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Extrasynaptic �-aminobutyric acid type A receptors (GABAARs),
which contribute generalized inhibitory tone to the mammalian
brain, are major targets for general anesthetics. To identify
anesthetic binding sites in an extrasynaptic GABAAR, we pho-
tolabeled human �4�3� GABAARs purified in detergent with
[3H]azietomidate and a barbiturate, [3H]R-mTFD-MPAB, pho-
toreactive anesthetics that bind with high selectivity to distinct
but homologous intersubunit binding sites in the transmem-
brane domain of synaptic �1�3�2 GABAARs. Based upon 3H
incorporation into receptor subunits resolved by SDS-PAGE,
there was etomidate-inhibitable labeling by [3H]azietomidate in
the �4 and �3 subunits and barbiturate-inhibitable labeling by
[3H]R-mTFD-MPAB in the �3 subunit. These sites did not bind
the anesthetic steroid alphaxalone, which enhanced photolabel-
ing, or DS-2, a � subunit-selective positive allosteric modulator,
which neither enhanced nor inhibited photolabeling. The
amino acids labeled by [3H]azietomidate or [3H]R-mTFD-
MPAB were identified by N-terminal sequencing of fragments
isolated by HPLC fractionation of enzymatically digested sub-
units. No evidence was found for a � subunit contribution to an
anesthetic binding site. [3H]azietomidate photolabeling of
�3Met-286 in �M3 and �4Met-269 in �M1 that was inhibited
by etomidate but not by R-mTFD-MPAB established that eto-
midate binds to a site at the �3�-�4� interface equivalent to its
site in �1�3�2 GABAARs. [3H]Azietomidate and [3H]R-mTFD-
MPAB photolabeling of �3Met-227 in �M1 established that
these anesthetics also bind to a homologous site, most likely at
the �3�-�3� interface, which suggests a subunit arrangement of
�3�4�3��3.

�-Aminobutyric acid type A receptors (GABAARs)2 are the
major inhibitory neurotransmitter receptors in the mammalian

brain. They are members of the pentameric ligand-gated ion
channel superfamily that consists of five homologous subunits,
each of which has a large extracellular domain, a transmem-
brane domain of four transmembrane helices (M1–M4), and an
intracellular domain connecting the third and fourth trans-
membrane helices. GABAARs, which are the target of many
drugs, among them benzodiazepines and general anesthetics,
are heteropentamers, and drug action often depends on the
subunit composition. For example, at synaptic receptors, which
commonly have a subunit composition of (�)2(�)2�, arranged
����� counterclockwise when viewed from the synaptic or
extracellular side of the receptor, benzodiazepines act in the
extracellular domain between ��-�� subunits at a site homo-
logous to the GABA binding sites at the two ��-�� subunit
interfaces (Fig. 1) (1–3).

General anesthetics have long been known to bind to sites in
the transmembrane domains of pentameric ligand-gated ion
channels (reviewed in Refs. 4 –7). Photolabeling of endogenous
and heterologous GABAARs by [3H]azietomidate located the
etomidate binding site in the two ��-�� subunit interfaces (8,
9), 50 Å from the GABA site and at a position later shown to
overlap with the five ivermectin sites in the crystal structure
of the homopentameric glutamate-gated chloride channel
(GluCl) (10). More recently, a photoreactive, anesthetic barbi-
turate, R-mTFD-MPAB, has been shown to bind to sites in the
��-�� and ��-�� subunit interfaces homologous to the eto-
midate binding sites, introducing the concept of subtype-de-
pendent action of general anesthetics (11). Whereas etomidate
and R-mTFD-MPAB bind with high selectivity to their sites,
propofol, pentobarbital, and other barbiturates bind with much
less selectivity to these two classes of sites.

The in vivo mechanism of action of etomidate has been
firmly linked to the GABAAR. Heterologously expressed
GABAARs that have an N256M mutation on the M2 helix of the
�3 subunit (�� surface of the interface) are relatively insensitive
to etomidate (12), and sleep times in knock-in mice bearing the
same mutation are much shorter than in wild-type mice (13).

* This work was supported, in whole or in part, by National Institutes of Health
Grant GM-58448. The authors declare that they have no conflicts of interest
with the contents of this article. The content is solely the responsibility of
the authors and does not necessarily represent the official views of the
National Institutes of Health.

1 To whom correspondence should be addressed: Dept. of Neurobiology,
Harvard Medical School, 220 Longwood Ave., Boston, MA 02115. Tel.: 617-
432-1728; Fax: 617-432-1639; E-mail: jonathan_cohen@hms.harvard.edu.

2 The abbreviations used are: GABAAR, �-aminobutyric acid type A receptor; eto-
midate, ethyl 3-[(1R)-1-phenylethyl]imidazole-5-carboxylate; azietomidate,
2-(3-methyl-3H-diazirin-3-yl)ethyl (R)-1-(1-phenylethyl)-1H-imidazole-
5-carboxylate; R-mTFD-MPAB, (R)-5-allyl-1-methyl-5-(m-trifluorometh-

yl-diazirinphenyl)barbituric acid; S-mTFD-MPPB, (S)-1-methyl-5-propyl-5-
(m-trifluoromethyl-diazirinylphenyl)barbituric acid; EndoLys-C, Lysobacter
enzymogenes endoproteinase Lys-C; rpHPLC, reversed-phase high perfor-
mance liquid chromatography; DS2, �-selective compound 2 (4-chloro-
N-[2-(2-thienyl)imidazo[1,2-a]pyridine-3-yl]benzamide).

crossmark
THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 51, pp. 26529 –26539, December 16, 2016

© 2016 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

DECEMBER 16, 2016 • VOLUME 291 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 26529

mailto:jonathan_cohen@hms.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M116.753335&domain=pdf&date_stamp=2016-11-7


Azietomidate causes normal anesthesia in wild-type mice with
the same potency as etomidate, and its action is similarly atten-
uated in the knock-in mouse (14). R-mTFD-MPAB also causes
general anesthesia in mice and is equally potent in wild-type
and N256M knock-in mice (15), consistent with the location of
its binding sites at the �� subunit interfaces.

The contrasting subunit-selective actions of these two agents
raise questions about the mechanism of general anesthesia
itself, because there are 19 known GABA subunits, and which of
the possible combinations occur in vivo is not yet fully defined.
The state of anesthesia involves many behavioral components
(16), so subunit-selective general anesthetics might be associ-
ated with specific subsets of the behavioral impairments expe-
rienced during anesthesia (17). Of particular interest are the
relative contributions of phasic (synaptic) and tonic (extrasyn-
aptic) inhibition actions (18, 19). The focus of this study is on
the extrasynaptic �4�3� GABAARs that are sensitive to endog-
enous neurosteroids and general anesthetics at concentrations
lower than necessary to potentiate inhibitory postsynaptic cur-
rents (20 –24). Expression studies in fibroblasts and oocytes
establish that multiple combinations of �4, �, and � subunits
can combine to form functional receptors, which results in
alternative subunit interfaces (25–31).

In this work, we photolabeled detergent-solubilized, purified
heterologous �4�3� GABAARs with [3H]azietomidate and
[3H]R-mTFD-MPAB. Two distinct high affinity anesthetic sites
were identified: 1) [3H]azietomidate photolabeling established
that azietomidate and etomidate bind to a �3�-�4� interface
site that does not bind R-mTFD-MPAB with high affinity; and
2) [3H]azietomidate and [3H]R-mTFD-MPAB share a common
binding site with etomidate at a �3� subunit interface. DS2, a

positive allosteric modulator selective for GABAARs contain-
ing a � subunit (32), did not bind to these sites.

Results

Biochemical Characterization of the �4�3� GABAAR—Com-
parison of [3H]muscimol binding to �4�3� GABAAR in mem-
branes and after purification in asolectin/CHAPS established
that positive allosteric modulation was retained by etomidate
and by DS2, a positive allosteric modulator selective for
GABAARs containing the � subunit (32) (Table 1). In contrast
to �1�3�2 GABAARs, which bound [3H]muscimol with similar
affinity in membrane-bound (Keq � 50 nM) and purified (Keq �
80 nM) states (33), [3H]muscimol bound to �4�3� GABAARs in
membranes (Keq � 13 nM) with higher affinity than after puri-
fication in CHAPS/asolectin (Keq � 90 nM). After purification,
etomidate (10 �M) and DS2 (30 �M) increased the specific bind-
ing of 2 nM [3H]muscimol by �30%.

When samples of purified human �4�3� GABAAR were frac-
tionated by SDS-PAGE and visualized by Coomassie Blue stain,
bands were readily visualized at 78 and 58 kDa, along with

FIGURE 2. Photolabeling of �4�3� GABAARs by [3H]azietomidate and
[3H]R-mTFD-MPAB. Aliquots of �4�3� GABAAR (8 pmol of [3H]muscimol
sites/aliquot) were photolabeled with 3 �M [3H]azietomidate (lanes 2– 4) or 1
�M [3H]R-mTFD-MPAB (lanes 5–7) in the absence (lanes 2 and 5) or presence of
1 mM etomidate (lanes 3 and 6) or 60 �M R-mTFD-MPAB (lanes 4 and 7), and
subunits were resolved by SDS-PAGE. After Coomassie Blue staining (CB, rep-
resentative image in lane 1), the gel was prepared for fluorography (lanes
2–7). Migration positions of molecular mass standards (in kDa) are denoted to
the left of lane 1.

TABLE 1
Etomidate and DS2 enhancement of �3H�muscimol binding to mem-
brane-bound and purified �4�3� GABAAR
Anesthetic modulation was calculated as the ratio (%) of specific �3H�muscimol
binding (2 nM) in the presence versus the absence of modulator. The results are the
means � S.D. from three independent experiments.

Compound Concentration
Membrane-bound

GABAAR

Purified
GABAAR

�M % %
Etomidate 10 147 � 28 129 � 8
DS2 30 139 � 8 129 � 14

FIGURE 1. Interface binding sites for GABA, benzodiazepines, etomidate,
and the barbiturate R-mTFD-MPAB in an �1�3�2 GABAAR and the chem-
ical structures of photoreactive anesthetics used to identify anesthetic
binding sites.
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fainter bands at 72, 62, and 54 kDa (Fig. 2, lane 1). When
extracted materials from in-gel tryptic digests of these bands
were characterized by LC/MS/MS (Table 2), fragments of the
GABAAR �4 subunit were most enriched in the 72 kDa band,
consistent with the expected mobility of the mature subunit (58
kDa � 3 N-linked glycosylations). Fragments from the �3 sub-
unit were concentrated in the 62 and 58 kDa bands, as found for
�3 subunit from expressed �1�3�2 GABAARs (11). Fragments
from the � subunit were broadly distributed in the 62, 58, and 54
kDa bands, with �4 subunit fragments also recovered from the
54 kDa band. However, in contrast to the recovery of �4 subunit
fragments from the 72 kDa gel band, for the 54 kDa band, no
fragments were recovered from the �4 cytoplasmic domain
beginning about 30 amino acids after the end of the M3 helix
(data not shown). This result suggests that the 54 kDa band
contains an N-terminal fragment of the �4 subunit containing
the M1–M3 helices that was probably produced by proteolytic
cleavage during receptor purification. The major component in
the 78 kDa band was identified as the chaperone heat shock
70-kDa protein 1A (HSP70-1).

When material eluted from the 72 kDa band was character-
ized by Edman degradation, the primary sequence identified
(XXLNXXPGQNQXXXXL . . . ) matched a region near the pre-
dicted N terminus of the human �4 GABAAR subunit (VCL-
NESPGQNQKEEKL . . . ). Multiple amino acids were detected
at similar levels at each cycle of Edman degradation of the 62-
and 58-kDa samples, which precluded de novo identification of
the subunits present. Sequence analysis of material from the 54
kDa band identified a primary sequence (XNDIXXYKXD . . . )
matching the N terminus region of the FLAG-tagged human �
GABAAR subunit sequence (MNDIGDYKDDDDK . . . , with
the underline denoting the FLAG peptide sequence). The N
termini of the �4 and � subunits identified by Edman degrada-
tion are those predicted to be the N termini of the mature sub-
units by the signal sequence cleavage site prediction program
P-signal (34). No N-terminal sequence was detected from the

78-kDa material, consistent with the fact that the N-terminal
alanine of 70-kDa heat shock protein is acetylated (35), prevent-
ing Edman degradation.

Labeling Human �4�3� GABAAR with Photoreactive
Anesthetics—�4�3� GABAARs were photolabeled at anesthetic
concentrations with [3H]azietomidate or [3H]R-mTFD-MPAB
in the absence or presence of etomidate at 1 mM or non-radio-
active R-mTFD-MPAB at 60 �M, concentrations at which they
each bind selectively to the �� or �� intersubunit sites in
�1�3�2 GABAARs (11). When 3H incorporation was deter-
mined by fluorography after SDS-PAGE (Fig. 2, lanes 2–7), 3H
incorporation was highest in the 58/62 kDa gel region for both
photoreactive anesthetics. The 72 kDa band (�4) was labeled
prominently only by [3H]azietomidate, and that photolabeling
was inhibitable by etomidate but not by R-mTFD-MPAB.
[3H]Azietomidate photolabeling in the 54/58/62 kDa gel bands
was inhibited to a greater extent by etomidate than by
R-mTFD-MPAB, and, conversely, [3H]R-mTFD-MPAB photo-
labeling of 58/62 kDa gel bands was inhibited to a greater extent
by R-mTFD-MPAB than by etomidate. These findings sug-
gested that 1) there is an etomidate/azietomidate binding site
associated with the �4 subunit that does not bind R-mTFD-
MPAB with high affinity; 2) azietomidate, etomidate, and
R-mTFD-MPAB share a common binding site associated with
the 58/62 kDa gel band; and 3) there may be an R-mTFD-MPAB
binding site associated with the 58/62 kDa gel band that does
not bind etomidate.

To further characterize the pharmacological specificity of
[3H]azietomidate and [3H]R-mTFD-MPAB incorporation at
the subunit level, photolabelings were performed on an analyt-
ical scale in the presence of various concentrations of etomi-
date, R-mTFD-MPAB, the neuroactive steroid alphaxalone, or
DS2, with 3H incorporation into the gel bands quantified by
liquid scintillation counting (Fig. 3). Etomidate inhibited
[3H]azietomidate photoincorporation into the 72 kDa (�4) and
58/62 kDa bands with IC50 values of �15 �M, with high con-

TABLE 2
LC/MS/MS identification of major peptides in �4�3� GABAAR SDS-polyacrylamide gel bands
Shown are search results from a Homo sapiens protein database: HSPA1A, heat shock 70-kDa protein 1A/1B; PRMT5, arginine N-methyltransferase 5; GABRA4, GABAAR
�4 subunit; LMNB1, lamin-B1; GABRD, GABAAR � subunit; IGF2BP1, insulin-like growth factor 2 mRNA-binding protein 1; ABCD3, ATP-binding cassette subfamily D
member 3; GABRB3, GABAAR �3 subunit; TUBA1A, tubulin �-1A chain; TUBB2A, tubulin �-2A chain; DDX47, probable ATP-dependent RNA helicase DDX47.

Gel band Protein (gene name) Peptides detected MS/MS scans Average intensity Coverage

%
78 kDa HSPA1A 68 911 1,450,000 70

PRMT5 40 166 597,000 48
GABRA4 27 127 393,000 46
LMNB1 29 65 253,000 48

72 kDa GABRA4 57 1,005 756,000 55
GABRD 15 60 209,000 29
IGF2BP1 17 42 173,000 31
ABCD3 17 36 118,000 23

62 kDa GABRD 29 487 924,000 38
GABRB3 33 282 723,000 41
GABRA4 32 127 500,000 45
TUBA1A 24 118 336,000 46

58 kDa GABRB3 35 304 1,970,000 40
GABRD 27 421 1,400,000 39
TUBA1A 34 272 956,000 61
GABRA4 28 115 712,000 42
TUBB2A 47 476 655,000 59

54 kDa GABRA4 26 140 1,180,000 41
GABRD 25 393 892,000 40
GABRB3 15 52 639,000 30
DDX47 13 31 176,000 35
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centrations producing maximal inhibition of subunit photola-
beling by 80 and 60%, respectively. Etomidate also inhibited
[3H]R-mTFD-MPAB photolabeling in the 58/62 kDa bands
with similar potency. R-mTFD-MPAB inhibited [3H]R-mTFD-
MPAB photolabeling in the 58/62 kDa bands with an IC50 of 2
�M and a maximal inhibition of 75%. R-mTFD-MPAB also
inhibited [3H]azietomidate photolabeling in the 58/62 kDa
bands with similar potency, but it inhibited [3H]azietomidate
labeling in the 72 kDa (�4) band only at the highest concentra-
tion tested (60 �M, �30% inhibition).

As seen for [3H]azietomidate and [3H]R-mTFD-MPAB pho-
tolabeling of �1�3�2 GABAARs (11), in the absence of GABA,
the neuroactive steroid alphaxalone at concentrations up to 30
�M potentiated photoincorporation into the GABAAR subunit
bands, maximally by �50%. This result establishes that alphax-
alone does not bind to the sites in the purified �4�3� GABAAR

photolabeled by [3H]azietomidate or [3H]R-mTFD-MPAB but
that there is positive allosteric linkage between alphaxalone and
azietomidate/R-mTFD-MPAB binding. At concentrations up to
30 �M, DS2 had little or no effect on photolabeling by [3H]azieto-
midate or [3H]R-mTFD-MPAB in the presence of GABA.

Localization of �4�3� GABAAR Residues Photolabeled by
[3H]Azietomidate—To provide an initial characterization of the
locations of photolabeled amino acids, we fractionated by
reversed phase HPLC (rpHPLC) EndoLys-C digests of subunit
bands isolated from �4�3� GABAARs photolabeled with
[3H]azietomidate or [3H]R-mTFD-MPAB (Fig. 4). For both
photoreactive anesthetics, the digests of the 58/62 kDa band
(�3 and � subunits) contained peaks of 3H in hydrophobic frac-
tions (�55 and 70% organic solvent) where fragments begin-
ning at the N termini of the �M3 and �M1 helices are known to
elute (36). For the 72 kDa band (�4) labeled by [3H]azietomi-
date, the 3H eluted in two peaks, a broad hydrophobic peak
(55% organic solvent), which for digests of �1 subunits contains
fragments beginning at the N termini of the M1 and M3 helices,
and a peak at 40% organic solvent, where fragments from the �1
subunit extracellular domain elute (36). For the 54 kDa band,
for each drug, there were peaks of 3H at 40, 55, and 70% organic
solvent, corresponding to the peaks seen in either of the higher
molecular weight gel bands.

Etomidate Inhibits [3H]Azietomidate Photolabeling of
�4Met-269 (�M1), �3Met-227 (�M1), and �3Met-286 (�M3)—
Aliquots were sequenced of unfractionated EndoLys-C digests
from the 72 and 58/62 kDa gel bands from GABAARs photola-
beled with [3H]azietomidate in the absence and presence of
non-radioactive etomidate (Fig. 5). For the 72 kDa band, there
was a major peak of etomidate-inhibitable 3H release in cycle 14
(Fig. 5A). For the digest from the 58/62 kDa band (Fig. 5B),
there were peaks of etomidate-inhibitable 3H release in cycles 7
and 12 (pharmacologically specific photolabeling) and peaks of
3H release in cycles 3 and 19 that were not inhibited by etomi-
date (nonspecific labeling). The 72 kDa gel band digest will
contain all possible �4 subunit proteolytic fragments, including

FIGURE 3. Pharmacological specificity [3H]azietomidate and [3H]R-mTFD-
MPAB photoincorporation into �4�3� GABAAR subunits. Aliquots of
�4�3� GABAAR were equilibrated with 1 �M [3H]azietomidate or 0.4 �M [3H]R-
mTFD-MPAB in the presence of 300 �M GABA and various concentrations of
etomidate (f), R-mTFD-MPAB (E), DS2 (�), or alphaxalone (�, -GABA). After
UV irradiation, the samples were separated by SDS-PAGE, the stained GABAAR
subunit gel bands were excised, and 3H incorporation was determined by
liquid scintillation counting for the 58/62 kDa (�3) (A) and 72 kDa (�4) (B)
bands labeled with [3H]azietomidate and for the 58/62 kDa (�3) band (C)
labeled with [3H]R-mTFD-MPAB. Different receptor preparations were used
for each drug tested, with each drug assayed in parallel with [3H]azietomidate
and [3H]R-mTFD-MPAB, with receptors also photolabeled in the presence of
300 �M etomidate or 60 �M R-mTFD-MPAB to define nonspecific photolabel-
ing. Due to limited quantities of receptor, competition assays were done only
once, and the S.E. value given are from the least-squares fits. A and B, etomi-
date inhibited [3H]azietomidate labeling of �3 and �4 with IC50 values of 23 �
7 and 14 � 1 �M, respectively. R-mTFD-MPAB inhibited [3H]azietomidate
labeling of �3 with an IC50 of 4.1 � 0.8 �M. R-mTFD-MPAB had no effect on �4
labeling up to 20 �M, whereas it inhibited �30% of the specific labeling at 60
�M. DS2 had no effect on [3H]azietomidate labeling, whereas alphaxalone
potentiated labeling 40 –74%. C, R-mTFD-MPAB inhibited [3H]R-mTFD-MPAB
labeling of �3 with an IC50 of 1.6 � 0.1 �M. Etomidate inhibited [3H]R-mTFD-
MPAB labeling of �3 with an IC50 of 10 � 5 �M. DS2 had no effect on [3H]R-
mTFD-MPAB labeling, whereas alphaxalone increased labeling by 50%.

FIGURE 4. rpHPLC fractionation of EndoLys-C digests of [3H]azietomidate
(F) or [3H]R-mTFD-MPAB (E) photolabeled �4�3� GABAAR subunit
bands. 3H elution profiles, determined by liquid scintillation counting of 10%
aliquots, are shown for EndoLys-C-digested subunits isolated from 72 kDa (A,
�4), 58/62 kDa (B, �3/�), and 54 kDa (C) gel bands. The elution gradient (%
Organic Solvent) is indicated by the dashed lines.
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fragments beginning near the N termini of the M1–M4 helices.
For the 58/62 kDa band, digests will include fragments begin-
ning near the N termini of the M1, M3, and M4 helices of the �3
and � subunits (Fig. 5C). However, the etomidate-inhibitable
peak of 3H release in cycle 14 for the 72 kDa band digest occurs
in the cycle predicted to contain �4Met-269, the residue homo-
logous to �1Met-236 in the �1 subunit M1 helix that was pho-
tolabeled by [3H]azietomidate (8, 9, 11). Similarly, the peaks of
etomidate-inhibitable 3H release in cycles 7 and 12 for the 58/62
kDa band digest occur in the sequencing cycles that will contain
�3Met-286 in �M3 and �3Met-227 in �M1, respectively, resi-
dues also photolabeled by [3H]azietomidate in �1�3 or �1�3�2
GABAAR (9, 11), as well as the residues from �M3 (�Trp-315
and �Phe-320). The peaks of release in cycles 3 and 19 that were
not inhibited by etomidate occur in cycles that contain Asp or
Glu near the N and C termini of the �3 and � subunit M3
helices.

R-mTFD-MPAB Inhibits [3H]Azietomidate Photolabeling of
�3Met-227 but Not �4Met-269 —To confirm that [3H]azieto-
midate photolabeled �4Met-269 and �3Met-227, samples were
sequenced after rpHPLC fractionation of EndoLys-C digests of
material from the 72, 58/62, and 54 kDa gel bands. To deter-
mine whether R-mTFD-MPAB also inhibited photolabeling of

these residues, receptors were photolabeled in the absence or
the presence of 20 �M R-mTFD-MPAB, a concentration suffi-
cient to occupy �90% of its high affinity binding sites based
upon the inhibition of photolabeling at the subunit level (Fig. 3).
When fractions from the 58/62 kDa band were sequenced that
contained the fragment beginning at �3Arg-216 at �15 pmol
(Fig. 6A), the peak of 3H release in cycle 12 confirmed labeling of
�3Met-227 (220 cpm/pmol), and R-mTFD-MPAB inhibited
that labeling by �80%. When fractions from the 72 kDa (�4) gel
band were sequenced (Fig. 6B) that contained the fragment
beginning at �4Met-256 (1 pmol), there was a single peak of 3H
release in cycle 14, consistent with photolabeling of �4Met-269
in �4M1 at 230 cpm/pmol in the absence or presence of
R-mTFD-MPAB.

R-mTFD-MPAB Does Not Inhibit [3H]Azietomidate Photola-
beling of �3Met-286 —To determine whether [3H]azietomidate
was photolabeling amino acids in �M3 and/or �M3, we
sequenced rpHPLC fractions from EndoLys-C digests of the
58/62 kDa gel band enriched in �M3 and from the 54 kDa gel
band enriched in �M3. When fractions from the 58/62 kDa gel
band were sequenced containing fragments beginning at
�3Ala-280 (�6 pmol) and at �Ala-309 (4 pmol) (Fig. 7A), there
was a peak of 3H release in cycle 7 (280 cpm), which R-mTFD-
MPAB inhibited by 	15%. In contrast, when fractions from the
54 kDa gel band were sequenced containing fragments begin-
ning at �3Ala-280 (1 pmol) and at �Ala-309 (2 pmol), the peak
of 3H release in cycle 7 was 25 cpm (Fig. 7B). Because the 3H

FIGURE 5. 3H release during N-terminal sequencing of EndoLys-C digests of
72 kDa (�4) and 62 kDa (�3) subunit bands. Subunit digests from purified
human �4�3� GABAAR photolabeled with 3 �M [3H]azietomidate in the absence
(F) or presence (E) of 1 mM etomidate were loaded directly onto sequencing
filter without prior purification by rpHPLC. In this experiment, 7,620 (F) and 3,620
(E) cpm were loaded for the 72 kDa (A) band, 22,020 cpm (F) and 17,210 (E) cpm
for the 58/62 kDa band (B), and five-sixths of the material from each cycle of
Edman degradation was collected for determination of released 3H. Included in C
are the subunit fragment sequences containing transmembrane helices that can
be sequenced after EndoLys-C digestion.

FIGURE 6. R-mTFD-MPAB inhibits [3H]azietomidate photolabeling of
�3Met-227 (�M1) but not �4Met-269 (�M1). A and B, 3H (F,E) and pmol of
PTH-derivatives (�) released during sequencing of subunit fragments begin-
ning at �3Arg-216 and at �4Met-256 isolated by rpHPLC from EndoLys-C
digests of subunits in the 58/62 kDa (A, �3/�) or 72 kDa (B, �4) gel bands
isolated by SDS-PAGE from �4�3� GABAARs (110 pmol of muscimol sites per
condition) photolabeled with 3.5 �M [3H]azietomidate in the absence (F, �)
or presence (E) of 20 �M R-mTFD-MPAB. rpHPLC fractions 28 and 29 (A) and
25–28 (B) were sequenced. A, the primary sequence began at �3Arg-216 (I0 �
14 pmol, both conditions), and the peak of 3H release in cycle 12 indicated
labeling of �3Met-227 at 220 cpm/pmol in the absence and at 50 cpm/pmol
in the presence of R-mTFD-MPAB. A secondary sequence was present begin-
ning at �3Ala-280 (�3M3, �1 pmol). B, the fragment beginning at �4Met-256
(I0 � 1 pmol) was present, along with fragments beginning at �4Val-313
(�4M3, �2.6 pmol) and �4Ser-238 (�1 pmol). The peak of 3H release in cycle
14 was consistent with labeling of �4Met-269 (230 cpm/pmol) unaffected by
R-mTFD-MPAB.
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releases in cycle 7 correlated well with the amount of the �3Ala-
280 fragment but not with the amount of the �M3 fragment, the
peak of 3H release in cycle 7 indicated photolabeling of �3Met-
286 (130 cpm/pmol) rather than �Trp-315. That [3H]azietomi-
date labeling of �3Met-286 (�M3) and �4Met-269 (�M1) was
inhibited by etomidate (Fig. 5), but not by R-mTFD-MPAB,
indicates that etomidate and azietomidate bind to a site at the
�3�-�4� interface that does not bind R-mTFD-MPAB with
high affinity and is homologous to their binding site at the
�3-�1 interface.

[3H]R-mTFD-MPAB Photolabels �3Met-227 (�M1) and
�3Met-286/Phe-289 (�M3)—Amino acids photolabeled by
[3H]R-mTFD-MPAB were identified by sequencing appropri-
ate fractions from rpHPLC fractionations of EndoLys-C digests
of material from the 58/62 and 54 kDa gel bands from �4�3�
GABAARs photolabeled with 0.5 �M [3H]R-mTFD-MPAB in
the absence or presence of 60 �M R-mTFD-MPAB (Fig. 8).
When fractions were sequenced containing the fragment
beginning at �3Arg-216 (15 pmol), the single peak of 3H release
in cycle 12 indicated photolabeling of �3Met-227 (160 cpm/
pmol) that R-mTFD-MPAB inhibited by 
95% (Fig. 8A). When
rpHPLC fractions from the 58/62 kDa digest were sequenced
that contained the M3 fragments, there were prominent peaks
of 3H release in cycles 7 (50 cpm), 9 (90 cpm), and 10 (75 cpm)
(Fig. 8B), whereas for the 54 kDa band, peaks of 3H release were
	7 cpm (Fig. 8C). As for labeling by [3H]azietomidate, the

peaks of 3H release correlated well with the amounts of the
�3Ala-280 fragment (Fig. 8, B (8 pmol) and C (1 pmol)) but not
the �Ala-309 fragment (Fig. 8, B (4 pmol) and C (2 pmol)). The
peaks of 3H release in cycles 7 and 10 indicate photolabeling in
�3M3 of �3Met-286 (16 cpm/pmol), �3Cys-288 (30 cpm/
pmol), and �3Phe-289 (34 cpm/pmol). Based upon the calcu-
lated efficiencies of photolabeling (cpm/pmol) in the absence
and presence of 60 �M R-mTFD-MPAB (see the legend to Fig.
8), the labeling of �3Met-286 and �3Phe-289 was inhibited by

90%, whereas photolabeling of �Cys-288 was inhibited by
�50%.

FIGURE 7. R-mTFD-MPAB does not inhibit [3H]azietomidate photolabel-
ing of �3Met-286 (�M3). 3H (F, E) and pmol of PTH-derivatives (�, ƒ, �)
released during sequencing of subunit fragments beginning near the N ter-
mini of �M3 and �M3 isolated by rpHPLC from EndoLys-C digests of material
eluted from SDS-polyacrylamide gel bands migrating at 58/62 kDa (A) or 54
kDa (B) from the �4�3� GABAAR photolabeling of Fig. 6 in the absence (F, �,
ƒ, �) or presence (E) of R-mTFD-MPAB. rpHPLC fractions 25–27 (A) and 26
and 27 (B) were sequenced. A, the primary sequence began at �3Ala-280 (I0 �
6 pmol; �, residues unique to �3M3) with the secondary sequence beginning
at �Ala-309 (I0 � 4 pmol; ƒ, residues unique to �M3). The detected pmol of
residues common to both �3M3 and �M3 (�) were not used for the repetitive
yield fits. The peak of 3H release in cycle 7, if originating from �3M3, indicated
labeling of �3Met-286 at 130 cpm/pmol, and R-mTFD-MPAB inhibited that
labeling by 	15%. B, the primary sequence began at �Ala-309 (I0 � 2 pmol;ƒ,
residues unique to �M3) with the secondary sequence beginning at �3Ala-
280 (I0 � 1 pmol; �, residues unique to �M3). The peaks of 3H release in cycle
7 (A, 300 cpm; B, 25 cpm) correlate well with the amounts of the �3Ala-280
fragment (A, 6 pmol; B, 1 pmol) but not with those of the �Ala-309 fragment
(A, 4 pmol; B, 2 pmol).

FIGURE 8. [3H]R-mTFD-MPAB specifically photolabels �3Met-227,
�3Met-286, and �3Phe-289 in human �4�3� GABAAR. A–C, 3H (F, E) and
pmol of PTH-derivatives (�, ƒ, �) released during sequencing of subunit
fragments beginning near the N termini of �M1 (A), �M3 (B), or �M3 (C) iso-
lated by rpHPLC from EndoLys-C digests of subunits in the 58/62 kDa (A and B)
or 54 kDa (C) gel bands isolated by SDS-PAGE from �4�3� GABAARs (50 pmol
of muscimol sites per condition) photolabeled with 0.5 �M [3H]R-mTFD-MPAB
in the absence (F, �, ƒ, �) or presence (E) of 60 �M R-mTFD-MPAB. rpHPLC
fractions 28 and 29 (A) and 25–27 (B and C) were sequenced. A, the primary
sequence began at �3Arg-216 (�, I0 � 17/8 pmol, without/with R-mTFD-
MPAB), and the peak of 3H release in cycle 12 indicated photolabeling of
�3Met-227 (160 cpm/pmol) that R-mTFD-MPAB inhibited by 
95%. B, the
primary sequence began at �3Ala-280 (�3M3) (�, residues unique to �3M3;
I0 � 8/4 pmol, without/with R-mTFD-MPAB) with the secondary sequence
beginning at �Ala-309 (ƒ, residues unique to �M3; I0 � 4/2 pmol, without/
with R-mTFD-MPAB). The detected pmol of residues common to �3M3 and
�M3 (�) were not used for the repetitive yield fits. The 3H release in cycles 7
and 10, if originating from �3M3, indicated labeling of �3Met-286 and �3Phe-
289 at 16 and 34 cpm/pmol, respectively, with 
90% inhibition by R-mTFD-
MPAB. The 3H release in cycle 9 indicates photolabeling of �3Cys-288 (31/17
cpm/pmol without/with R-mTFD-MPAB) and/or �Cys-317 (84/40 cpm/pmol
without/with R-mTFD-MPAB). C, the primary sequence began at �Ala-309 (ƒ,
residues unique to �M3; I0 � 2/3 pmol, without/with R-mTFD-MPAB) with the
secondary sequence beginning at �3Ala-280 (�, residues unique to �3M3,
I0 � 1 pmol, both conditions). In B and C, the peaks of 3H release in cycles 7, 9, and
10 correlate well with the amounts of the �3Ala-280 fragment (B, 8 pmol; C, 1
pmol) but not with those of the �Ala-309 fragment (B, 4 pmol; C, 2 pmol).
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Discussion

In this report, we provide a first characterization of the loca-
tions of anesthetic binding sites in a GABAAR subtype
expressed extrasynaptically in the CNS. We photolabeled puri-
fied human �4�3� GABAARs with [3H]azietomidate and
[3H]R-mTFD-MPAB, photoreactive anesthetics that have been
used previously to identify two homologous but pharmacolog-
ically distinct classes of anesthetic binding sites in �1�3�2
GABAARs (11). Based upon the identification of photolabeled
amino acids and the results of competition photolabeling assays
carried out at the level of intact subunits, we demonstrate that
etomidate, but not R-mTFD-MPAB, binds with high affinity to
a site at the ��-�� subunit interface in �4�3� GABAARs that is
equivalent to its binding site in �1�3�2 GABAARs. In contrast
to �1�3�2 GABAARs, which bind R-mTFD-MPAB, but not
etomidate, with high affinity to sites at the ��/��-�� interfaces
in proximity to �3Met-227 in �M1, we find that etomidate as
well as R-mTFD-MPAB bind with high affinity to a site in
�4�3� GABAARs containing �3Met-227. As discussed below,
this site is most likely to be at a ��-�� subunit interface. The
sites identified by photolabeling with [3H]azietomidate and
[3H]R-mTFD-MPAB are distinct from the binding sites for
alphaxalone, an anesthetic steroid, or DS-2, a � subunit-selec-
tive positive allosteric modulator (32), because neither drug
inhibited photolabeling.

�4�3� GABAAR Composition—Based upon mass spectrom-
etry and Edman degradation, the affinity-purified �4�3�
GABAARs used in this work contain �4 and �3 subunits as well
as the � subunit, whose presence is assured because the FLAG
epitope used for purification is attached near the � subunit N
terminus. However, we do not know whether the preparation
is characterized by a single dominant subunit composition.
Whereas receptors having a �3�4�3�4� subunit arrangement
(counterclockwise when viewed from the extracellular side)
with two �3�-�4� interfaces containing the agonist sites and a
� subunit replacing the � subunit have been reported to be
strongly favored in transiently transfected HEK cells (27, 28,
37), other studies indicate that subunit stoichiometry can be
variable and dependent upon the subunit cDNA transfection
ratios (26). Also, studies using concatenated subunits provide
evidence that the � subunit can assume multiple positions in a
receptor pentamer and can contribute to a ��-�� agonist bind-
ing site (25, 27, 30).

In the absence of independent definition of the subunit com-
position and arrangement in our purified �4�3� GABAARs,
consideration of our photolabeling results suggests a
�3�4�3��3 or �3��3�4�3 organization for the stably trans-
fected cell line used in our studies. We favor these stoichiome-
tries because 1) they have a �3-�3 interface required for the
shared azietomidate/etomidate/R-mTFD-MPAB binding site,
and 2) they have three �3 subunits to every one �4 subunit,
consistent with the similar levels of [3H]azietomidate incorpo-
ration (cpm/pmol) at the amino acid level in the �3 and �4
subunits (Fig. 6) in the presence of a higher level of 3H incorpo-
ration in the �3 gel band than in the �4 band (Fig. 2). However,
a �2�4��4�2 pentameric concatemer, containing a �-� inter-
face, also forms a functional receptor (30).

An Etomidate Binding Site at the �3�-�4� Interface—
[3H]Azietomidate photolabeled �3Met-286 in �3M3 (�3� side
of an interface) and �4Met-269 in �4M1 (�4� side), with eto-
midate inhibiting labeling by 
90% and R-mTFD-MPAB by
	15%. Because [3H]azietomidate also photolabeled �3Met-286
in �1�3�2 GABAARs and �4Met-269 is homologous to �1Met-
236 that was also photolabeled (11), the simplest interpretation
of these results is that there is an etomidate/azietomidate bind-
ing site at a �3�-�4� interface homologous to the etomidate
site at the �3�-�1� interfaces in �1�3�2 GABAARs. This con-
servation of etomidate binding sites between �4�3� and
�1�3�2 GABAARs is not unexpected, in view of the strong
conservation of amino acids in the regions of the �4 and �1
subunit M1 and M2 helices that contribute to the �� surface of
the etomidate binding sites (Fig. 9) and the fact that etomidate
produces similar allosteric modulation in �1�3� and �1�3�2
GABAARs (38).

An Etomidate/R-mTFD-MPAB Binding Site at a �3�

Interface—The most prominently labeled residue in the �3
subunit for both [3H]azietomidate and [3H]R-mTFD-MPAB
was �3Met-227. Whereas in �1�3�2 GABAARs, etomidate
enhanced [3H]R-mTFD-MPAB photolabeling of this residue in
��-�� and/or ��-�� intersubunit sites (11), etomidate inhib-
ited this photolabeling by 
90% in the �4�3� GABAAR, where
�3Met-227 can potentially contribute to anesthetic binding
sites at the �4�-�3�, ��-�3�, or �3�-�3� subunit interfaces.

Several lines of evidence indicate that the �3�-�3� interface
is the most likely interface for the site binding etomidate, azi-
etomidate, and R-mTFD-MPAB with high affinity. 1) Photola-
beling studies with expressed �1�3 GABAARs establish that
etomidate, [3H]azietomidate, and [3H]R-mTFD-MPAB all bind
with high affinity to the �3�-�3� interface pocket that is pres-
ent in �1�3 but not in �1�3�2 GABAARs (9, 39). 2) Examina-
tion of the amino acid residues that would contribute to the
three alternative binding pockets (Fig. 9) identifies non-con-
servative substitutions contributing to the (�)-surface of the
binding pocket that are expected to prevent the high affinity
binding of etomidate in an �4�-�3� or ��-�3� intersubunit
pocket. In �1�2/3�2 GABAARs, �2/3Asn-265 (�M2–15�) is
known to be a major determinant of etomidate binding affinity,
and in vitro and in vivo mutational analyses establish that
replacement by Ser (�4M2–15�) or Met (�M2–15�) reduces
etomidate potency by 
10-fold (12, 13, 40 – 42). Similarly, sub-
stitution of �3Met-286 by Trp (the � residue in the �3Met-286
position) also inhibits the effects of etomidate (40, 43). There-
fore, it is unlikely that etomidate can bind with high affinity at
either the �4�-�3� or ��-�3� interface.

Contributions of � Subunit Residues to Etomidate/Barbitu-
rate Binding Sites—In our study, we did not identify any � sub-
unit amino acids photolabeled in an anesthetic-inhibitable
manner by [3H]azietomidate or [3H]R-mTFD-MPAB. Based
upon sequence analyses of samples containing variable
amounts of �M3 and �M3, any pharmacologically specific pho-
tolabeling in �M3 is at 	15% the level of �M3. It is possible that
[3H]azietomidate does bind in a pocket containing �M3 resi-
dues that is homologous to the ��-�� site without photolabel-
ing any residue in �M3, because the pocket would lack the
methionine side chains favored by azietomidate’s photoreac-
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tive intermediate. However, it is unlikely that R-mTFD-MPAB
binds without photolabeling any residues in its vicinity because
both it and S-mTFD-MPPB, another closely related trifluoro-
methylphenyldiazirine, have been found to react broadly in
GABAARs with aliphatic as well as aromatic and nucleophilic
side chains (11, 36). � subunit fragmentation with EndoLys-C
produced a cleavage 19 amino acids before the NH2 terminus of
�M1, which was not close enough to allow high sensitivity

sequence analysis. In fact, �M1 may contribute to a barbiturate
binding site, because studies with receptors containing �1, �3,
and chimeric �/� subunits indicated that pentobarbital sensi-
tivity determinants were contained within a fragment contain-
ing the amino terminus and the first 3 amino acids of �M1 (44).
Further studies will be necessary to clarify whether general
anesthetics also bind with high affinity in the pocket at the
��-�� interface in the cell line used in this study or at the
��-�� interface in ����� GABAARs.

Functional Significance of the Identified Binding Sites—Pho-
tolabeling studies provided a first definition of two classes of
pharmacologically distinct binding sites for intravenous gen-
eral anesthetics at subunit interfaces in the �1�3�2 GABAAR
transmembrane domain (8, 11, 36) that overlap with the bind-
ing sites for ivermectin (45). Mutational analyses of the residues
identified by photoaffinity labeling as well as neighboring resi-
dues in the shared subunit interface pockets have demonstrated
their contributions to GABAAR gating and as determinants of
anesthetic efficacy (12, 40, 43, 46, 47). In addition, the capacity
of anesthetics to protect against modification of substituted
cysteines has expanded the definition of residues contributing
to anesthetic binding sites (48, 49). Mutational analyses will be
necessary to determine, for example, whether the ��-�� site
and ��-�� sites identified by photoaffinity labeling are equally
important for etomidate enhancement of GABA responses in
an �4�3� GABAAR. However, in view of the difficulty of
expressing �4�3� GABAARs with defined subunit stoichiome-
try and subunit arrangement, these studies should be carried
out using pentameric concatenated receptors.

Experimental Procedures

Materials—[3H]Muscimol (36 Ci/mmol) was from Perkin-
Elmer Life Sciences. The detergents n-dodecyl �-D-maltopyra-
noside and CHAPS were from Anatrace-Affymetrix (anagrade
quality). R-mTFD-MPAB and [3H]R-mTFD-MPAB (38
Ci/mmol) were prepared previously (50), as was [3H]azietomi-
date (19.3 Ci/mmol) (39). Soy bean asolectin, R-etomidate, and
GABA were from Sigma. DS2 and alphaxalone were from Toc-
ris. EndoLys-C was from Roche Applied Sciences.

Purification of �4�3� GABAAR—A detailed description of
the expression and affinity purification of �4�3� GABAARs will
be presented elsewhere. As described previously for �1�3�2
GABAARs (33), a stably transfected, tetracycline-inducible
HEK293-TetR cell line expressing human GABAAR subunits
�4, �3 (splice variant 2), and � containing a FLAG tag near its N
terminus (between �Gly-29 and �Asp-30) was induced and
grown for 2–3 days, and then membranes were harvested, flash-
frozen in liquid N2, and stored at �80 °C until use. GABAARs
were solubilized with 30 mM n-dodecyl �-D-maltopyranoside
and affinity-purified as described (11), using a FLAG M2 anti-
body column. Columns were washed with purification buffer
supplemented with 200 �M asolectin and 5 mM CHAPS and
then eluted with 1.5 mM FLAG peptide in the wash buffer. Ali-
quots of the eluate fractions were assayed for [3H]muscimol
binding, and eluate fractions were flash-frozen in liquid N2 and
stored at �80 °C until use. Membranes harvested from 60
15-cm plates contained �5–10 nmol of [3H]muscimol binding
sites (15–20 pmol of sites/mg of membrane protein), and the

FIGURE 9. Sequence alignment of the transmembrane helices of extra-
synaptic �4�3� and synaptic �1�3�2 GABAAR subunits: conserved
anesthetic binding sites. A, schematic representation of two possible �4�3�
GABAAR subunit arrangements with the interface locations identified of the
residues photolabeled in an anesthetic-inhibitable manner by [3H]azietomi-
date (green), [3H]R-mTFD-MPAB (blue), or both (gold). The photolabeling
results are consistent with etomidate (Etom) binding at the �3�-�4� inter-
face and both etomidate and R-mTFD-MPAB (Barb) binding to a common site
at the �3�-�3� interface. B, alignments of the transmembrane M1, M2, and
M3 helices with residues column-color-coded by subunit surface (�face, blue/
gray; �face, pink) to indicate interface residues within 6 Å of etomidate
docked in the ��-�� intersubunit pocket in an �1�3�2 GABAAR homology
model (36) based upon the �3 monomeric GABAAR crystal structure (Protein
Data Bank code 4COF). Residues specifically labeled by [3H]azietomidate
and/or [3H]R-mTFD-MPAB in the �4�3� GABAAR are shown in green. Residues
labeled by [3H]azietomidate or [3H]TDBzl-etomidate in the �1�3�2 GABAAR
��-�� intersubunit pocket are shown in blue, whereas residues at the homo-
logous ��/��-�� pocket photolabeled by the barbiturate probes [3H]R-
mTFD-MPAB and/or [3H]S-mTFD-MPPB are in red (8, 9, 11, 36). The dashed line
above each alignment denotes the extent of �-helices in the GABAAR
structure.
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eluate fractions from the purifications used for photolabeling
contained 50 –70 nM [3H]muscimol sites. Based upon [3H]mus-
cimol binding, the receptor was purified at 10 –25% yield from
the starting membranes. Because the receptor was eluted in the
presence of 1.5 mM FLAG peptide, it was not possible to esti-
mate purity in terms of pmol of muscimol binding/mg of pro-
tein. Based upon analyses by SDS-PAGE and LC/MS/MS (see
“Results”), GABAAR subunits were the dominant polypeptides
in the preparation.

Radioligand Binding Assays—[3H]Muscimol binding to puri-
fied GABAAR was measured by filtration after precipitation
with polyethylene glycol (8). The total concentration of sites
in eluate fractions was determined at 250 nM [3H]muscimol
with 1 mM GABA to determine nonspecific binding. Allos-
teric modulation of 2 nM [3H]muscimol binding was deter-
mined as described (9, 11).

Sequence Numbering—For �4, residue 1 is the predicted sig-
nal sequence Met; for �3, residue 1 is the predicted N terminus
of the mature protein (splice variant 1, QSNVD . . . ), with
�3Met-286 at the 15th position in the M2 helix (M2–15�); and
for �, the numbering begins with the signal sequence Met and
excludes the inserted FLAG sequence (DYKDDDDK). The pri-
mary structure locations of transmembrane helices M1–M4 in
the figures correspond to the extent of the individual �-helices
in the �3 monomeric GABAAR crystal structure (Protein Data
Bank code 4COF).

Analysis of the �4�3� GABAAR Preparation by LC/MS and
N-terminal Sequencing—Three aliquots (24 pmol of [3H]mus-
cimol sites each) of �4�3� GABAAR were separated by SDS-
PAGE. Based upon Coomassie Blue staining, bands migrating
at 78, 72, 62, 58, and 54 kDa were excised. The bands from one
lane were submitted to the Harvard Medical School Taplin
Mass Spectrometry Facility for reduction and alkylation, in-gel
trypsin digestion, and peptide extraction for microcapillary
LC/MS/MS analysis. The material from the equivalent gel
bands from the other two lanes was eluted and subjected to
N-terminal sequence analysis.

GABAAR Photolabeling—Aliquots of purified �4�3� GABAAR
in elution buffer were photolabeled at analytical or preparative
scale (150 –200 �l or 1–2 ml of GABAAR per condition, respec-
tively) to characterize photoincorporation at the subunit level
or to identify individual photolabeled amino acids by protein
microsequencing. Aliquots of [3H]azietomidate or [3H]R-
mTFD-MPAB were dried under a gentle argon stream and
resuspended with GABAAR solutions for 30 min on ice with
gentle vortexing. For preparative photolabeling, non-radioac-
tive drugs were added directly to this resuspension, whereas for
analytical photolabeling, drug aliquots were added by the use of
a 1-�l syringe (Hamilton 86200) to 10 �l of purified GABAAR,
which was then combined with 90 –150 �l of GABAAR equili-
brated with radioligand. With the exception of studies with
alphaxalone, all photolabeling was carried out in the presence
of 300 �M GABA. Samples were transferred to 96-well plastic
plates or 3.5-cm diameter Petri dishes (Corning catalogue num-
bers 2797 and 3001) for analytical or preparative scale labeling
and irradiated on ice with a 365-nm UV lamp (Spectroline
EN-280L) for 30 min at a distance of 	1 cm. Samples were then
denatured by mixing 2 parts sample with 1 part SDS-PAGE

sample buffer, incubated for �30 min, and fractionated by
modified Laemmli SDS-PAGE (11).

Stock solutions of non-radioactive R-mTFD-MPAB (60 mM),
etomidate (60 mM), and alphaxalone (8 mM) were prepared in
methanol. For these drugs, all samples during photolabeling
contained methanol at a final concentration of 0.5% (v/v). DS2
was prepared at 6 mM in 90% methanol, 10% DMSO. For assays
with DS2, samples during photolabeling contained methanol/
DMSO at final concentrations of 0.45%/0.05% (v/v). To mini-
mize losses of hydrophobic drugs due to adsorption on plastic
surfaces, glass syringes, capillary pipettes, and vials were used
for all material transfers up to the equilibration with the puri-
fied GABAAR in detergent/lipid.

After electrophoresis, gels were stained with Coomassie Bril-
liant Blue. In analytical scale experiments, 3H incorporation
into subunits was determined either by fluorography or by liq-
uid scintillation counting of excised gel bands as described (11).
In preparative scale experiments, material was eluted from the
excised stained bands as described (11) and resuspended in gel
digestion buffer (15 mM Tris, 0.5 mM EDTA, and 0.1% SDS, pH
8.4) for further analysis. Results from three preparative pho-
toaffinity labelings of purified human �4�3� GABAARs are pre-
sented in this work: 1) GABAAR (145 pmol of muscimol sites
per condition) photolabeled with 3 �M [3H]azietomidate in the
presence of 300 �M GABA with or without 1 mM etomidate; 2)
GABAAR (110 pmol of muscimol sites per condition) photola-
beled with 3.5 �M [3H]azietomidate in the presence of 300 �M

GABA with or without 20 �M R-mTFD-MPAB; and 3)
GABAAR (50 pmol of muscimol sites per condition) photola-
beled with 0.5 �M [3H]R-mTFD-MPAB in the presence of 300
�M GABA with or without 60 �M R-mTFD-MPAB.

To determine the relative binding affinity for anesthetics at
the [3H]azietomidate or [3H]R-mTFD-MPAB binding sites, ali-
quots of �4�3� GABAAR were photolabeled in the presence of
various concentrations of a drug, and subunit gel slice counts
from these aliquots were fit to the equation,

B� x
 �
B0 	 Bns

1 
 � x

IC50
� 
 Bns (Eq. 1)

where B(x) represents the gel slice 3H cpm at total inhibitor
concentration x, B0 is the gel slice 3H cpm in the absence of
competitor, Bns is nonspecific 3H cpm incorporation in the
presence of maximal concentration of a competitor, and IC50 is
the total drug concentration producing 50% inhibition. Data
were fit using Sigma Plot version 11.0 (Systat Software, Inc.)
with IC50 and Bns as adjustable parameters; B0 was fixed at the
experimentally observed value. Due to limited quantities of
receptor, competition assays were done only once, and the S.E.
values given are from the least-squares fits.

Proteolysis, Reversed-phase HPLC, and N-terminal Sequence
Analysis—Aliquots of labeled subunits isolated from gel bands
were digested (2 weeks, 20 °C, 0.3–1 units/sample) with
EndoLys-C (Roche Applied Science). Digests were fractionated
by rpHPLC as described (51), except that the gradient began at
95% aqueous solvent (0.08% TFA) and 5% organic solvent (60%
acetonitrile, 40% isopropyl alcohol, 0.05% TFA) and progressed
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to 100% organic in 75 min by approximating (in 5-min inter-
vals) the quadratic growth curve, f(x) � 5 � 0.017 � x2, where x
is time in minutes and f(x) is percentage of organic solvent. The
flow rate was 200 �l/min, and fractions were collected every 2.5
min, with 10% assayed for 3H. Fractions of interest were pooled
and drop-loaded onto glass fiber filters for N-terminal
sequence analysis on an Applied Biosystems Procise 492 pro-
tein sequencer modified so that two-thirds of each cycle were
injected for PTH-derivative detection and quantification,
whereas one-third was collected for scintillation counting. Some
digested samples were sequenced without rpHPLC separation by
loading them onto Applied Biosystems ProSorbTM PVDF filters by
diluting the samples 10-fold into 0.1% TFA. The pmol of PTH-
derivatives detected were calculated by using rpHPLC peak
heights at 269 nm compared with a standard injection.

Photolabeling in �4M1 or �4M3 was determined by se-
quencing appropriate rpHPLC fractions from digests of the 72
kDa gel band. Labeling in �3M1 and �3M3 was identified by
sequencing fractions from the 58/62 kDa gel bands. In prelim-
inary studies, we established that that fragments containing
�M1 and �M3 were present at the highest level in the fractions
containing �M3 from the 58/62 kDa gel band, where they were
present at �50% the level of the �M3 fragment. The �M3 frag-
ment was present in the equivalent fractions from the 54 kDa
gel band at �200% the level of the �M3 fragment. The N ter-
mini of �M3 (�3Ala-280) and �M3 (�Ala-309) were each at the
first cycle of Edman degradation. However, comparison of 3H
release profiles and relative amounts of �M3 and �M3 during
sequence analyses of fractions from the 54 and 58/62 kDa gel
bands established that the anesthetic-inhibitable peaks of 3H
release originated from residues in �M3 rather than �M3.
Sequencing through �M1 began only after 19 cycles of Edman
degradation, at which point PTH-derivative and 3H releases
were too low to allow characterization of photolabeling in �M1.

The detected sequences were quantitated by fitting the
background-subtracted pmol of the detected peptide to the
equation,

M� x
 � I0 � Rx (Eq. 2)

where M(x) represents the pmol in cycle x, I0 is the initial
amount of the peptide, and R is the repetitive yield. Cys, Trp,
Ser, and His were omitted from the fits due to known problems
with their quantitations. The 3H incorporation E(x), the effi-
ciency of photolabeling (in cpm/pmol) of the amino acid in
cycle x, was calculated by the following equation.

E� x
 �
2 � �cpmx 	 cpmx�1


I0 � Rx (Eq. 3)
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