THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 22, pp. 15250-15257, May 30, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

v-Aminobutyric Acid (GABA) and Pentobarbital Induce
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Receptor «, and 3, Pre-M1 Regions™
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y-Aminobutyric acid (GABA) binding to GABA , receptors
(GABA Rs) triggers conformational movements in the «a;
and 3, pre-M1 regions that are associated with channel gat-
ing. At high concentrations, the barbiturate pentobarbital
opens GABA,R channels with similar conductances as
GABA, suggesting that their open state structures are alike.
Little, however, is known about the structural rearrange-
ments induced by barbiturates. Here, we examined whether
pentobarbital activation triggers movements in the GABA 4R
pre-M1 regions. «; 3, GABA,Rs containing cysteine substi-
tutions in the pre-M1 «; (K219C, K221C) and S, (K213C,
K215C) subunits were expressed in Xenopus oocytes and ana-
lyzed using two-electrode voltage clamp. The cysteine substi-
tutions had little to no effect on GABA and pentobarbital
EC;, values. Tethering chemically diverse thiol-reactive
methanethiosulfonate reagents onto «;K219C and «;K221C
affected GABA- and pentobarbital-activated currents differ-
ently, suggesting that the pre-M1 structural elements impor-
tant for GABA and pentobarbital current activation are dis-
tinct. Moreover, pentobarbital altered the rates of cysteine
modification by methanethiosulfonate reagents differently
than GABA. For «;K221CpB, receptors, pentobarbital
decreased the rate of cysteine modification whereas GABA
had no effect. For «;3,K215C receptors, pentobarbital had
no effect whereas GABA increased the modification rate. The
competitive GABA antagonist SR-95531 and a low, non-acti-
vating concentration of pentobarbital did not alter their
modification rates, suggesting that the GABA- and pentobar-
bital-mediated changes in rates reflect gating movements.
Overall, the data indicate that the pre-M1 region is involved
in both GABA- and pentobarbital-mediated gating transi-
tions. Pentobarbital, however, triggers different movements
in this region than GABA, suggesting their activation mech-
anisms differ.
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Ligand-gated ion channels (LGICs)? are integral membrane
proteins that mediate fast synaptic transmission between cells
in the brain and at the neuromuscular junction. The type A
y-aminobutyric acid receptor (GABA ,R) is the main inhibitory
LGIC in the brain and is the target for a wide range of therapeu-
tic agents such as benzodiazepines, barbiturates, and anesthet-
ics. Barbiturates, such as pentobarbital (PB), have three distinct
effects on GABA 4R activity. At low concentrations, PB modu-
lates GABA-mediated Cl™ current (Ig,5,)- At higher concen-
trations, PB directly activates the GABA R in the absence of
GABA, and at still higher concentrations, PB blocks channel
activity (1). Little is known, however, about the structural rear-
rangements underlying these functional effects.

Single channel studies from mouse spinal neurons (2—4) and
from rat hippocampal neurons (5) have shown that currents
evoked by PB are similar in conductance as those evoked by
GABA, suggesting that the open state structures stabilized by
PB binding are similar to those stabilized by GABA. However,
GABA and PB bind to distinct sites on the GABA,R (Fig. 1).
The GABA binding site is located at the interfaces of the a; and
3, subunits in the extracellular domain, whereas the PB/general
anesthetics binding site(s) are believed to be located ~50 A
below the GABA binding site in a water-accessible pocket
located between the four transmembrane helices (M1—4) of the
receptor (Fig. 1). Mutational analyses as well as photolabeling
studies have identified positions in the GABA,R transmem-
brane helices that are important for mediating the effects of
PB/anesthetics, with a proposed binding pocket involving resi-
dues in M1 (a; M236), M2 (8,N265), and M3 (8,M286) (6—8).

The structural machinery associated with coupling agonist
binding to channel gating in the Cys-loop family of LGICs likely
involves distributed movements of, and interactions between,
several discrete domains. Recent evidence suggests that binding
of neurotransmitter in the extracellular domain triggers a series
of molecular motions (conformational wave) that initiates in
the ligand binding pocket, followed by movements in Loop 2,
Loop 7 (Cys-loop), the pre-M1 region, the M2-M3 linker, and
finally the transmembrane domains to gate the channel (9-11).
Because PB- and GABA-activated channel open state struc-
tures are alike (3, 12) but PB and GABA bind to different sites,
we were interested in determining whether gating motions
induced by PB are similar to those induced by GABA.

2 The abbreviations used are: LGIC, ligand-gated ion channel; GABA 4R, y-ami-
nobutyric acid type A receptor; PB, pentobarbital; MTS, methanethiosul-
fonate; MTS, MTS-ethyltrimethylammonium; MTSES, MTS-ethylsulfonate.
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FIGURE 1. Structural model of the GABA ,R &, and 3, subunits. A, the extracellular binding domain is colored in
white. Domains believed to contribute to the GABA transduction mechanism (Loop 2, Loop 7, M2-M3 linker, and
pre-M1) are highlighted in yellow. The Loop C region of the GABA binding site is highlighted in green. The trans-
membrane domains (M1, M2, and M3) are colored in red. Residues in the pre-M1 region (Arg-216) as well as residues
forming the potential PB/general anesthetic binding site (Asn-265 and Met-286) in the 8, subunit and (Met-236) in
the a, subunit are shown in a space-filled format. The M4 transmembrane helix has been omitted for illustration
purposes. B, detailed view of the interface between the ligand binding domain and the transmembrane domain.

We previously demonstrated that the «; and 3, pre-M1
regions of the GABA,R, which connect the extracellular
domain of each subunit with the transmembrane domain,
undergo structural rearrangements during GABA activation
(13). In this study, we measured PB-mediated changes in the
accessibility of cysteines engineered into the pre-M1 region to
monitor structural movements induced by activating concen-
trations of PB and compared these changes to those induced by
GABA. Our data indicate that the pre-M1 region is part of a com-
mon gating pathway used by both ligands. PB, however, triggers
different movements in this region than GABA, suggesting that
structural transitions evoked and/or stabilized by PB binding/
channel activation differ from those triggered by GABA.

EXPERIMENTAL PROCEDURES

Mutagenesis—Rat cDNAs encoding «; and B, GABA R sub-
units were used for all molecular cloning and functional studies.
Cysteine mutants were made as previously described (13).

Expression in Xenopus laevis Oocytes—QOocytes were pre-
pared as previously described (14). Capped cRNAs encoding
the oy, B,, ;K219C, o;K221C, B,K213C and ,K215C sub-
units in the vector pGH19 (15, 16) were transcribed in vitro
using the mMessage mMachine T7 kit (Ambion, Austin, TX).
Single oocytes were injected within 24 h with 27 nl of cRNA (10
ng/ul/subunit) in a ratio 1:1. Oocytes were incubated at 18 °Cin
ND96 (in mm: 96 NaCl, 2 KCl, 1 MgCl,, 1.8 CaCl,, and 5 HEPES,
pH 7.2) supplemented with 100 wg/ml gentamycin and 100
png/ml bovine serum albumin for 2—7 days before use.
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Two-electrode Voltage Clamp—
Oocytes were continuously per-
fused at a rate of ~5 ml/min with
ND96 while being held under two-
electrode voltage clamp at —80 mV.
The bath volume was ~200 ul
Stock solutions of GABA (Sigma-
Aldrich) and PB (Research Bio-
chemicals, Natick, MA) were pre-
pared fresh daily in ND96.
Borosilicate  electrodes (Warner
Instruments, Hamden, CT) were
filled with 3 M KCI and had resis-
tances between 0.7 and 2 M(). Elec-
trophysiological data were acquired
with a GeneClamp 500 (Axon
Instruments, Foster City, CA) inter-
faced to a computer with an ITC16
analog-to-digital device (Instrutech,
Great Neck, NY) and recorded
using Whole Cell Program 3.2.9
(kindly provided by J. Demspter,
University of Strathclyde, Glasgow,
Scotland).

Concentration Response Analysis—
PB concentration responses were
measured, and the resulting data
were fit to the following equation:
I=1_./(1+ (ECs/[A])"), where I

is the peak response to a given con-
centration of PB, /.. is the maximum amplitude of current,
EC,, is the concentration of PB that evokes half-maximal
response, [A] is the agonist concentration, and # is the Hill
coefficient. At high PB concentrations, currents were partially
blocked during PB application. Thus, peak PB currents were
measured immediately after PB wash out, when a prominent
tail current appears (21). GraphPad Prism 4 software (San
Diego, CA) was utilized for data analysis and fitting.

Modification of Introduced Cysteine Residues by MTS
Reagents—Three derivatives of methanethiosulfonate
(CH;SO,X; MTS) were used to covalently modify the
introduced cysteines: MTS-N-biotinylaminoethyl (X =
SCH,CH,NH-biotin; MTSEA-biotin), MTS-ethyltrimethyl-
ammonium (X = SCH,CH,N(CH,),"; MTSET™), and MTS-
ethylsulfonate (X = SCH,CH, SO,™; MTSES™) (Biotium,
Hayward, CA). MTSET™ is positively charged whereas MTSES™
is negatively charged at neutral pH. Stock solutions (100 mm)
were made in DMSO for all MTS reagents, aliquoted into
microcentrifuge tubes, and rapidly frozen on ice before storage
at —20 °C. For each application of MTS reagent, a new aliquot
was thawed, diluted in ND96 to the working concentration, and
used immediately to avoid hydrolysis of the MTS compound.
The final DMSO concentrations were =2%, which had no effect
on PB-mediated current responses.

MTS modifications of the engineered cysteines were assayed
by measuring changes in PB-evoked current (/p5). The effects of
MTSEA-biotin, MTSET ¥, and MTSES ™ were studied using the
following protocol: PB (EC,,_,) current responses (10 s) were

M236 (aM1)
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previous I 5. peak. This allowed
complete wash out of the different
drugs and ensured that any alter-
ation in the current amplitudes fol-
lowing MTS treatment in the pres-
ence of drug was the result of MTS
modification and not a result of
inadequate wash out of drug. Con-
centrations of MTS reagents and
times of applications in the presence
of GABA (ECy,_o,) were as follows:
«;K219C: MTSEA-biotin, 30 uMm,
20 s; a;K221C: MTSEA-biotin, 10
M, 20 's; B,K213C: MTSET ™, 30 or
60 uMm, 10 's; B,K215C: MTSET ™", 30
M, 10 s. In the presence of 500 um
PB: «;K219C: MTSEA-biotin, 30
uM, 20 s; a; K221C: MTSEA-biotin,

3
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“Experimental Procedures.” PB EC, and n,, values are reported in Table 1.

measured from oocytes expressing wild-type (o, 8,) or mutant
receptors and stabilized. Stability was defined as <<10% variance
of peak current responses to PB on two consecutive applica-
tions. After stabilization, the MTS reagent (2 mm) was bath-
applied for 2 min, followed by a 5-min wash, and then I, was
measured at the same concentration as before the MTS treat-
ment. The effect of the MTS application was calculated as:
[((Lygrer/finitiar) —1) X 100], where .., is the peak PB current
elicited after the MTS application and [ ,;,;,, is the peak current
before MTS.

Rate of MTS Modification—The rates at which the various
MTS reagents modified the engineered cysteines were deter-
mined by measuring the effect of sequential applications of low
concentrations of MTS reagents on I, as described previ-
ously (17). The protocol is described as follows: EC,, _ o, GABA
was applied for 10 s every 3—5 min until I, 5 stabilized (<3%
variance). After a 40-s ND96 wash out, MTS reagents were
applied for 5-20 s, and the cell was washed for an additional
2.5—4.5 min. The procedure was repeated until / , 5, no longer
changed, indicating that the reaction had proceeded to appar-
ent completion. Concentration of MTS reagent and time of
application varied as follows: a;K219C: MTSEA-biotin, 10 um,
20 s; a;K221C: MTSEA-biotin, 10 um, 20 s; (,K213C:
MTSET™, 30 um, 20 s; 8,K215C: MTSET ™, 30 M, 20 s. The
effects of co-applying GABA, SR-95531 (GABA antagonist), or
PB (modulator) on reaction rates were assayed by co-applying
GABA (ECgy_o0), 10 s SR-95531, or PB (50 or 500 um) with
the MTS reagent. For these experiments, /5,5, Was stabilized
as follows: EC,, _ oo GABA was applied for 10 s, washed for 40s,
high concentrations of GABA, SR-95531, or PB were applied
for 5-20's, and the oocyte washed for 2.5—5 min. The procedure
was repeated until Ig 5, from EC,,_ o, GABA was <3% of the
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FIGURE 2. PB concentration response curves of wild-type «, 3, and mutant GABA,R. A, representative
current responses from an oocyte expressing a,K219Cf3, receptors elicited by increasing concentrations of PB
(mm). B, PB concentration response curves from oocytes expressing «, 3, (A; dashed line), a;K219CS, (V),
«,K221CB, (M), a, 3,K213C (<), and «, B,K215C (O) receptors. Peak PB-activated currents were measured after
PB wash out (tail current) and used for concentration response fitting. Data points represent the mean = S.E.
from four to six independent experiments. Data were fit by nonlinear regression analysis as described under

26 A8 28 10 uM, 20 s; B,K213C: MTSET ™, 30
pM, 20 s; B,K215C: MTSET™,
30 uMm, 10 s. In the presence of 50 um
PB: «;K219C: MTSEA-biotin, 30
M, 20 s; a; K221C: MTSEA-biotin,
10 M, 20 s; B,K213C: MTSET ™, 30
uM, 20 s; B,K215C: MTSET™, 50
uM, 10 s. In the presence of 10 um
SR-95531: a;K219C: MTSEA-biotin, 100 um, 10 s; a; K221C:
MTSEA-biotin, 100 um, 10 s; 8,K213C: MTSET™, 50 um, 10's;
B,K215C: MTSET ™, 75 uMm, 20 s.

For all rate experiments, the decrease or increase in GABA-
induced current was plotted versus cumulative time of MTS
exposure. Peak current at each time point was normalized to
the initial peak current (¢ = 0) and fit to a single exponential
function using GraphPad Prism software to obtain a pseudo-
first-order rate constant (k;). The second-order rate constant
(k,) was calculated by dividing k; by the concentration of the
MTS reagent used (18).

Statistical Analysis—Log (ECs,) values, changes in PB ECy,
after MTS modification, and second-order (k,) rates were ana-
lyzed using a one-way analysis of variance, followed by a post-
hoc Dunnett’s test to determine the level of significance
between wild-type and mutant receptors.

Structural Modeling—A model of the entire GABA , recep-
tor was built as previously described (13).

RESULTS

Functional Characterization of Pre-M1 Mutant Receptors—
We previously showed (13) that cysteine substitutions in the
pre-M1 region of the «; (K219C, K221C) and B, (K213C,
K215C) subunits had no effects on GABA EC, (o, B, receptors,
EC,, = 6.9 = 0.7 uM). To determine whether the same cysteine
substitutions altered PB activation, we measured PB concentra-
tion responses using two-electrode voltage clamp (Fig. 2). Cys-
teine substitutions of o; K219, a; K221, and 3,K215 had little
(2-fold) to no effect (8,K213) on PB EC,, values relative to o, B,
receptors (EC,, = 271 * 18 uMm; Fig. 2; Table 1). Mutant recep-
tors had Hill coefficients for PB activation that were not signif-
icantly different from wild-type o, receptors (Table 1). PB
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TABLE 1

PB concentration response data for &, 5, and mutant receptors
Concentration response data for PB activation of wild-type and mutant receptors
are tabulated. EC,, and Hill coefficient () values are expressed as mean = S.E. for
n number of independent experiments from at least two batches of oocytes. *, p <
0.05, **, p < 0.01, significantly different from control.

Receptor EC,, My n
M

a,B, 271 £ 18 2.7 0.3 6

a,(K219C)B, 495 = 32%* 2.4 +02 4

a,;(K221C)B, 471 £ 41* 28 £04 5

a,3,(K213C) 224 *5.1 2.5+ 04 5

a,3,(K215C) 577 & 44** 3805 4

maximal macroscopic currents elicited from mutant receptors
were similar to a8, receptors, ranging from 600 nA to 18 nA.
The fact that these mutations had little effect on GABA and PB
EC,, values, Hill coefficients, or surface expression suggests
that the side chains of the introduced cysteines are in similar
positions as the side chains of the native residues, making the
introduced cysteines at positions «; K219, o; K221, 3,K213, and
B,K215 ideal candidates to probe the dynamics of the pre-M1
region induced by PB binding/gating.

Effects of Cysteine Modification on PB- and GABA-evoked
Currents—We measured current responses elicited with PB
EC,, (Ipg) concentrations before and after MTS reagent appli-
cation (Fig. 3) to examine how covalently modifying the intro-
duced cysteines would affect PB currents. The MTS reagents
used were 1) MTSEA-biotin, which covalently adds a neutral
biotinylaminoethyl group (12 A long); 2) MTSET ", which adds
a positively charged ethyl-trimethylammonium group (4.5 A
long); and 3) MTSES ™, which adds a negatively charged ethyl-
sulfonate group (4.8 A long). Application of 2 mm MTSEA-
biotin, MTSET ¥, or MTSES ™ for 2 min to wild-type receptors
had no effect on I, (=5 £ 3% for all reagents), indicating that
any effects observed in the mutant receptors are due to modi-
fication of the introduced cysteines (Fig. 3B). MTSEA-biotin
modification of 8,K213C and ,K215C increased I,;; by 86 =
12 and 31 = 4% (n =3), respectively, and decreased I, by 72 =
3% (n = 6) in o;K221C-containing receptors (Fig. 3B). Similar
functional effects on GABA EC,, current responses (Igxpa)
were observed after MTSEA-biotin modification of 8,K213C,
B,K215C, and «;K221C (Fig. 3B and Ref. 13). In contrast,
MTSEA-biotin modification of «;K219C did not affect I,z
whereas I 4 Was increased by 34 = 2% (Fig. 3B). This indi-
cates that MTSEA-biotin covalently modified o;K219C but
modification had no functional effect (i.e. a “silent” reaction) on
PB-induced currents.

Derivatization of B,K213C and B,K215C with MTSES™
increased Iz by 50 = 3 and 53 = 16%, respectively, while
MTSET™ increased I,; 133 = 2 and 56 = 5%, respectively
(n = 3) (Fig. 3B). Similar functional effects on Ig,p, Were
observed after derivatization of 8,K213C and B,K215C with
MTSES™ or MTSET ™ (13) (Fig. 3B). As we previously reported,
modification of o;K219Cf, and «;K221Cf3, by MTSES™ and
MTSET™ differentially affected I,z (Fig. 3B). Tethering a
negative charge (MTSES™) onto «;K221C enhanced Ig, 4
(98 £ 14%; n = 4), whereas treatment with the positively
charged MTSET* had no functional effect on I, 5, (Fig. 3B).
In contrast, tethering a positive charge (MTSET™) onto
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A a,K219CB, a,K221Cp,
l’u‘lTSET+ MTSES
GABAEC,, _ GABAEC,, _
Vg U_
ZCPDHA v‘lf V_
20s 2
MTSET* MTSES
PB ECq, PB ECy,

WL\FV— '

120 - |

VY V

100

B0

60

% change

a0

% change

% change

0 BK215C o 8,K213C o,K221CH, U,1K219052

a4y

FIGURE 3. Effects of MTS reagents on «, 3, and mutant GABA ,R. A, repre-
sentative current traces elicited by GABA (top traces) or PB (bottom traces) of
ECs, concentrations from oocytes expressing a;,K219Cf, and «,K221Cp,
receptors before and after treatment with MTSET* and MTSES ™ (2 min, 2 mm).
MTSET* and MTSES ™~ treatment altered the GABA current responses but had
no effect on PB current responses. B, summary of the effects of a 2-min appli-
cation of 2 mm MTSEA-biotin (top), MTSET™ (middle), or MTSES™ (bottom) on
GABA (ECs,) -activated currents (Igaga) (previously reported in Ref. 13) and PB
(ECso) -activated currents (/pg) from «,, and mutant receptors. The absolute
percent change in lpg and Ig g4 after MTS treatment is defined as: [((/qer/finitia) —
1) X 100]. Bars represent the mean from at least three independent experiments.
Values >20% are significantly different from o, 3, values (p <0.01).

JOURNAL OF BIOLOGICAL CHEMISTRY 15253



Pentobarbital-induced Structural Changes

A o, B,K215C
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FIGURE 4. Rates of MTSET* modification of ., 3,K215C receptors in the
presence and absence of GABA or PB. A, representative GABA current
traces recorded while applying MTSET* (30 um) in the presence of PB (500
um). GABA EC,,_ ¢, current responses were recorded before and after succes-
sive application (10 s) of 30 um MTSET* co-applied with PB (arrows). B, nor-
malized GABA current responses were plotted versus cumulative time of
MTSET* (A), MTSET" co-applied with ECg,_oo, GABA (M), and MTSET* co-

applied with 500 um PB (@) and fit with single exponential functions. Data
were normalized to the maximal amount of potentiation of /gaga for each

400 nAL

30s
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FIGURE 5. Summary of effects of GABA, PB, and SR-95531 on MTS second-
order rate constants. Second-order rate constants (k,) for MTS modification
of cysteine mutants in the absence and presence of ECg_oo GABA, 500 um PB,
50 um PB, or 10 um SR-95531. k, values are reported in Table 2. Data are the
mean * S.E. from at least three independent experiments. * and ** indicate
values significantly different from control at p <0.05 and p <0.001, respec-
tively. NFE (no functional effect) MTS reagent reacts with the cysteine mutant
in the presence of PB but has no functional effect on subsequent GABA
responses.

a;K219C decreased Igspa (31 = 7%; n = 3), whereas modifica-
tion with MTSES ™ had no effect. These results are likely due to
differences in the local electrostatic environments near
a;K219C and «;K221C rather than steric effects because
MTSET ™ and MTSES™ are similar in size (Fig. 3B, insets) and
have a common reaction mechanism. Surprisingly, modifica-
tion of @, K219CB, and «,K221CB, by MTSES™ or MTSET ™"
had no functional effects on I, (Fig. 34), indicating that introduc-
ing a positive or negative charge at these positions has different
effects on PB and GABA current responses, suggesting that the
physicochemical structural elements in the pre-M1 region impor-
tant for GABA and PB current activation are distinct.

Effect of PB on M TS Reaction Rates—To determine whether
PB binding/gating induces different structural rearrangements
in the pre-M1 regions than GABA, we measured the rates of
MTS modification of «;K219C, «,K221C, B,K213C, and
B,K215C in the presence of a directly activating concentration
of PB (500 um) and compared these to rates measured in the
presence of GABA (Figs. 4 and 5). The rate of modification of a
cysteine by a MTS reagent mainly depends on the ionization of
the thiol group and the access pathway of the reagent. Thus,
changes in rates measured in the presence of PB or GABA pro-
vide a measure of structural changes in the receptor that are
triggered by their binding. PB had no effect on the MTSET ™
rate of modification of a;3,K215C whereas GABA increased
the rate by 4-fold. For a;K221Cp, receptors, PB decreased the
MTSEA-biotin rate by 2-fold whereas GABA had no significant
effect. For «,8,K213C receptors and «;K219Cp, receptors,
GABA increased and decreased their rates of modification by 3-

experiment and represent mean * S.E. from at least three independent
experiments. C, representative GABA-mediated current traces from oocytes
expressing a, 3,K213C receptors. Currents elicited by an EC5, concentration
of GABA were recorded before and after MTSET™ (2 mm, 2 min) in the absence
or presence of 500 um PB. MTSET " treatment alone potentiated the subse-
quent current response (95%), but when MTSET ™ was co-applied with 500 um
PB the treatment had no functional effect. On the subsequent GABA current
and following wash out, MTSET treatment alone no longer resulted in a sig-
nificant potentiation of current.
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Second-order rate constants (k,) for reaction of MTS reagents with mutant receptors in the absence (Control) and presence of GABA, PB, and

SR-95531

NFE, no functional effect; MTS reagents react but have no functional effect on subsequent GABA responses. *, ** indicate values significantly different from control, with

p < 0.05and p < 0.001, respectively. Values are the mean + S.E.

GABA”

Control” EC SR-95531 Pentobarbital Pentobarbital
Receptor 80-90
koM™t n koM™t n kym st n kymsT! n koM lsT! n
10 pm 500 pm 50 um
«,K219CB," 2070 = 300 4 580 = 130** 3 700 = 110* 4 NFE 3 710 = 190 4
«,K221CB,° 2110 = 290 6 1600 * 80 4 1570 * 250 4 970 * 250* 4 1750 =+ 260 3
o, B,K213C¢ 1900 * 340 5 5540 = 320** 7 1610 = 200 4 NFE 3 1590 * 340 3
a,B,K215C¢ 1990 * 220 6 7560 *+ 1750%* 3 3050 = 510 3 2590 * 250 3 2850 * 440 4

“ Reported in Ref. 13.
? MTSEA-biotin reaction rates are reported.
¢ MTSET™ reaction rates are reported.

and 4-fold, respectively. In contrast, when PB was present dur-
ing the MTS reaction, the MTS treatment no longer altered
subsequent GABA current responses for «,;(3,K213C and
a;K219Cp, receptors (Fig. 4C). A subsequent application of
MTS reagent in the absence of PB had little effect on GABA
current, indicating that the thiol was modified in the presence
of PB but modification now resulted in no detectable effect on
I apa- Although the mechanism underlying this loss of func-
tional effect is unknown, one can conclude that cysteine modifi-
cation in the presence of 500 um PB is different from modification
in the presence of GABA. A low concentration of PB that does not
activate the receptor but potentiates GABA responses (50 um)
decreased the rate of modification of a; K219C by ~3-fold and had
no effect on the rates of modification of «;K221C, B,K213C, and
B,K215C (Fig. 4, Table 2), indicating that the effects of PB (500 um)
on o, K221Cp, and «, 8,K213C receptors likely reflect gating-as-
sociated motions. Overall, these data indicate that GABA and PB
induce different structural rearrangements in the pre-M1 regions
of the ; and 3, subunits.

Effect of SR-95531 on MTS Reaction Rates—To explore
whether the structural rearrangements in the pre-M1 regions
induced by GABA reflect conformational movements associ-
ated with gating, we measured the rates of MTS modification of
a;K219C, o; K221C, B,K213C, and 3,K215C in the presence of
the GABA binding site competitive antagonist SR-95531 (10
uM) (Fig. 5). Because GABA and SR-95531 bind to the samesite,
but GABA promotes channel opening/desensitization whereas
SR-99531 does not, co-application of SR-95531 and MTS
should capture motions associated with stabilization of a closed
state whereas co-application of GABA and M TS should capture
motions associated with open/desensitized states (i.e. gating).
SR-95531 had no significant effect on the rate of modification of
a;K221CB,, a; 8,K213C, and «; 3,K215C receptors compared
with control (Fig. 5 and Table 2), suggesting that occupancy of
the GABA binding site alone does not induce structural rear-
rangements in or near these positions. SR-95531 slowed the
MTSEA-biotin rate of modification of «;K219Cp, receptors
3-fold (Fig. 5 and Table 2), indicating that binding of a compet-
itive antagonist can induce structural rearrangements in the
pre-M1 region of the «; subunit.

DISCUSSION

The Monod-Wyman-Changeux allosteric theory has been
used with great success to model LGIC gating behavior (19). In
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this theory, channel gating is accomplished by a concerted qua-
ternary movement of all the subunits switching from an inac-
tive to an active conformation. GABA and PB activation both
evoke the same single channel conductances (3) despite binding
to different parts of the receptor (20). Thus, a key question is
whether binding of an allosteric modulator such as PB triggers
similar allosteric gating transitions as GABA.

For Cys-loop LGICs, it has been suggested that the pre-M1
region acts as a central hub that couples neurotransmitter-in-
duced motions in the ligand binding site to movements in Loop
2 and the M2-M3 linker, which then ultimately triggers move-
ments in the M2 channel region that opens the channel (Fig. 1)
(10, 13). A key element in the transduction pathway coupling
neurotransmitter binding to gating of the channel is believed to
be a salt bridge between two highly conserved residues present
in all Cys-loop LGIC subunits: an arginine in the pre-M1 region
with a glutamic acid in Loop 2 (Fig. 1) (10). Previously, we
showed that cysteine substitution of this highly conserved argi-
nine (Arg-216) in the 3, pre-M1 region of the GABA R abol-
ished channel gating by GABA without altering binding of the
GABA agonist [*’H]muscimol (13), suggesting that this residue
plays a key role in allosterically coupling GABA binding to gat-
ing. Interestingly, the 3,R216C mutation also abolished chan-
nel gating by PB, suggesting that this residue and the pre-M1
region may also play a role in PB activation (13).

Here, we provide evidence that the o, and 3, pre-M1 regions
move in response to PB activation of the GABA ,R and that PB
triggers different movements in this region than GABA. Cys-
teine substitutions of the conserved pre-M1 lysine residues had
little to no effect on PB EC,, (Fig. 2 and Table 1); thus, the
positions occupied by the cysteine side chains in the mutant
receptors are likely similar to the native lysine positions. The
rates of modification of a; K221CpB,, a;K219Cp,, o, 3,K213C,
and «,3,K215C receptors differ depending upon whether
GABA or PBis present. For a; K221Cp3, receptors, only 500 um
PB caused a significant change in the rate of MTS modification
whereas for a; 3,K215C receptors only GABA caused a change
(Fig. 5, Table 2). For @;K219Cg, and «;3,K213C receptors,
GABA altered their rates of modification, whereas in the pres-
ence of PB the mutant receptors were modified but MTS mod-
ification no longer altered subsequent GABA-induced current
(Fig. 5, Table 2), demonstrating that PB stabilizes the receptor
in a different conformation(s) than GABA. Moreover, structur-
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ally perturbing the pre-M1 regions by tethering chemically
diverse thiol-reactive groups onto these mutant cysteines had
different effects on PB and GABA current responses (Figs. 2 and
3). Based on these data, we infer that the structural transitions
evoked and/or stabilized by PB channel activation differ from
those triggered by GABA in this region of the receptor.
Alternatively, one could argue that some of the differences
measured in the effects of modifying these cysteines on GABA
and PB current responses result from the pre-M1 residues
being located near the PB binding site pocket. Several lines of
evidence indicate that a; K219, «; K221, 3,K213, and B,K215
do not form part of the PB binding site. First, mutations of these
residues to cysteine had little to no effect on PB EC,,,. If these
residues directly formed part of the PB binding site, one would
expect bigger shifts in PB EC, especially because of the non-
conservative cysteine for lysine substitution. Second, modifica-
tion of 8,K213C and 3,K215C with a variety of MTS reagents
all increased PB-induced current and modification of «; K219C
had no effects on PB-induced currents. If these residues were
lining the PB binding site, one would expect that tethering
bulky/charged groups at these positions would sterically inhibit
the ability of PB to bind and would decrease PB-mediated cur-
rent. Although modification of a;K221C with MTSEA-biotin
caused a decrease in PB-mediated current, modification with
MTSET and MTSES had no effect on PB-mediated currents,
again suggesting that this residue is not part of the PB binding
site. Third, PB caused an increase in the rate of MTS modifica-
tion of B,K215C. If B,K215C were part of the PB binding site,
one would expect that PB would decrease the rate of modifica-
tion. Moreover, based on our homology model of the GABA 4R
and given the size of PB (~7 A), it seems unlikely that o, and 3,
pre-M1 region residues are forming part of the general anes-
thetic binding site. Residues in the a; and 8, pre-M1 regions are
separated by 20 A or more from the residues that have been
previously identified as forming the potential PB/general anes-
thetic binding site (Fig. 1) (8, 21-24). Mutations in M2 (Asn-
265) and M3 (Met-286) in the 3 subunit eliminate PB activation
of the receptor (8, 25) and the actions of the related general
anesthetics etomidate and propofol (26-28). More recently,
a;M236 (in M1) and BM286 (in M3) have been directly identi-
fied as being part of a general anesthetic binding site by photo-
labeling with an etomidate analog (6). Propofol blocks covalent
modification of BM286C by sulfhydryl-specific reagents, indi-
cating that this residue forms part of a general anesthetic bind-
ing site (29). Furthermore, a knock-in mouse for BN265M
removes the immobilizing and hypnotic actions of PB as well as
the actions of etomidate and propofol (30). Taken together, the
data indicate that general anesthetics, including PB, likely share
a similar binding site, which is located in a water-filled pocket
~50 A below the GABA binding site between M1, M2, and M3.
In the presence of GABA, the receptor undergoes transitions
between an ensemble of open and desensitized states (31, 32). If
PB were stabilizing similar states as GABA, one might expect
similar changes in the rate of modification in the presence of PB
and GABA. Because this was not the case, we infer that PB
binding/gating induces structural rearrangements near the
pre-M1 region that are structurally distinct from movements
induced by GABA. Interestingly, a recent report using disul-
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fide-trapping experiments demonstrated that GABA and PB
induce a similar open state structure at the 6'-position in M2
(12). This is consistent with functional studies that have shown
similar single-channel conductances (2—4) regardless of
whether GABA ,R channels are opened by GABA or by PB. We
speculate that the unique movements induced by PB and
GABA in the pre-M1 regions are the result of their binding to
different sites and triggering different activation pathways that
lead to their functional effects.

We envision that PB binding between transmembrane heli-
ces initiates a conformational change in the M2-M3 linker that
propagates to the pre-M1 region via Loop 2 (Fig. 1). Mutational
studies have implicated the a; and 3, M2-M3 linker as involved
in PB activation (21, 33). The movements in the pre-M1 region
triggered by PB are then likely to be transmitted to various
regions of the GABA ,R extracellular ligand binding domain as
well as channel membrane domain. The pre-M1 region may be
the conduit by which the actions of PB are propagated to the
GABA binding site. Binding studies have shown that PB
enhances GABA apparent affinity (34), suggesting that the
structure of the GABA binding site changes in the presence of
PB. Moreover, we have identified 13 positions in the GABA
binding site interface that change accessibility during pento-
barbital binding/gating (B,T160C, B,D163C, B,G203C,
B,5204C, B,R207C, B,S209C, B,D62C, «;S68C, «,E122C,
a;R131C, @, V180C, a; A181C, and «;R186C) (17, 35-38), indi-
cating that the extracellular domain undergoes conformational
rearrangements during PB binding/gating.

In summary, we have shown that the «; and B, pre-M1
regions of the GABARs are structural elements involved in
both GABA- and PB-mediated channel activation. PB binding,
however, induces different structural movements in this region
than when the receptor binds GABA, suggesting that PB stabi-
lizes a different state or ensembles of states than GABA. These
differences reveal distinct molecular mechanisms of action of
these two ligands.
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