits near the top of the M2 helix (57).
From a functional perspective, mutation of a conserved
lysine in the M2-M3 linker that is associated with human
epilepsy (a1(K278M), B2(K274M), y2(K289M)) has sub-
unit-specific effects on receptor activity (58,59). Thus, the
asymmetric effects of alanine substitutions in distinct M2-
M3 linkers on pore gating and DZ modulation that we
observe here may reflect distinct conformational changes
in specific subunits or at specific intersubunit interfaces.
However, our observations only suggest that the subunits
contribute to the energetics of these processes differentially.
Global conformational changes that are grossly symmetric
among all subunits, but for which distinct subunit M2-M3
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linkers contribute differentially to the energetics, are
entirely compatible with our results.

Here, we show that the central residue in the M2-M3
linkers of B2 versus ol and y2 subunits have opposing
roles in regulating the intrinsic unliganded closed-open

FIGURE 8 Asymmetric M2-M3 linker and M2 helix motions during chan-
nel gating. Comparison of the TMD for cryo-EM structures of a1 22 recep-
tors in complex with either the antagonist bicuculline (light gray, closed
conformation; PDB: 6X3S) or GABA (colored subunits, desensitized confor-
mation; PDB: 6X3Z). TMD helices were aligned in ChimeraX (56). The ECD
is omitted for clarity. Top-down view looking through the channel into the cell.
The 9’ leucines forming the central pore gate are shown as sticks. Comparison
of closed versus desensitized conformations indicative of motions occurring
during pore opening indicates a relatively larger radial displacement of the
M2-M3 linker and rotation of the 9’ leucine out of the conducting pathway
in B2 subunits compared with o1 or y2 subunits (arrows).



equilibrium. In contrast, only this position in the a1 subunit
regulates the efficiency of modulation of this equilibrium
by DZ. These observations shed new light on the subunit-spe-
cific roles of M2-M3 linkers which correlate structurally with
their respective ligand-binding intersubunit interfaces.
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Figure S1. Example GABA-evoked currents from receptors with M2-M3 linker mutations om, Bm,
and/or y m in the gain-of-function a1(L9'T)B2y2 background. Currents are in response to 10 second
pulses (black bars) of either 1 mM PTX or a series of increasing concentrations of GABA
(concentration in micromolar above respective black bar). Summaries of concentration-response
curves across oocytes are shown in Figure S4. Responses to GABA were bookended by the pore
blocker PTX to assess the amount of spontaneous unliganded activity and identify the zero-current
baseline.
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Figure S2. Example DZ-evoked currents from receptors with M2-M3 linker mutations oam, Bm,
and/or y m in the gain-of-function a1(L9'T)B2y2 background. Currents are in response to 10 second
pulses (black bars) of either 1 mM PTX or a series of increasing concentrations of DZ (concentration
in micromolar above respective black bar). Summaries of concentration-response curves across
oocytes are shown in Figure S5. Responses to DZ were bookended by the pore blocker PTX to
assess the amount of spontaneous unliganded activity and identify the zero-current baseline.
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Figure S3. Example GABA- or DZ-evoked currents from receptors with M2-M3 linker
mutations am, Pm, and/or ym in a wild type a1p2y2 background. (A) Currents are in response to 10
second pulses (black bars) of either 1 mM PTX or a series of increasing concentrations of GABA
(concentration in micromolar above respective black bar). Summaries of concentration-response
curves across oocytes are shown in Figure S6. Responses to GABA were bookended by the pore
blocker PTX to assess the amount of spontaneous unliganded activity and identify the zero-current
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Figure S4. GABA-evoked concentration-response relationships for gain-of-function
a1(L9'T)B2y2 receptors without and with M2-M3 linker mutations am, Bm, and/or y m. For each
oocyte, GABA-evoked current amplitudes from the unliganded baseline as shown in Figure S1 versus
GABA concentration were fit to the Hill equation (Equation 1). Parameters for individual fits are shown
in Figure S7. Data points for each oocyte where normalized to their Hill fit maximum, and the



combined normalized data from all oocytes (circles) was fit to the Hill equation with I,,,,, = 1 (solid
lines, dashed line is fit for a1(L9'T)B2y2 receptors). Combined fit parameters (ECso, Hill coefficient h)
and number of oocytes (n) for each construct: «1(L9'T)B2y2: ECso = 0.25 uM, h = 0.83, n = 7,
am(L9'T)B2y2: ECso = 0.29 uM, h = 1.31, n = 4, a1(L9'T)Bmy2: ECso = 2.28 uM, h = 0.62, n = 3,
o1(L9'T)B2ym: ECso = 0.25 uM, h = 1.23, n = 6, om(L9'T)Bmy2: ECs0 = 1.86 uM, h = 1.47, n = 7,
om(L9'T)B2ym: ECso = 0.53 uM, h = 1.95, n = 5, a1(L9'T)Bmym: ECso = 0.6 uM, h = 0.88, n = 5,
om(L9'T)Bmym: ECs0 = 1.27 uM, h=0.83 , n = 5.
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Figure S5. DZ-evoked concentration-response relationships for gain-of-function a1(L9'T)p2y2
receptors without and with M2-M3 linker mutations am, Bm, and/or y m. For each oocyte, DZ-
evoked current amplitudes from the unliganded baseline as shown in Figure S2 versus DZ
concentration were fit to the Hill equation (Equation 1). Parameters for individual fits are shown in
Figure S8. Data points for each oocyte where normalized to their Hill fit maximum, and the combined



normalized data from all oocytes (circles) was fit to the Hill equation with I,,,,,, = 1 (solid lines, dashed
line is fit for a1(L9'T)B2y2 receptors). Combined fit parameters (ECso, Hill coefficient h) and number
of oocytes (n) for each construct: a1(L9'T)B2y2: ECso = 0.08 uM, h =1.10, n = 4, am(L9'T)B2y2: ECso
=0.11uM, h=0.98, n =5, a1(L9'T)Bmy2: ECs0 = 0.1 uM, h =0.88, n =4, a1(L9'T)B2ym: ECs0 = 0.08
uM, h=1.28, n = 3, am(L9'T)Bmy2: ECs0 = 0.11 uM, h=0.77, n =7, om(L9'T)B2ym: ECs0 = 0.19 uM, h
=1.07,n =7, a1(LOT)Bmym: EC50 =0.12 uM, h=0.79, n = 4, om(L9'T)Bmym: ECs0 = 0.05 uM, h = 1.05,
n=~6.
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Figure S6. GABA- and DZ-evoked concentration-response relationships for wild type a1p2y2
receptors without and with M2-M3 linker mutations oum, Bm, and/or y m. For each oocyte, GABA-
(A) or DZ-evoked (B) current amplitudes from the unliganded baseline as shown in Figure S3 versus
GABA or DZ concentration, respectively, were fit to the Hill equation (Equation 1). Parameters for
individual fits are shown in Figures S7-S8. Data points for each oocyte where normalized to their Hill
fit maximum, and the combined normalized data from all oocytes (circles) was fit to the Hill equation
with I, = 1 (solid lines, dashed line is fit for a1B2y2 receptors). GABA-evoked (A) combined fit
parameters (ECso, Hill coefficient h) and number of oocytes (n) for each construct: a1p2y2: ECso =
39.94 uM, h =1.02, n =5, amP2y2: ECs0 = 303.37 uM, h=0.77,n = 7, a1 Bmy2: ECs0 = 1.17 uM, h =
1.73,n =4, omPmy2: ECso = 5.76 uM, h = 0.94, n = 3. DZ-evoked (B) combined fit parameters (ECso,
Hill coefficient h) and number of oocytes (n) for each construct: a1pmy2: ECso = 0.1 uM, h =1.01, n
=4, omPmy2: ECso = 0.31 uM, h = 0.87, n = 4.
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Figure S7. Summary of GABA concentration-response relation Hill fit parameters for individual
oocytes. Data points are for individual oocytes (a1B2y2: n = 5; amf2y2: n = 7; a1Bmy2: n = 4; amPmy2:
n =3 al(LOT)B2y2: n = 7; oam(LOT)B2y2: n = 4 ; a1(LOT)Bmy2: n = 3; al(L9T)B2ym: n = 6;
oam(LOT)Bmy2: n =7 ; am(LO'T)B2ym: N = 5 ; al(LO'T)Bmym: N = 5 ; am(LO'T)Bmym: N = 5). Box plots
indicate quartiles, and the upper and lower vertical dashed lines are the median for the a.1(L9'T)p2y2
and a1B2y2 backgrounds, respectively.
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Figure S8. Summary of DZ concentration-response relation Hill fit parameters for individual
oocytes. Data points are for individual oocytes (a1Bmy2: n = 4; amPmy2: N = 4; a1(L9'T)B2y2: n = 4;
om(L9'T)B2y2: n = 5; a1(L9T)Bmy2: n = 4; a1(L9T)P2ym: n = 3; am(LOT)Bmy2: n = 7; am(LO'T)B2ym: n =
7; a1(LO'T)Bmym: N = 4; am(L9'T)Bmym: N = 6). Box plots indicate quartiles, and the vertical dashed line
is the median for the a.1(L9'T)B2y2 background.
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Figure S9. Functional asymmetry in M2-M3 linkers may correspond to the ligand binding
interface in which the linker is located. Side-on view from the plane of the membrane omitting back
two subunits for clarity. Subunits a1, 2, and y2 are shown in green, blue, and yellow, respectively.
The relative locations of bound GABA or DZ and M2-M3 linker residues B2(1275) or a1(V279) at /o
or al/y intersubunit interfaces, respectively, and the 9' leucine pore gate are highlighted.

12



	GABAA receptor subunit M2-M3 linkers have asymmetric roles in pore gating and diazepam modulation
	Introduction
	Rationale for use of a gain-of-function mutant as a background on which to probe the intrinsic pore closed-open equilibrium ...

	Materials and methods
	Mutagenesis and expression in oocytes
	Two-electrode voltage-clamp recording and analysis
	DZ-gating model

	Results
	Effects of alanine substitutions in the center of the M2-M3 linkers of specific subunits on GABA- and DZ-evoked currents in ...
	Asymmetric roles for the central residue of the M2-M3 linker of specific subunits in regulating the pore closed-open equili ...
	Asymmetric roles for the central residue of the M2-M3 linker of specific subunits in regulating the efficiency of DZ-to-por ...
	Combinations of M2-M3 linker mutations with subunit-specific effects

	Discussion
	Supporting material
	Author contributions
	Acknowledgments
	Declaration of interests
	References


