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Background: Etomidate induces anesthesia via intersubunit transmembrane sites in GABA 4 receptors.
Results: In receptors engineered with a-M1 domain cysteines, GABA accelerates modification. Etomidate inhibits modification

at three positions.

Conclusion: Etomidate contacts a subdomain of a-M1 linked to channel gating, consistent with in silico model docking.
Significance: We identify new structures that both bind anesthetic and modulate channel gating through rearrangement.

Etomidate is a potent general anesthetic that acts as an allos-
teric co-agonist at GABA , receptors. Photoreactive etomidate
derivatives labeled aMet-236 in transmembrane domain M1,
which structural models locate in the 3+ /a- subunit interface.
Other nearby residues may also contribute to etomidate binding
and/or transduction through rearrangement of the site. In
human a132y2L GABA , receptors, we applied the substituted
cysteine accessibility method to al-M1 domain residues
extending from a1GIn-229 to a1Gln-242. We used electro-
physiology to characterize each mutant’s sensitivity to GABA
and etomidate. We also measured rates of sulfhydryl modifica-
tion by p-chloromercuribenzenesulfonate (pCMBS) with and
without GABA and tested if etomidate blocks modification of
pCMBS-accessible cysteines. Cys substitutions in the outer
a1-M1 domain impaired GABA activation and variably affected
etomidate sensitivity. In seven of eight residues where pCMBS
modification was evident, rates of modification were acceler-
ated by GABA co-application, indicating that channel activation
increases water and/or pCMBS access. Etomidate reduced the
rate of modification for cysteine substitutions at a1Met-236,
alleu-232 and a1Thr-237. We infer that these residues, pre-
dicted to face 32-M3 or M2 domains, contribute to etomidate
binding. Thus, etomidate interacts with a short segment of the
outer al-M1 helix within a subdomain that undergoes signifi-
cant structural rearrangement during channel gating. Our
results are consistent with iz silico docking calculations in a
homology model that orient the long axis of etomidate approx-
imately orthogonal to the transmembrane axis.
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Ionotropic y-aminobutyric acid type A (GABA,) receptors
are important targets for many general anesthetics (1), but we
lack a detailed understanding of the anesthetic binding sites.
GABA , receptors are pentamers of homologous subunits, each
containing a large extracellular N-terminal domain, four trans-
membrane domains (M1-M4), and a large intracellular M3-M4
linker. The most abundant GABA , receptor subtypes contain 2,
2, and 17 subunits arranged -a-B-a-y when viewed counter-
clockwise from the extracellular space (Fig. 14) (2, 3).

Etomidate is a potent intravenous general anesthetic that
produces its major effects through GABA , receptors (4, 5).
Etomidate enhances receptor activation by GABA, increasing
apparent affinity (reducing GABA EC;,). At high concentra-
tions, etomidate also directly activates GABA , receptors (6 -9).
These effects on human a1B82y2L GABA , receptors are mod-
eled by an equilibrium allosteric co-agonist scheme with two
equivalent etomidate sites per receptor (10, 11).

Azietomidate and TDBzl-etomidate ((4-[3-(trifluorometh-
yl)-3H-diazirin-3-yl]benzyl 1-(1-phenylethyl)-1H-imidazole-
5-carboxylate)) are photoreactive etomidate analogs (8, 12) that
label purified GABA , receptors in detergent at a«Met-236 in
M1 and BMet-286 and BVal-290 in M3 (13, 14). Tryptophan
mutations at alMet-236 or B2Met-286 mimic etomidate
effects (15), and a cysteine substitution at 32Met-286 is pro-
tected from covalent modification in the presence of etomidate
(16). Based on x-ray crystal structures of pentameric ion
channel homologs from Gloeobacter violaceus (GLIC)* and
Caenorhabditis elegans (GluCl) (17-19), GABA, receptor
structural homology models (14, 20, 21) locate these trans-
membrane residues in interfacial clefts between 8 and « sub-
units (Fig. 1B). Disulfide trapping studies (22) further support
this rotational orientation of @-M1 and 8-M3 domains.

2 The abbreviations used are: GLIC, G. violaceus ion channel; ELIC, E. chrysan-
themiion channel; MMTS, methyl methanethiosulfonate; MTSEA, 2-amino-
ethyl methanethiosulfonate; MWC, Monod-Wyman-Changeux; pCMBS,
para-chloromercuribenzenesulfonate; PTX, picrotoxin; ANOVA, analysis of
variance.
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FIGURE 1. Transmembrane domains and amino acids forming etomidate
sites in GABA , receptors. A, a diagram of a a182y2L GABA, receptor cross-
sectioned in the membrane plane and viewed from the extracellular space
illustrates the arrangement of a1 (yellow), B2 (blue), and y2 (green) subunits
and the transmembrane domains (M1-M4) within each subunit. The chloride
channel is shaded gray. Etomidate sites (red ovals) are located between a-M1
and 3-M3 domains. B, an expanded diagram of one etomidate site (outlined
in A), showing a helical wheel projection of the «1-M1 sequence from GIn-229
(nearest) through GIn-242. The orientation of the side chains is approximate
and based on a homology model built from the structure of G. violaceous
pentamericion channels (33). GABA, receptor residues that are photolabeled
by etomidate derivatives (13, 14), in both a-M1 and B-M3, are highlighted in
pink. We also illustrate B2Asn-265 on 3-M2, a residue where mutations influ-
ence etomidate sensitivity (37, 38).

Although photolabeling has identified the general region
where etomidate binds to GABA , receptors, complementary
approaches are needed to more fully explore etomidate binding
interactions in intact receptors. Receptor protein used for pho-
tolabeling was affinity-purified in detergent and may have
undergone structural changes. The photosensitive diazirine
moieties of azietomidate and TDBzl-etomidate are appended
to one end of the stereoselective parent ligand and may fail to
label some side chains in the site.

Given the identification of aMet-236 as a likely contact
point, etomidate interactions with the a-M1 domain are of par-
ticular interest. Residues in a-M1 have previously been linked
to GABA, receptor modulation by barbiturates (23, 24) and
neurosteroids (25, 26) as well as gating transduction between
extracellular GABA sites and the transmembrane channel (23,
27, 28). Cysteine substitution and modification studies (21, 22)
have provided clues to some side chain orientations and evi-
dence of rearrangements during gating for the pre-M1 and
outer a-M1 domain from alle-223 to aMet-236.
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The aims of this study were to investigate the roles of a1-M1
domain residues in receptor gating, etomidate modulation, and
etomidate binding interactions in functional a182y2L GABA ,
receptors in native membranes. We applied the substituted
cysteine accessibility method to a series of 13 single-residue
cysteine-substituted mutations in the al-M1 domain near
alMet-236. In each mutant channel, sensitivity to GABA and
etomidate and the effects and rates of pCMBS modification
with and without GABA were quantified electrophysiologically.
We also tested proximity to bound etomidate at each accessible
cysteine by testing if etomidate blocks sulfthydryl modification.
Additional biochemical studies were performed on channels
harboring the «1M236C mutation. Results were compared
with in silico etomidate docking calculations in a homology
model of the 32-M3/a1-M1 interfacial pocket.

MATERIALS AND METHODS

Animal Use—Female Xenopus laevis were housed in a veter-
inary-supervised environment in accordance with local and
federal guidelines. Frogs were anesthetized by immersion in
0.2% tricaine (Sigma-Aldrich) prior to minilaparotomy to har-
vest oocytes.

Chemicals—R-(+)-Etomidate was obtained from Bedford
Laboratories (Bedford, OH). The clinical preparation in 35%
propylene glycol was diluted directly into buffer. Propylene
glycol at the resulting concentrations has no effect on GABA ,
receptor function (10). Picrotoxin (PTX) was purchased from Sig-
ma-Aldrich and dissolved (2 mm) in electrophysiology buffer.
Alphaxalone was purchased from MP Biomedical (Solon, OH) and
prepared as a stock solution in DMSO. p-Chloromercuribenzene-
sulfonic acid sodium salt (p)CMBS), methyl methanethiosulfonate
(MMTS), and 2-aminoethyl methanethiosulfonate hydrobromide
(MTSEA) were purchased from Toronto Research Chemicals
(North York, Canada). Salts and buffers were purchased from
Sigma-Aldrich.

Molecular Biology—cDNAs for human GABA, receptor
a4, B,, and y,; subunits were cloned into pCDNA3.1 vectors
(Invitrogen). Mutations in cDNA were created with oligonu-
cleotide-directed mutagenesis using QuikChange kits (Agi-
lent Technologies, Santa Clara, CA). Clones from each
mutagenesis reaction were subjected to DNA sequencing
through the entire cDNA region to confirm the presence of
the mutation and absence of stray mutations.

Oocyte Electrophysiology—Messenger RNA synthesis and
Xenopus oocyte expression were performed as described previ-
ously (15). Experiments were performed at room temperature
(21-23 °C) in ND96 buffer (96 mm NaCl, 2 mm KCI, 0.8 mm
MgCl,, 1.8 mm CaCl,, 5 mm HEPES, pH 7.5). Peak current
responses to varying GABA concentrations (range from 0.1 um
to 30 mm), alone or co-applied with 3.2 um etomidate, were
measured in Xenopus oocytes (n = 3) using two-microelectrode
voltage clamp electrophysiology, as described previously (29).
GABA applications were from 5 to 20 s, depending on the time
to reach steady-state peak current. Normalizing GABA
responses at maximal GABA (1-30 mm) were recorded every
second or third sweep. Picrotoxin-sensitive leak was measured
using 2 mMm PTX, followed by >5-min washout and a maximal
GABA response test. Etomidate (3—10 um) or alphaxalone (2
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uM) was used as a gating enhancer together with maximal
GABA to estimate GABA efficacy. Oocyte currents were low
pass-filtered at 1 kHz (model OC-725B, Warner Instruments,
Hamden, CT), digitized at 1-2 kHz (Digidata 1200, Molecular
Devices, Sunnyvale, CA), and recorded digitally (pClamp 7,
Molecular Devices).

Cysteine Modification with pCMBS and Etomidate Protec-
tion in Xenopus Oocytes—Maximally GABA-activated recep-
tors were used for control (reference) pCMBS modification,
and etomidate concentrations in protection studies were at
least 2 times EC,,, for direct activation (30 —100 uMm), establish-
ing occupation of >90% of etomidate sites. The pCMBS con-
centration used for each mutant channel was chosen so that
control modification was complete after 40—-60 s of pCMBS
exposure. Oocytes were repetitively stimulated with GABA
pulses every 5 min until at least three sequential current
responses were constant (=5%). For modification, oocytes were
exposed to pCMBS (alone, with GABA, or with GABA plus
etomidate) for 5, 10, or 20 s followed by a 5-min ND96 wash. A
GABA response test, when appropriate, was repeated prior to
the next pCMBS modification, and up to 15 (but usually fewer
than 10) modification test cycles were repeated in each oocyte.
For modification rate analysis, peak currents were normalized
to a pre- or postmodification control and plotted against cumu-
lative pCMBS exposure in units of s X mm. Normalized data
were fitted to single exponential functions to determine the
apparent modification rate constant in M~ ' s ",

Electrophysiology in HEK293 Cell Membrane Patches—
HEK?293 cell maintenance and transfection for functional stud-
ies were performed as described previously (15). Current
recordings from excised outside-out membrane patches were
performed at —50 mV and room temperature (21-23 °C) as
described by Scheller and Forman (30). Currents were stimu-
lated using pulses of GABA delivered via a multibarrel superfu-
sion pipette coupled to piezo-electric elements that switched
solutions in under 1 ms. Currents were filtered at 5 kHz and
digitized at 10 kHz for off-line analysis.

HEK Cell Membrane Preparation for Binding Assays—
HEK293T cells at 30-40% confluence were co-transfected
using CaPO, precipitation (31) with ¢cDNAs encoding wild-
type or mutant a1, 82, and y2L. At 48 h after transfection, cells
were harvested and centrifuged at 1500 X g for 10 min. The cell
pellet was washed twice in PBS and again pelleted. The pellet
was homogenized at 11,000 rpm for 30 s in PBS using an Ultra-
Turrax T25 homogenizer (Janke & Kunkel, Staufen, Germany).
The homogenate was centrifuged for 30 min at 25,000 X g at
4°C. The membranes were washed and repelleted twice and
then resuspended in PBS.

MMTS/MTSEA Reaction and Etomidate Protection in
Membranes—Aliquots of membrane suspension were incu-
bated for 30 min at 4 °C with a sulthydryl-modifying reagent
(MMTS or MTSEA) or with buffer as a control. For protection
experiments, membranes were preincubated for 10 min with
200 puMm etomidate, which remained present during MTSEA
incubation. To remove sulfhydryl reagents (and etomidate), the
membrane pellets (in both the MTSEA and the control groups)
were resuspended with PBS buffer and repelleted four times
(25,000 X g, 30 min, 4 °C).
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[PH]Flunitrazepam Binding Assay in Membranes—Mem-
brane suspensions were diluted into assay buffer (10 mm phos-
phate buffer (pH 7.4, 135 mm KCl, and 1 mm EDTA; 0.5 ml final
volume) with 1 nm [*H]flunitrazepam (85.2 Ci/mmol; Perkin-
Elmer Life Sciences) and incubated for 1 h at 4 °C. Nonspecific
binding was measured by including 7.5 uM flurazepam. Etomi-
date modulation was tested at 0.1-100 um. Multiple (n = 6)
samples were suction-filtered on GF/B glass fiber filters. Filters
were washed two times with 3 ml of assay buffer and transferred
to scintillation vials with 2.5 ml of scintillation fluid (Ecolume,
ICN Pharmaceuticals, Aurora, OH) for counting.

Electrophysiological Data Analysis—Analyses for agonist
concentration responses, etomidate-induced left shift, and
allosteric co-agonist model fitting followed our approach
described elsewhere (15, 32). Peak GABA-stimulated currents
were normalized to maximal GABA responses, and GABA con-
centration-response data for individual oocytes in the absence
and presence of etomidate were fitted with logistic functions
using non-linear least squares (Graphpad Prism version 5),

lmax - lmin

IAgonist —
141 O(Iog(ECso) — log[Agonist]) X ny

+ lin (Eq. 1)

where EC,, is the half-maximal activating concentration and
ny, is Hill slope.

EC,, shift ratios were calculated from the difference in log-
(GABA EC,,) values (Alog(EC,,)) measured in the presence of
3.2 uMm etomidate versus control. Etomidate-dependent direct
activation of receptors was analyzed similarly.

PTX-sensitive leak currents (/) normalized to ISAB4 were
used to estimate basal open probability (P_). GABA efficacy was
estimated based on enhancement of maximal GABA responses
by etomidate or alphaxalone (32).

Estimated P, was calculated using average Ip/ISAP* and

max

IGABA+Enhancer/1GABA
values.
max
/ lerx
IGABA IGABA
pest = max max
open — [GABA + Enhancer I (Eq.2)
PTX
IGABA IGABA

max max

Non-linear least squares fits to a Monod-Wyman-Changeux
(MWC) co-agonist mechanism with two equivalent sites each for
GABA and etomidate (Equation 3) used estimated P, data (Equa-
tion 2) from GABA concentration responses with and without
etomidate and etomidate direct activation, with both [GABA] and
[etomidate] ([ETO]) specified as independent variables.

1
(1 + [GABAJ/K; \2/ 1 + [ETOV/K: \2
T+ Lo\ TeaBAck: ) \T 7 [ETOV/dK:

P, =

(Eq.3)

L, in Equation 3 is a dimensionless basal equilibrium gating
variable, approximately P, ~". K and K, are equilibrium disso-
ciation constants for GABA and etomidate binding to inactive
receptors, and ¢ and d are dimensionless parameters represent-
ing the respective ratios of dissociation constants in open versus
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TABLE 1

GABA and etomidate sensitivities of wild-type and mutated GABA , receptors expressed in Xenopus oocytes

EC,, values and confidence intervals were calculated from the average and S.D. of fitted log(EC,,) values from individual oocytes (1 > 3). GABA efficacy was calculated from
the ratio of maximal GABA response to maximal GABA plus an enhancing drug (etomidate or alphaxalone). Etomidate efficacy is expressed as the ratio of maximal
etomidate current to the maximal GABA current. Comparisons with wild type were performed using one-way ANOVA with Dunnett’s post hoc test. CI, confidence interval.

Receptor type GABA EC,, (95% CI) GABA efficacy (n) Etomidate EC,, (95% CI) Etomidate efficacy (n) GABA EC,, ratio (95% CI)
pat par

Wild type 36 (24-55) 0.80 = 0.03 (6) 30 (14-66) 0.42 * 0.10 (6) 0.059 (0.043-0.082)
«1Q229C 610 (500-750)" 0.65 =+ 0.02 (6)" 40 (17-93) 0.24 + 0.14 (3) 0.29 (0.19-0.45)
alT230C 78 (57-105)" 0.90 + 0.04 (4) 12 (7.1-19) 0.68 £ 0.18 (3) 0.021 (0.012-0.036)°
alY231C 69 (40-119) 0.63 + 0.06 (4)” 10 (8.7-12) 0.99 + 0.08 (3) 0.012 (0.005-0.030)*
«lL232C 77 (56-107)" 0.95 + 0.03 (5) 20 (13-32) 0.68 =+ 0.23 (4) 0.060 (0.038-0.094)
«lP233C 63 (52-76) 0.32 + 0.06 (5)° 15 (12-19) 3.0 = 0.95 (3)* 0.069 (0.040-0.118)
al11235C 96 (65-142)" 0.85 + 0.03 (5) 3.0 (1.3-6.7)" 0.83 £ 0.24 (3) 0.142 (0.072-0.279)
alM236C 360 (260-510)* 0.24 *+ 0.06 (6)° 19 (13-27) 4.0 = 0.86 (3)* 0.186 (0.097-0.356)"
alT237C 43 (32-58) 0.78 = 0.12 (4) 31 (24-39) 0.9 = 0.26 (3) 0.078 (0.024-0.259)
alV238C 51 (38-67) 0.76 = 0.03 (6) 20 (13-31) 0.9 = 0.15 (3) 0.122 (0.068-0.220)
«11239C 46 (39-53) 1.00 = 0.02 (3) 32 (18-57) 0.31 + 0.10 (3) 0.084 (0.070-0.101)
«1L.240C 28 (20-40) 0.91 + 0.02 (4) 16 (8.9-30) 0.72 £ 0.12 (4) 0.114 (0.072-0.179)
«1S241C 38 (31-48) 0.72 + 0.03 (4) 13 (7.3-23) 0.62 *0.20 (3) 0.028 (0.016-0.042)°
«1Q242C 66 (46-93) 0.89 =+ 0.04 (4) 36 (14-96) 0.38 = 0.11 (3) 0.067 (0.037-0.121)

@ p < 0.001.

b p < 0.05.

‘p <0.01.

inactive receptors. The agonist efficacies of GABA and etomi-
date are inversely related to ¢* and d>, respectively.

Analysis of patch macrocurrents for activation, desensitiza-
tion, and deactivation kinetics was performed as described pre-
viously (32) using non-linear least squares fits to Equation 4 and
F-tests at p = 0.99 (Clampfit version 8.0, Molecular Devices) to
choose the best number of exponents.

I(t) = A, X exp(—t/7;) + A, X exp(—t/7,)
+ A; X exp(—t/1;) + C (Eq.4)

All activation traces were best fit with a single exponent,
whereas desensitization and deactivation were consistently fit-
ted with two exponents.

Molecular Modeling—A model of the a133y2 GABA , recep-
tor was constructed using the structure of the pentameric ion
channel homolog GLIC from Protein Data Bank entry 3P50 as
described (33). B2 peptide sequences were substituted into the
B3 structures, requiring no insertions or deletions and only 26
amino acid replacements, seven of which were in the trans-
membrane domain (two in M3 and five in M4). No substitu-
tions were near the etomidate binding sites. The model was
placed within a simulated membrane force field and minimized
with the photoreactive etomidate analog azietomidate placed in
the etomidate binding interfaces, consistent with photolabeling
results (13, 14). Using C-DOCKER in the Discovery Studio
modeling software package (Accelrys Inc., San Diego, CA),
R-(+)-etomidate (183-A% molecular volume, 213-A* Connolly
surface volume) was docked within an 11-A radius sphere in
each binding site, solving for the 100 lowest energy solutions
starting with 50 different initial orientations and 50 different
molecular dynamics-altered etomidate configurations. Interac-
tion energies for all 200 solutions (100 for each site) were
between —36 and —39 kcal/mol. As controls, etomidate dock-
ing was performed at the other three model intersubunit trans-
membrane cavities.

Statistical Analysis—Results are reported as mean * S.D.
unless otherwise noted. Wild-type and all mutant group com-
parisons for log(EC,) and Alog(EC,,) were performed using
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one-way ANOVA with Dunnett’s post hoc multiple compari-
sons test in GraphPad Prism. Within the mutant group, statis-
tical comparisons of pCMBS modification rates measured
under three conditions were performed using ANOVA with
Tukey’s post hoc test. Etomidate-dependent [*H]flunitrazepam
binding data were analyzed using two-way ANOVA with
post hoc multiple comparisons test. Pairwise comparisons
were performed using Student’s ¢ tests. Statistical signifi-
cance was inferred at p < 0.05.

RESULTS

Functional Characterization of Wild-type and a1M236C[32y2L
GABA , Receptors

GABA- and Etomidate-dependent Channel Gating—Initial
studies focused on the a«1Met-236 residue identified in photo-
labeling studies (13, 14). GABA- and etomidate-dependent gat-
ing, spontaneous activation, and macrocurrent rapid kinetics
were characterized in «1M236CB2y2L channels expressed in
Xenopus oocytes or HEK293 cells and compared with a1 32y2L
(wild type). Results of oocyte studies are summarized in Table 1.
Functional characteristics of a1B2y2L receptors in oocytes
were similar to those reported in earlier studies (10, 15, 32).
Wild-type GABA EC,, value averaged 37 uM, and the addition
of 3.2 um etomidate reduced GABA EC,, 18-fold to about 2 um.
Etomidate directly activated wild-type channels with an aver-
age EC,, of 30 uM, and maximum etomidate activation aver-
aged 42% of the maximal GABA response. In oocytes express-
ing «1M236CB2y2L GABA , receptors, GABA EC,, averaged
about 10-fold higher (390 um) than that in wild-type (Fig. 24
(solid symbols) and Table 1). In the presence of etomidate,
alM236CB2y2L receptor currents elicited with maximal
GABA (10-30 mm) increased about 4-fold, indicating a low
agonist efficacy for GABA. GABA EC,, was reduced about
5-fold (Fig. 2A, open symbols). Etomidate alone was a potent
and efficacious agonist of «1M236CB2y2L receptors, inducing
maximal currents that were 4-fold larger than those elicited by
10-30 mm GABA (Fig. 2B). Rapid application of GABA (10
mM) to voltage-clamped outside-out patches from HEK293
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FIGURE 2. Electrophysiological characterization of «®1M236C32y2L GABA, receptors. A, GABA concentration response in oocytes. Data points are mean +
S.D. (error bars) (n > 3) peak currents normalized to maximal GABA (10 mm) responses. Lines overlaying points represent nonlinear least squares fits to Hill
equations (Equation 1). Solid symbols, GABA alone; EC5, = 320 um (95% confidence interval, 290-410 um); n,; = 0.75 *+ 0.075. Open symbols, GABA plus 3.2 um
etomidate; EC5, = 61 um (95% confidence interval, 56-77 um); n,, = 0.83 = 0.071; maximum response = 3.7 =+ 0.10. B, etomidate agonism concentration
response in oocytes. Data points are mean = S.D. (n > 3) peak currents normalized to maximal GABA (10 mm) responses. The line represents a fitted Hill
equation. EC5 = 18 uM (95% confidence interval, 14-29 um); ny, = 1.7 = 0.52; maximum response = 4.2 *+ 0.63. C, current sweep recorded from an HEK293 cell
patch during a 1-s pulse of 10 mm GABA. The white bar indicates GABA application. Average rates of activation, desensitization, and deactivation are summa-
rized in Table 2. D, spontaneous channel gating current in an oocyte. The small outward current during PTX application is due to inhibition of active channels.
Current elicited with 10 mm GABA in the same cell is also displayed. Average spontaneous activity is 1.8 == 0.28% of maximal GABA response. E, estimation of
maximal GABA efficacy in an oocyte. GABA (10 mm; white bar) alone elicits a current that is enhanced severalfold with co-application of alphaxalone (2 um; black
bar). Average results for GABA efficacy are reported in Table 1. F, estimation of etomidate agonist efficacy in an oocyte. Etomidate (100 um; black bar) elicits a
maximal current that is only modestly enhanced with co-application of GABA (3 mm; white bar). Average results for etomidate efficacy are reported in Table 1.
G, allosteric co-agonist modeling of GABA and etomidate activation. Estimated P, was calculated using Equation 2 from data in A and B (same symbols used for
each data set). Equation 3 was fitted to estimated P, using nonlinear least squares with both [GABA] and [etomidate] as input variables. Lines represent the
fitted model. Fitted model parameters are reported in Table 3.

TABLE 2
Wild-type and mutant GABA, receptor rates of activation, desensitization, and deactivation
Rates for mutant receptors did not significantly differ from those for wild type. amp, amplitude.

Maximal Fast desensitization Slow desensitization Fast deactivation Slow deactivation
Receptor activation rate rate (s™') (amp (%)) rate (s™') (amp (%)) rate (s~') (amp (%)) rate (s™') (amp (%))
S*I
alB2y2L 3000 = 1200 (1 = 4) 20 = 13 (30 = 11) 1.0 = 0.45 (70 = 11) 50 = 18 (60 = 17) 6= 3.5 (40 = 17)
alM236CpB2y2L 2700 = 1000 (n = 3) 28 + 12 (30 = 13) 1.1 = 0.45 (70 = 13) 60 * 16 (40 * 23) 10 = 5 (60 = 23)

cells expressing a1M236CB2y2L receptors elicited currents
with activation, desensitization, and deactivation phases simi-
lar to those of wild-type receptors activated with 1 mm GABA
(Fig. 2C and Table 2). With reduced GABA potency and effi-
cacy, accelerated deactivation and slower desensitization might
be expected if desensitization proceeds only from open states.
However, GABA-bound pre-open states may desensitize at
rates comparable with those of open states (34). Also, GABA
efficacy in this mutant may differ in HEK293 cells and Xenopus
oocytes.

Voltage-clamped oocytes (n = 3) expressing a1M236CB2y2L
receptors displayed small picrotoxin-sensitive leak currents in the
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absence of GABA (Fig. 2D) that were 1-2% of that elicited with 10
mM GABA (0.3—0.5% of maximal currents elicited with 100 um
etomidate). Oocytes expressing wild-type receptors displayed
no picrotoxin-sensitive leak currents. GABA and etomidate
efficacies (maximal fraction of receptors activated) were
assessed using single-sweep experiments, where receptors
were initially activated with one of these agonists, followed by the
addition of a co-agonist. Maximal a1M236CB2y2L currents
elicited by 10 mm GABA increased about 4-fold (300% over base
line) with the addition of 2 uMm alphaxalone (Fig. 2E), whereas
currents elicited by 100 um etomidate were enhanced only
4—5% with the addition of 3 mm GABA (Fig. 2F). Assuming that
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TABLE 3

Equilibrium co-agonist model parameters for wild-type and a1M236C32y2L GABA , receptors
Results are from nonlinear least squares fits to Equation 3, which describes an allosteric two-state equilibrium mechanism with two classes of agonist sites (one for GABA
and one for etomidate), each with two equivalent sites (10). L, is a dimensionless basal equilibrium gating variable, inversely related to spontaneous activity. For wild-type
receptors, spontaneous activity was undetectable, and we constrained L, to a previous estimate (25,000) for wild type (32). K5 and K. are equilibrium dissociation constants
for GABA and etomidate binding to inactive states, and ¢ and d are dimensionless parameters representing the respective ratios of binding constants in active versus inactive
states. The agonist efficacies of GABA and etomidate are inversely related to ¢* and d>, respectively.

Receptor L, K, c K, d
M M
alB2y2L 25,000 70 £ 22 0.0019 = 0.00038 40 = 14 0.0076 £ 0.0010
alM236CB2y2L 200 100 =19 0.135 = 0.0070¢ 70 £ 22 0.014 = 0.0046
“ Differs from wild-type value at p < 0.01.
TABLE 4
Apparent modification rates in cysteine-substituted GABA , receptors
Receptor pCMBS + GABA + Rate ratio Rate ratio GABA+
type pCMBS alone pCMBS + GABA etomidate Effect of modification +GABA/—GABA ETO/GABA

Wild-type ~ NE (4) NE? (4) ND NE
@lQ229C 540 = 130 (4) 7000 *+ 1600 (4) 22,700 * 5200 (3) 1 low GABA response 13 * 4.3° 3.2 + 1.03¢
«l1T230C 3000 = 550 (3) 520,000 = 115,000 (3) 960,000 = 167,000 (3) | low GABA response 170 * 507 1.8 * 0.5
alY231C  NE(3) NE (3) ND NE v
@ll232C 70 + 18 (6) 150 = 37 (7) 40+ 5(7) | GABA response 2.1 +0.75¢ 0.32 + 0.16*/
lP233C  NE(3) NE (3) ND NE
«l11235C NE (3) 20 =7.8(3) 90 = 6.4 (3) 1 low GABA response > 24 4.5+ 1.8°
alM236C 16 * 4.6 (4) 210 =+ 80 (6) 20 + 17 (6) | high GABA response 13 + 6.2¢ 0.1 + 0.09%
@lT237C 140 * 92 (3) 1200 = 360 (3) 260 =+ 84 (3) | GABA response 8.9 + 6.5¢ 0.22 =+ 0.09%
«lV238C  NE(3) NE (3) ND NE
«11239C NE (3) NE (3) ND NE
@lL240C 10 * 5.1 (4) 26 + 8.2 (7) 29 + 2.4.(5) | GABA response 27+ 1.74 1.14 = 0.37
l1$241C 60 =+ 15 (3) 40 + 19 (3) 70 + 23 (3) 1 low GABA response  0.65 * 0.35 1.72 + 0.99
@lQ242C  NE(3) NE (3) ND NE

Rates are expressed in M~ s~ ! (mean = S.D.) (n). Ratios were calculated from means with propogation of S.D. Statistical significance was determined using Student’s £ test.

“NE, no effect of modification.
>ND, experiment was not done.
°p<0.01.

4p <0.05.

¢ p < 0.001.

/Protection was inferred when modification rate ratios for GABA + etomidate/GABA were significantly less than 1.0.

both of these combinations of co-agonists open all activatable
receptors, these results indicate that the efficacies of GABA and
etomidate are ~0.24 and 0.96, respectively.

Monod-Wyman-Changeux Model Analysis—A two-state MWC
allosteric co-agonist model accounts for the gating effects of both
GABA and etomidate in oocytes (10) and provides a mechanis-
tic framework for interpretation of the functional effects of
mutations (15, 16, 32). A non-linear least squares fit to this
model (Equation 3) was performed using estimates of [GABA]
and [etomidate]-dependent P_ derived from a1M236CB2y2L
oocyte data corrected for spontaneous channel activity and res-
caled for GABA efficacy (Equation 2).

Model analysis of pooled «1M236CB2y2L receptor data was
constrained by an L, value (200) derived from the spontaneous
gating measurement. The resulting fit and parameters are
shown in Fig. 2G and compared with model parameters fitted to
wild-type data (Table 3). The four free fitted parameters were
well constrained by the data sets. MWC model analysis indi-
cates that the M236C mutation dramatically reduced GABA
efficacy (Table 3; ¢ for a1M236CB2y2L is 70-fold larger than
for wild-type) while only slightly reducing etomidate efficacy (d
for «1M236CB2y2L does not significantly differ from the wild-
type value). The relatively small GABA ECy, shift with etomi-
date is mostly due to the low efficacy of GABA, whereas spon-
taneous receptor activity accounts for efficacious etomidate
agonism. A similar sensitivity to etomidate agonism was
observed previously in «a1M236W 32y2L receptors, which also
display spontaneous gating (15).

30378 JOURNAL OF BIOLOGICAL CHEMISTRY

pCMBS Modification and Etomidate Protection—Applica-
tion of pCMBS (up to 2 mm for 60 s, with or without 1 mm
GABA) to oocytes expressing wild-type GABA , receptors pro-
duced no detectable changes in electrophysiological properties,
including spontaneous activation and responses to low and
high GABA (data not shown). Applying pCMBS to oocytes
expressing a1M236CB2y2L receptors irreversibly increased
leak currents and reduced 10 mM GABA current responses,
suggesting that modification activates and enhances desensiti-
zation. In the absence of GABA, pCMBS concentrations over 1
mM were needed to produce functional changes within 60 s, and
the apparent rate of modification at room temperature was low
(16 M~ ' s7'; Table 4). Co-application of 10 mm GABA with
pCMBS increased the rate of modification over 10-fold to 210
M~ ' st (Fig. 34). Because a1 M236CB2v2L channels display
spontaneous activity and were readily activated by etomidate,
we used a maximally GABA-activated receptor condition (10
mM GABA) for control studies of pPCMBS modification to com-
pare with modification with GABA plus etomidate. For protec-
tion, we used 30 uMm etomidate, based on the fitted allosteric model
(Table 3), which indicated an etomidate dissociation constant for
GABA-activated a1 M236CB2y2L receptors (Ki X d) near 1 um.
Co-application of 30 uM etomidate and 10 mm GABA reduced the
apparent pCMBS modification rate about 10-fold compared with
GABA alone (Fig. 3, Band C, and Table 4).

Etomidate protection of a1M236C from sulthydryl modifi-
cation was also assessed using a biochemical assay in HEK293
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FIGURE 3. Cysteine modification and etomidate protection in heterologously expressed a1M236CB2y2L GABA, receptors. A, traces represent
sequential measurements of maximal current elicited with 10 mm GABA (black bars) in an oocyte expressing a1M236C2y2L GABA, receptors. Arrows,
10-s exposure to 10 mm GABA plus 500 um pCMBS, followed by wash. Basal leak current increases and maximal GABA current diminishes with
incremental exposure to pCMBS. B, traces are sequential maximal current tests (10 mm GABA; black bars) from another oocyte expressing
a1M236C[B2y2L GABA, receptors. Arrows, 10-s exposure to 10 mm GABA plus 1 mm pCMBS plus 30 um etomidate, followed by wash. C, rate analyses of
peak current data from A and B are shown, plotted against cumulative [pCMBS] X exposure time. Lines represent nonlinear least squares fits to single
exponential functions. The fitted time constants are 6.3 s X mm (control; solid symbols) and 51 s X mm (+ etomidate; open symbols). The second order
rate constants are 157 and 20 m~ ' s ', respectively. D, data points represent mean = S.E. (error bars) (n = 6) measurements of membrane-bound
[HIflunitrazepam, normalized to control (100%). Data were analyzed by ANOVA with Bonferroni post-tests. Etomidate at concentrations up to 30 um
positively modulates flunitrazepam binding to untreated membranes from HEK293 cells expressing «1M236CB2y2L receptors (solid squares). Mem-
branes pre-exposed to 2.5 mm MTSEA (solid circles) show significantly reduced etomidate modulation (¥, p < 0.05; ***, p < 0.001). In membranes exposed
to MTSEA in the presence of 200 um etomidate (open circles), subsequent maximal etomidate modulation (at 10 um) is indistinguishable from that in

untreated membranes but significantly different from MTSEA-treated membranes (t, p < 0.05).

cell membranes. [*H]Flunitrazepam binding to both wild-type
(data not shown) and a1M236C32y2L receptors (Fig. 3D) was
modulated by etomidate. Exposure of «1M236CB2y2L recep-
tors (but not a132y2L) to the modifying reagent MTSEA signif-
icantly reduced etomidate modulation. Co-application of 200 um
etomidate during MTSEA treatment blocked the modification
effect, preserving modulation. Exposure of alM236CB2y2L
receptors to MMTS, which creates a smaller adduct than MTSEA,
did not alter [H]flunitrazepam binding modulation (data not
shown).

Cysteine Substitution Scan of «1-M1 Residues

GABA- and Etomidate-dependent Gating—The molecular
length of etomidate in an extended configuration is ~12 A,
about the distance of two full turns along an a-helical axis. We
therefore characterized single residue cysteine mutants along
the al-M1 domain from «1Q229 to «1Q242, spanning four
helical turns with the photolabeled a1Met-236 residue in the
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middle of this region. All cysteine-substituted receptors were
characterized using a two-microelectrode voltage clamp in
Xenopus oocytes to assess GABA EC,,, GABA response mod-
ulation by 3.2 um etomidate, and etomidate direct activation.
Results are summarized in Table 1 and Fig. 4.

Five mutant channels in this series, «1Q229C, a1T230C,
alL232C, a11235C, and a1M236C, displayed GABA EC,, val-
ues that were significantly (one-way ANOVA; p < 0.05) higher
than the wild-type value (Table 1 and Fig. 44). No mutants were
characterized by GABA EC,, values lower than wild type.
GABA efficacy was significantly reduced in four mutant chan-
nels: «1Q229C, a1Y231C, «1P233C, and a1M236C. Thus, cys-
teine substitutions at all seven a1-M1 residues from GIn-229 to
Met-236 (excluding Cys-234) increased GABA EC,, and/or
reduced GABA efficacy, whereas mutations intracellular to
Met-236 did not significantly affect GABA EC, or efficacy
(Table 1).
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FIGURE 4. GABA sensitivity and etomidate modulation in a1-M1 cysteine substituted GABA, receptors. A, bars represent mean = S.D. (error bars) GABA
ECs, plotted on a log scale, averaged from multiple individual measurements in separate oocytes (n = 4). B, bars represent mean * S.D. GABA ECs,, shift ratio
in the presence versus absence of 3.2 um etomidate, averaged from multiple individual measurements in separate oocytes (n = 4) and plotted on a log scale.
Large leftward shifts (low shift ratio) indicate high etomidate sensitivity. Mutant results were compared with wild type by ANOVA with Dunnett’s post hoc test.

* p < 0.05;* p < 0.01; ** p < 0.00]1.

In the presence of 3.2 uMm etomidate, five mutant channels
exhibited GABA EC,, shifts that significantly differed (one-way
ANOVA, p < 0.05) from the wild-type value (Table 1 and Fig.
4B). Receptors with «1Q229C and «1M236C mutations
showed etomidate shifts smaller than that in wild type, and
alT230C, a1Y231C, and a1S241C were associated with larger
shifts. All «1-M1 domain cysteine-substituted mutant recep-
tors were directly activated by etomidate (Table 1). Etomidate
directactivation EC, values varied from 3 pum (a11235C32y2L)
to 40 uMm (1Q229CR2y2L), and the maximal relative efficacy of
etomidate activation, normalized to maximal GABA efficacy,
varied from about 0.24 in 1Q229CB2y2L channels up to about
4.0 in both a1P233CB2y2L and alM236C[32y2L receptors.
Whereas maximum etomidate agonist efficacy relative to
GABA was significantly increased by P233C and M236C muta-
tions, the estimated normalized etomidate efficacy for the
mutants (calculated 95% confidence intervals for GABA effi-
cacy X etomidate efficacy, from Table 1) did not significantly
differ from wild type. In other words, high relative etomidate
efficacy simply reflected low GABA efficacy with P233C and
M236C mutants. Overall, six mutations, all but one extracellu-
lar to Thr-237, altered etomidate sensitivity as assessed by
direct activation EC, or EC,, shifts (Table 1).

pCMBS Modification and Etomidate Protection—In the rest-
ing closed state (no GABA), exposure to pCMBS up to 1 mm for
60 s produced no functional changes in receptors containing
alY231C, a1P233C, a11235C, a1V238C, aI239C, and «Q242C
mutations. For the other seven cysteine-substituted mutant
channels, evidence of pCMBS modification in the absence of
GABA was observed with apparent rates ranging from 10 to
3000 M~ ' s~ (Table 4). Along the transmembrane axis, closed
state aqueous accessibility extended from GIn-229 to Ser-241.
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Modification of cysteine substitutions at the most extracellular
residues we studied, Q229C and T230C, was much faster than
at more internal residues, with L240C slowest. A helical wheel
projection based on the homology model (Fig. 54) locates all
closed state accessible residues within one hemi-face of a-M1,
projecting toward 32-M3 and the intersubunit space or toward
a-M2. None are predicted to face lipid in the model.

With the addition of GABA at >10 X EC,,, pCMBS modifi-
cation was observed in eight mutant receptors: the seven that
were modified in the resting state plus a11235CB32y2L. Rates of
pCMBS modification in the presence of GABA varied from 20
to 520,000 M~ ' s~ (Table 4). GABA significantly increased
pCMBS modification rates at all modifiable a1-M1 cysteine-
substituted sites, except a1Ser-241. The ratio of modification
rates in the presence versus absence of GABA varied from
2-fold at «1L.232C and «11.240C up to 170-fold at «1T230C
(Fig. 5B). A rate ratio could not be calculated for «11235C
receptors, which displayed no modification in the absence of
GABA.

The addition of etomidate significantly increased the appar-
ent rate of pCMBS modification in three cysteine-substituted
receptors at 1GIn-229, a1Thr-230, and «11le-235 (Fig. 5C and
Table 4). Fig. 6, A and B, illustrates the enhancement of
a1Q229C modification by both GABA and etomidate. As
observed for «1M236C, etomidate reduced apparent rates of
pCMBS modification at ®11.232C and a1T237C (Table 4 and
Fig. 5C). In GABA-activated a1L232CB2y2L receptors, 30 um
etomidate reduced the pCMBS modification rate about 3-fold
(Fig. 6, C and D). In «1T237CB2y2L receptors, 100 um etomi-
date reduced the pCMBS modification rate nearly 5-fold (Fig. 6,
Eand F).
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FIGURE 5. Effects of GABA and etomidate on modification rates of pCMBS-accessible a1-M1 cysteine substituted GABA, receptors. A, a helical wheel
projection of a1-M1 similar to that in Fig. 1B shows pCMBS-modified residues as colored circles; green, modification enhanced by etomidate; magenta,
modification reduced by etomidate. The heavy outline around lle-235 indicates modification only in the presence of GABA. B, bars represent log ratios (mean =+
S.D. (error bars)) of pPCMBS modification rates measured in the presence of maximally activating GABA (>10 X ECs,) to the rate without GABA (n = 3 for each
condition).*, rates in the presence versus absence of GABA differ significantly with p < 0.05. 1, a ratio for 1235C could not be calculated because no modification
was evident without GABA. C, bars represent log ratios (mean = S.D.) of pCMBS modification rates measured in the presence of maximally activating GABA plus
etomidate (30-100 M) to rates in the presence of GABA alone (n = 3 for each condition). Black bars, reduced rates; white bars, increased rates. *, rates in the

presence versus absence of etomidate differ significantly with p < 0.05.

Etomidate Docking to a Molecular Structure Homology
Model—The energy-minimized alB2y2L homology model
(Fig. 7) is based on the crystal structure of GLIC, a prokaryotic
homopentameric ion channel that is thought to represent
either an open or desensitized channel state (17, 18, 35, 36). The
orientations of ®1-M1 residues in the model are similar to those
ina al1B2y2L homology model (21) based on GluCl (19). R-(+)-
Etomidate docked between a1-M1 and 82-M3 transmembrane
domains adopts an L-shape when viewed along the transmem-
brane axis, with the plane of the benzene ring forming the short
leg and approximately orthogonal to the plane of the imidazole
ring and ester linkage, which together form the long leg (Fig. 7).
In the 100 lowest energy docking orientations in the binding
sites at GABA , receptor 32-M3/al1-M1 interfaces, the etomi-
date molecule is oriented with the benzene ring located near
B2-M2. In the lowest energy poise, the non-branching nitrogen
in the imidazole group is located 3.0 A from the amide nitrogen
of B2N265 (M2-15"), a residue where mutations affect etomi-
date sensitivity (37, 38). The ester leaving group (ethanol) proj-
ects outward from the ion channel toward the lipid-protein
interface between a1-M1 and 82-M3. The C2 ethanol carbon is
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4.6 A from the a carbon of B2Met-286, and the ester carbonyl
oxygen is 3.5 A from both a1Pro-233 and a1Met-236 and 4 A
from B2Phe-289. In a1-M1, etomidate makes contact with part
of the water-accessible surface of Ile-228, Leu-232, Pro-233,
Met-236, Thr-237, and Leu-240 side chains. Control etomidate
docking calculations in 8-M1/a-M3, B-M1/y-M3, and y-M1/
a-M3 subunit interfaces produced similar energetically stable
interactions.

DISCUSSION

Our main findings are that cysteine substitution at most res-
idues in the outer GABA, receptor a-M1 domain impair
GABA agonism, whereas effects on etomidate modulation vary.
GABA accelerates pCMBS modification at most accessible
positions. Etomidate protection from modification indicates
proximity to three (two newly identified) residues in this region.

The Outer al-M1 Domain Is Linked to GABA Agonism and
the Channel State—Cysteine substitutions in a1-M1 from Gln-
229 through Met-236 (excluding Cys-234) consistently impair
GABA agonism, increasing GABA EC,,, reducing GABA effi-
cacy, or both (Table 1). Five of these seven cysteine substitu-
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FIGURE 6. Etomidate effects on cysteine modification in GABA, receptors with «1Q229C, «1L232C, and «1T237C mutations. Left-hand panels display
current traces from oocytes expressing mutant GABA , receptors. Currents were activated with GABA, indicated by solid black bars above each trace. Downward
arrows indicate exposures to pCMBS alone or with GABA or with GABA plus etomidate, followed by washout. Modification conditions (P, pCMBS; G, GABA; E,
etomidate) for each set of traces are indicated in micromolar above each set of arrows. Right-hand panels show normalized peak current data from the traces
shown on the /eft plotted against cumulative pCMBS exposure (s X mw). Lines through plotted symbols represent least squares fits to single exponentials. A,
@1Q229CB2vy2L channels. Currents were stimulated with 50 um GABA (EC,,). B, solid squares, modification with pCMBS alone (fitted rate = 520m ' s~ '); open
squares, modification with pCMBS plus GABA (fitted rate = 3280 m™ ' s~ ); crossed squares, modification with pCMBS plus GABA and etomidate (fitted rate =
6500Mm ' s~ ). Inset, rate analyses are shown with a magnified time base. C, «1L232C82y2L channels. Currents were stimulated with 1 mm GABA (EC, o). D, solid
triangles, modification with pCMBS plus GABA (fitted rate = 170 M~ ' s '); open triangles, modification with pCMBS plus GABA and etomidate (fitted rate = 34
M~ "s™"). E, @1T237B2y2L channels. Currents were stimulated with 1 mm GABA (EC, ). F, solid circles, modification with pCMBS plus GABA (fitted rate = 1450
m~"s™"); open circles, modification with pCMBS plus GABA and etomidate (fitted rate = 210m ™ 's™ ).

tions are modifiable with pCMBS, and modification accelerates  tion by pCMBS signifies accessibility via an aqueous pathway
with application of GABA (Table 4). In contrast, a1-M1 resi- (39). Thus, water-accessible a1-M1 residues are largely extra-
dues intracellular to Met-236 do not significantly affect GABA  cellular to Thr-237, consistent with structural homology mod-
sensitivity and are relatively inaccessible to pPCMBS. Modifica- els in which the space between transmembrane domains nar-
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FIGURE 7. Etomidate docked within an a132y2L GABA , receptor homology model contacts a1Leu-232, a1Met-236, and a1Thr-237 in the M1 domain.
A-C, multiple views of a homology model of GABA, receptor built on the structure of pentameric GLIC (Protein Data Bank entry 3P50), showing a-helices as
cylinders and B-sheets as ribbons with subunits a1 (yellow), B2 (blue), and y2L (green). The GABA, receptor-specific ligands GABA (blue), a benzodiazepine
(magenta), and etomidate (red) are shown within their intersubunit binding sites as Connolly surfaces. A, the model viewed parallel to the membrane. The
extent of the a1-M1 helix examined in this study is colored brown. B, a view from the extracellular space of the extracellular domains. C, a view from the
extracellular space of the transmembrane domains. D-F, enlarged views of one etomidate site. Shown in stick format are residues protected by etomidate from
pCMBS modification after cysteine substitution, a1lLeu-232 (red), a1Met-236 (purple), and a1Thr-237 (green). Also shown in stick format color-coded by atom
type (gray, carbon; red, oxygen; blue, nitrogen; gold, sulfur) are residues of interest in the 82 subunit and etomidate docked at its lowest energy orientation. A
Connolly surface of the composite of 100 most stable docked poises surrounds the etomidate molecule. D, a view from within the membrane. £, a view from
the B2 subunit. F, a view from the synaptic end of the transmembrane domain.

rows intracellularly. Accelerated pCMBS modification by
GABA suggests increased mobility or aqueous access. Bali and
Akabas (21) have also examined substituted cysteine accessibil-
ity in a1-M1 from Gly-224 to Met-236. At residues examined in
both studies (GIn-229 to Met-236), the pattern of GABA-de-
pendent pCMBS modification at Q229C, T230C, L232C, and
M236C was similar. Contrasting with our results, Bali and Aka-
bas reported lower GABA EC, values and higher pCMBS mod-
ification rates and reported that Y231C mutations abolish
channel function. These differences may be due to their rat
“Cys-light” channel background, lacking native transmem-
brane cysteines, including a1Cys-234. Importantly, our main
conclusions are unaffected by these differences.

A variety of data support the hypothesis that GABA activa-
tion expands the space around al-M1, increasing both water
and side chain mobility to a depth near alLeu-240. Cysteine
substitutions could impair GABA-induced gating by reducing
side chain volume and increasing water in transmembrane
pockets, increasing entropic energy costs. Cysteine, being
smaller than most of the residues we mutated, does not occlude
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etomidate binding, which displaces water and reduces entropy,
stabilizing open channel states. Tryptophan substitution at
alMet-236 or B2Met-286 enhances gating in the same manner
while occluding the etomidate site (15). A similar mechanism was
proposed by Jenkins et al. (40) for volatile anesthetic actions at
intrasubunit pockets. Bali et al. (22) observed GABA-dependent
disulfide formation between 32M286C and «1Q229C and sug-
gested that these residues approach each other during gating.
However, this intersubunit disulfide bond stabilizes a non-con-
ducting receptor state. GABA-dependent cross-linking could also
result from increased side chain or backbone mobility. Delineating
transmembrane domain motions during channel gating and
desensitization remains an important experimental challenge.
Outer a-M1 Domain Linkage to Etomidate Modulation—
Several outer «-M1 domain mutations also affected etomidate
sensitivity with a pattern distinct from that for GABA sensitiv-
ity (Fig. 4). Two cysteine substitutions, Q229C and M236C,
reduce etomidate-induced left-shift, whereas T230C, Y231C,
and S241C increased modulation. MWC allosteric analysis
indicates that the «1M236C mutation insignificantly affects
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etomidate allosteric efficacy (Table 3, d). Thus, the small GABA
EC,, shift in a1M236C2y2L receptors reflects only a portion
of etomidate modulation; the remainder is evident as increased
GABA efficacy (Fig. 14). The divergence of cysteine mutant
effects on orthosteric and allosteric agonists rules out isolated
effects on channel gating (L, in MWC models). Considering
evidence that etomidate contacts a-M1 domain residues (dis-
cussed below), we speculate that its movements differ when
gating is triggered by GABA alone versus with etomidate
bound, altering open state stability and channel gating modes.

Etomidate Binds Next to a Short Segment of al-MI1—Our
pCMBS modification experiments identify M236C, L232C, and
T237C as etomidate-protected residues (Fig. 5). Parallel exper-
iments based on [*H]flunitrazepam binding (Fig. 3D) further
support etomidate protection of a1M236C. Based on MWC
affinity parameters for activated a1M236CB2vy2L receptors
(Kg X d ~ 1 um), etomidate site occupation was predicted to
exceed 96% at 30 uMm. Etomidate slowed pCMBS modification
at M236C about 10-fold (Fig. 5C). However, GABA alone (ref-
erence modification conditions) activated only about 24% of
receptors, whereas co-application of etomidate with GABA
(protection conditions) probably activated nearly 100% of
receptors (Fig. 2, E and F). Supporting this interpretation,
alphaxalone, which enhances GABA activation without block-
ing etomidate binding (41), accelerated pCMBS modification of
alM236C about 3-fold over the GABA-only reference rate
(data not shown). Thus, etomidate probably reduced pCMBS
modification rates much more than 10-fold in GABA-activated
alM236CB2v2L receptors. We reported similar protection in
GABA-activated a1 32M286C~y2L receptors (16).

We used 30—100 uM etomidate, concentrations associated
with direct receptor agonism, to achieve high etomidate site
occupation in protection experiments. Importantly, etomidate
agonism is mediated by the same sites that produce modulation
by low (general anesthetic) concentrations (10). Despite high
predicted site occupancy, etomidate protection at 1L.232C and
T237C was less complete than at M236C, suggesting less steric
proximity. An alternative protection mechanism whereby eto-
midate blocks the aqueous pCMBS access pathway is unlikely,
because access to L240C and S241C, furthest from the mem-
brane surface, was preserved with etomidate bound. The
possibility that etomidate indirectly induces movement of pro-
tected residues to become pCMBS-inaccessible also exists.
However, a steric protection mechanism is also supported by
comparison with Q229C, T230C, and 1235C. In receptors with
these mutations, etomidate increased pCMBS modification
rates beyond those with GABA alone (Table 4 and Fig. 5), par-
alleling electrophysiological evidence that etomidate increased
channel activation. Notably, etomidate also enhanced channel
gating in the three protected Cys-mutant receptors (Table 1).

Combining current results, other protection studies, and
photolabeling (13, 14, 16) identifies three al-M1 residues
(aLeu-232, aMet-236, and aThr-237) and two 32-M3 residues
(BMet-286 and Val-290) that form etomidate binding sites.
Sensitivity to volatile anesthetics is also affected by mutations at
aleu-232 and BMet-286 (40, 42). Mutations at B2Met-286 also
affect propofol sensitivity (43), and propofol protects 82M286C
from modification (44). Both propofol and isoflurane inhibit
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azietomidate photolabeling of GABA , receptors (45). Thus, the
al-M1/B2-M3 interface apparently contains overlapping sites
for volatile anesthetics, propofol and etomidate. Hosie and
Smart (25) also identified «1T237 and «1Q242 as determinants
for neurosteroid sensitivity, although neurosteroids do not dis-
place etomidate (41). Our cysteine protection results argue
against alphaxalone contact with al1Met-236. Similar studies
may help specify which residues contact other anesthetics.

Our results suggest that etomidate interactions are limited to
1.5 helical turns of a1-M1, about 8 A along the transmembrane
axis. The long leg of etomidate fits into a right cylinder of diam-
eter 7.4 A and length 11.9 A, sufficiently long to contact resi-
dues on two or three sequential helical turns. Thus, our results
are most consistent with etomidate binding with its long axis
approximately perpendicular (90 = 45°) to the transmembrane
axis.

Comparison with Structural Homology Models and Crystal-
lized Receptors—In silico docking of etomidate to the a-M1/
B-M3 cavity in a structural homology model (Fig. 7) placed
etomidate adjacent to all three protected residues (Leu-232,
Met-236, and Thr-237) with its long axis oriented approxi-
mately orthogonal to the transmembrane axis. Thus, cysteine
protection results agree with the predictions of this and previ-
ous models of the etomidate site (13, 14). In the model, etomi-
date also contacts Ile-228, Pro-233, and Leu-240. We did not
include Ile-228 in our study, and a1P233Cp2y2L receptors
were unaffected by exposure to pCMBS, precluding protection
tests. The P233C mutation also did not alter etomidate sensi-
tivity (Table 1 and Fig. 4B). Thus, @1P233 could be an etomidate
contact point with a “silent” cysteine mutation. The L240C
mutation produced no change in etomidate sensitivity and was
modified by pCMBS but not protected. The model places Leu-
240 farther from etomidate than the protected residues, and a
cysteine mutation would further increase this separation.
Assessing other Pro-233 and Leu-240 mutations might provide
additional information about etomidate interactions.

High resolution structural evidence locating allosteric ago-
nists in transmembrane intersubunit sites is emerging from
several pentameric ligand-gated ion channel models. Co-crys-
tals of C. elegans GluCl channels locate ivermectin (19) in sites
that are structural homologs of etomidate sites in GABA,
receptors. Ivermectin is much larger than etomidate and makes
extensive contacts with GluCl M1 domains. Co-crystallization
of propofol and desflurane with GLIC (46) identified intrasu-
bunit transmembrane sites, although cysteine accessibility
studies by Ghosh et al. (47) suggest that propofol inhibition is
mediated by intersubunit sites. Recent crystal data from posi-
tively modulated GLIC-F238A mutants also locate anesthetics
and alcohols in intersubunit cavities (48). Co-crystallization of
Erwinia chrysanthemi (ELIC) channels with bromoform also
identified an intersubunit site deep in the membrane (near res-
idues corresponding to GABA, «1GIn-242 and alTrp-246),
along with other sites (49). Thus, both prokaryotic and eukary-
otic pentameric ion channels harbor multiple types of anes-
thetic binding sites, linked to both enhancing and inhibitory
anesthetic effects (50).

In our current study, cysteine mutations at residues pre-
dicted to project into the intrasubunit helical bundle pocket
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displayed weaker effects on GABA and etomidate sensitivity
than at residues facing the intersubunit site. This suggests that
intersubunit transmembrane pockets in GABA, receptors
influence channel gating more than neighboring intrasubunit
transmembrane pockets. Accordingly, although we and others
(21) find evidence for variable a-M1 side chain movements
with gating, suggesting local secondary structure changes, our
data also point to important quaternary rearrangements (at
subunit interfaces) linked to gating.

Despite agreement between model docking and protection
results, the limitations of in silico docking to current homology
models are evident from control computations showing that
etomidate docks with similar stability to all five transmem-
brane subunit interfaces. This is probably because the model
was built on a homomeric template. Nonetheless, recent
photolabeling studies demonstrate that R-(+)-etomidate
binds to B-M3/a-M1 interfaces with greater than 100-fold
higher affinity than to «-M3/8-M1 or y-M3/B-M1 interfaces
that are selectively photolabeled by a barbiturate derivative
(33). More broadly, links between crystallized receptor
structures and functional states remain tenuous, and co-
crystal structures reveal no significant rearrangements in anes-
thetic binding cavities (46, 48), highlighting the value of com-
plementary approaches.

Can Mutant Function Predict Anesthetic Contact?—We thor-
oughly characterized cysteine mutant channel functions yet found
no phenotypic “fingerprint” for residues contacting etomidate.
Considering the three protected a1-M1 mutants we identi-
fied and B2Met-286 (16), two (82Met-286 and alMet-236)
reduce etomidate left shift, and three (82Met-286, alMet-
236, and «lLeu-232) reduce GABA sensitivity. However, in
al1Q229CB2y2L, a mutant with functional characteristics
similar to «a1M236CB2y2L and 2M286CB2y2L, etomidate
enhances rather than inhibits pCMBS modification. MWC
allosteric analysis, which derives independent parameters
for etomidate binding and efficacy, also fails to unambigu-
ously identify etomidate binding site mutations. MW C anal-
ysis of «1M236C indicates minimal changes from wild type
in both etomidate affinity and efficacy, whereas cysteine pro-
tection and photolabeling clearly place this residue in the
etomidate binding site. Functional analysis of multiple
mutations at candidate residues might improve inferences
regarding ligand interactions. MWC analyses of «1M236W,
B2M286W, and B2M286C mutations (15, 16) identified
dominant effects on the etomidate efficacy parameter (d),
which reflects binding to the high affinity activated state.
Our current protection results were obtained in GABA-
bound receptors and thus reflect interactions with open
and/or desensitized states. Although B2M286C is protected
by etomidate in resting (closed) state receptors (16), the low
affinity of this state makes its study more challenging.

In summary, we find that cysteine substitutions at outer
al-M1 residues (GIn-229 through aMet-236) reduce GABA
sensitivity and variably affect etomidate sensitivity. Accessi-
bility to pCMBS was evident in a1-M1 residues predicted to
face the intersubunit space or the a1-M2 domain and few
others. GABA enhanced modification at most of these posi-
tions, indicating gating-coupled rearrangements at the sub-

OCTOBER 18,2013 +VOLUME 288+-NUMBER 42

domain level. Etomidate inhibited modification of L232C,
M236C, and T237C, indicating contact with a limited por-
tion of @-M1 at the subunit-subunit interface. These results
agree with in silico model docking calculations, suggesting
that the long axis of etomidate lies perpendicular to the
al-M1 domain.
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