Can J Anesth/J Can Anesth (2011) 58:191-205
DOI 10.1007/s12630-010-9419-9

THEME ISSUE: MECHANISMS OF ANESTHESIA

Anesthetic sites and allosteric mechanisms of action on Cys-loop

ligand-gated ion channels

Les sites anesthésiques et les mécanismes d’action allostériques
sur les canaux ioniques sensibles a un ligand sur la boucle Cys

Stuart A. Forman, MD - Keith W. Miller, DPhil

Received: 17 September 2010/ Accepted: 26 October 2010/ Published online: 7 January 2011

© Canadian Anesthesiologists’ Society 2011

Abstract

Purpose The Cys-loop ligand-gated ion channel super-
family is a major group of neurotransmitter-activated
receptors in the central and peripheral nervous system. The
superfamily includes inhibitory receptors stimulated by
y-aminobutyric acid (GABA) and glycine and excitatory
receptors stimulated by acetylcholine and serotonin. The
first part of this review presents current evidence on the
location of the anesthetic binding sites on these channels
and the mechanism by which binding to these sites alters
their function. The second part of the review addresses the
basis for this selectivity, and the third part describes the
predictive power of a quantitative allosteric model showing
the actions of etomidate on y-aminobutyric acid type A
receptors (GABA4Rs).

Principal findings General anesthetics at clinical con-
centrations inhibit the excitatory receptors and enhance
the inhibitory receptors. The location of general anesthetic
binding sites on these receptors is being defined by
photoactivable analogues of general anesthetics. The
receptor studied most extensively is the muscle-type nico-
tinic acetylcholine receptor (nAChR), and progress is now
being made with GABA4Rs. There are three categories of
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sites that are all in the transmembrane domain: 1) within a
single subunit’s four-helix bundle (intrasubunit site; halo-
thane and etomidate on the & subunit of AChRs); 2)
between five subunits in the transmembrane conduction
pore (channel lumen sites; etomidate and alcohols on
nAChR); and 3) between two subunits (subunit interface
sites; etomidate between the ol and [2/3 subunits of the
GABA,R).

Conclusions These binding sites function allosterically.
Certain conformations of a receptor bind the anesthetic
with greater affinity than others. Time-resolved photola-
belling of some sites occurs within milliseconds of channel
opening on the nAChR but not before. In GABA4Rs, elec-
trophysiological data fit an allosteric model in which
etomidate binds to and stabilizes the open state, increasing
both the fraction of open channels and their lifetime. As
predicted by the model, the channel-stabilizing action of
etomidate is so strong that higher concentrations open the
channel in the absence of agonist. The formal functional
paradigm presented for etomidate may apply to other
potent general anesthetic drugs. Combining photolabelling
with structure-function mutational studies in the context of
allosteric mechanisms should lead us to a more detailed
understanding of how and where these important drugs act.

Résumé

Objectif La superfamille des canaux ioniques sensibles d
un ligand sur la boucle Cys constitue un important groupe
de recepteurs actives par les neurotransmetteurs dans
les systemes nerveux central et peripherique. Cette
superfamille comprend des recepteurs inhibiteurs stimules
par l'acide y-aminobutyrique (GABA) et la glycine ainsi
que des recepteurs excitateurs stimules par I’acetylcholine
et la serotonine. La premiere partie de ce compte-rendu
presente les donnees probantes actuelles sur I’emplacement
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des sites de liaison des anesthesiques sur ces canaux et le
mecanisme par lequel la liaison sur ces sites en particulier
modifie leur fonctionnement. La deuxieme partie de notre
article traite des bases de cette sélectivite, et la troisieme
partie decrit le pouvoir de prediction d’'un modele
allosterique quantitatif montrant [effet de [’ etomidate
sur les recepteurs d’acide y-aminobutyrique de type A
(R-GABA,).

Constatations principales Les anesthesiques generaux
administres en concentrations cliniques inhibent les
recepteurs recepteurs
inhibiteurs. L’emplacement des sites de liaison des
anesthesiques generaux sur ces recepteurs est defini par
des analogues photoactives des anesthesiques generaux. Le
recepteur qui a ete le mieux etudie’ est le recepteur
nicotinique de l’acetylcholine (RnACh) de type musculaire,
et des progres voient actuellement le jour dans nos
connaissances des R-GABA,. Il existe trois categories de
sites, tous situes dans le domaine transmembranaire : 1) a
Uinterieur du faisceau d quatre helices d’une seule
sous-unité (site intra-sous-unite; I’halothane et I’etomidate
sur la sous-unite’ 0 des RACh); 2) entre cing sous-unites
dans le pore de conduction transmembranaire (sites dans
la lumiere des canaux; [’etomidate et les alcools sur le
RnACh); et 3) entre deux sous-unites (sites d’interface de
sous-unites; I’eétomidate entre les sous-unites ol et 2/3 du
R-GABA,).

Conclusion Ces sites de liaison fonctionnent de facon
allosterique. Certaines conformations d’un recepteur lient
I’anesthesique avec une plus grande affinite’ que d’autres.
Le marquage par photoaffinite’ en temps differe de certains
sites survient dans les millisecondes suivant I’ouverture du
canal sur le RnACh, mais pas avant. Dans les R-GABA,,
les donnees electrophysiologiques sont conformes d un
modele allosterique dans lequel [’etomidate se lie et
stabilise ’etat ouvert, ce qui augmente la fraction des
canaux ouverts et leur duree de vie. Comme notre modele
l'a predit,
I’etomidate est tellement puissante que des concentrations
elevees ouvrent les canaux en ’absence d’un agoniste. Le
paradigme de fonctionnement formel presente pour
l'etomidate pourrait s’appliquer a d’autres agents
anesthesiques generaux puissants. La combinaison du
marquage par photoaffinite’ et d’etudes de mutation de
fonction de structure dans le contexte des mecanismes
allosteriques devrait nous permettre de mieux comprendre
ou et comment ces importants medicaments agissent.

excitateurs et stimulent les

Uaction de stabilisation des canaux de

Research on the molecular mechanisms of general anes-
thesia continues to focus on Cys-loop ligand-gated ion
channels, as evidence continues to accumulate implicating
the gamma-aminobutyric acid-A (GABA,) receptors
in major anesthetic actions, the glycine receptor in
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immobility, and the nAChRs in memory, autonomic
functions, and neuromuscular relaxation.'”’ Furthermore,
our understanding of how and where general anesthetics
modulate these targets has progressed dramatically. This
review presents current evidence on the location of the
anesthetic binding sites on these channels and the mecha-
nism by which binding to these sites alters their function.
The best-characterized mechanisms involve selective
allosteric interactions of general anesthetics with the open
state of these channels; hence, the second part of the review
addresses the basis for this selectivity. The third part
describes the predictive power of a quantitative allosteric
model of the actions of etomidate on GABARs.

Allosterism and binding sites

An elegant exposition on allosterism first appeared
45 years ago.*'” Today it is an accepted concept with
ramifications that extend to medicine,'' signal transduc-
tion,'>!? and anesthetic action.!*'® The affinity of an
allosteric anesthetic binding site requires that the site
should be higher in certain conformations than in others. In
this way, the anesthetic stabilizes certain conformations
over others. Thus, consider a protein that contains a single
anesthetic binding site that can exist in three different
native conformations each of which has a different affinity
for anesthetics (Fig. 1). The fraction of the protein in a
given conformation depends on its free energy. When an
anesthetic binds to only one of the conformations, its free
energy is decreased by the binding free energy so that the
fraction of the protein in that conformation increases. If
such a conformation were the open-channel state of a
ligand-gated ion channel, the fraction of channels open
would be increased and their lifetime likely would be
longer and more current would pass. This is the case with
GABAARs."” A special case occurs if the stabilizing
anesthetic binding site is situated in the channel lumen. In
nAChRs, many agents cause open channel inhibition. The
anesthetic has higher affinity for the open state and binds to
it as soon as the agonist opens the channel, but once bound,
it sterically obstructs the flow of ions through the channel.

Two main factors determine the affinity of an anesthetic
for a binding pocket. First, the attractive energy falls off
very rapidly with distance, so a snug fit is needed, which
means that the pocket must be comparable in size with the
anesthetic (conformation 2, Fig. 1). The maximum attrac-
tion occurs when two atoms are separated by only 12-20%
(the distance increases with polarity) of the sum of their
radii (for a review seel()). Second, the pocket cannot be
smaller than the anesthetic because the repulsive energy
increases very rapidly as two atoms approach each other
(they interact as hard spheres). Thus, an anesthetic can’t
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Fig. 1 Principles of allosterism. The black lines depict part of a
protein in a region where two domains are joined by a structural hinge
(blue circle). In the left-hand column, the protein can adopt three
different conformations depending on movement of the right-hand
domain around the hinge (curved arrows). The relative size of the two
black vertical straight arrows between each pair of conformations
suggests the equilibrium distribution between the conformations.
Conformations 1 and 3 are favoured relative to Conformation 2. In the
right-hand column, general anesthetics (GA; red sphere) have the
opportunity to bind to each of these conformations in the pocket
between the domains. Since the intermolecular dispersion forces

squeeze down into a smaller pocket. Due to these con-
straints, a binding site that changes its geometry with the
protein’s conformation will bind the anesthetic tightly in
only one conformation (Fig. 1).

The structure of Cys-loop ligand-gated ion channels

In order to resolve anesthetics bound to a protein in atomic
detail, a resolution of 2 A is required. In addition, to
understand allosterism, the same structure should be
determined in several conformations. However, currently
there are no structures of mammalian Cys-loop ligand-gated
ion channels that achieve this resolution. The only structure
of a vertebrate receptor is the cryoelectron microscopy
structure of the muscle subtype of the acetylcholine receptor
from Torpedo electric tissue, which is determined in the
absence of agonist in the resting or closed state at 4 A
resolution.”” Such resolution is not sufficient to resolve the
detailed structure of the amino acid side chains, let alone the
presence of an anesthetic. The only other structures that
include the transmembrane domain are those recently
determined for two bacterial members of the same super-
family.?""** Although they lack the intracellular domain,
they confirm the secondary structure of the transmembrane

Low Affinity

High Affinity

No Affinity

between the general anesthetic and the protein are very short range
(depicted by the thin red outer line), strong, high-affinity interactions
occur only when the anesthetic fits snugly in the pocket (i.e., in
Conformation 2). If the hinge closes too far (Conformation 3), steric
hindrance prevents the anesthetic from binding. The horizontal red
and black arrows depict how anesthetic binding perturbs the
equilibrium between anesthetic free (left) and anesthetic bound
(right) protein. In this example, Conformation 2 is sufficiently
stabilized by the anesthetic’s binding energy, which it is now the most
stable relative to Conformations 1 and 3

and extracellular domains seen in the cryoelectron micros-
copy structure above. One structure, ELIC, is thought to be
in the closed state. The other protein, GLIC, is thought to be
in the open state, but there is no independent confirmation
of this, and no structure of a single receptor in more than
one state has been determined. Nonetheless, the bacterial
channels’ structures are of sufficient resolution to allow
bound anesthetics to be detected. Xenon has been imaged in
the ELIC structure near the top of the pore. GLIC is sen-
sitive to anesthetics,>> and bound anesthetic can be detected
crystallographically.**

The cryoelectron microscopy structure of the Torpedo
nAChR is shown in Fig. 2A. Each of the five subunits
consists of three domains. First, an extracellular domain of
some 200 residues that binds the agonist and that largely
consists of a f-sheet structure. Second, a transmembrane
domain containing four «-helices arranged as a four-helix
bundle (M1 — M4; Fig. 2B), in which M1 and M2 and M2
and M3 are separated by short loops. Third, there is a long
intracellular loop between M3 and M4, much of whose
structure could not be defined. The secondary structure of
the bacterial channels is similar, although the lengths of the
transmembrane helices and loops differ, and there is a short
intercellular domain between M3 and M4. Thus, it seems
reasonable to assume that other members of the
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Fig. 2 General anesthetic binding sites on ligand-gated ion channels
of the Cys-loop receptor superfamily. Panel A shows the structure of
the nicotinic acetylcholine receptor (Unwin 2005) with its five
subunits arranged centro-symmetrically around a central ion pore or
channel, in both top view from the extracellular side and side view.
The agonist site (*) in the extracellular agonist-binding domain is on
the o-subunits in the interface with the y- and J-subunits. Panel B
shows a schematic of a cross section through the transmembrane
region. Each subunit, separated by dotted red lines, consists of four

superfamily, particularly the GABAARs, have a similar
secondary structure (see below). To facilitate the following
discussion of photolabelling of the channel lumen, which is
bounded by the M2 helices of five subunits, we use the
prime numbering system for residues that aligns the M2
helix of all receptor subunits in such a way that the con-
served leucine is always at M2-9'.

A high resolution structure of the GABA,Rs is not yet
available. In such situations, structural biologists build a
homology model. This is achieved by using a known
published structure from the same superfamily, aligning its
sequence with the new receptor, and substituting the resi-
dues of the new receptor onto the known structure. Finally,
energy minimization is performed to sort out steric clashes
and optimize positive interactions, such as H-bonds or
charge-charge interactions. In a sense, the homology model
is just a three-dimensional alignment algorithm. It should
be regarded as providing no more than a hypothesis or
cartoon for designing experiments. Indeed, the homology
models from different research groups often differ in
detail. >>° Generally, the secondary structure is conserved
within the superfamily, and the variation between models

@ Springer

Cross Section Through the Transmembrane
Domain Showing Sites of General Anesthetic

transmembrane helices shown as circles and numbered in the order
they appear in the sequence. Three categories of anesthetic binding
site (see text) are superimposed; intrasubunit sites (black circles); a
channel lumen site (red circle), and subunit interface sites (blue
lozenges). Molecular graphics images were produced using the
University of California, San Francisco Chimera package from the
Resource for Biocomputing, Visualization, and Informatics at the
University of California, San Francisco (supported by NIH P41 RR-
01081)"*

arises mainly from uncertainties in how to align the
sequences, e.g., the length of the M2 — M3 loop differs in
nAChR and GABAARs, introducing considerable uncer-
tainty in the alignment of M3.%’ Cross-linking of
introduced cysteines can reduce the uncertainties to some
extent.”>*’

Within the framework of these structures, photolabelling
has defined three categories of general anesthetic sites in
the transmembrane domain of ligand-gated ion channels.
We outline them here before considering the detailed
results. First, there is an intrasubunit site (Fig. 2B, black
circles) located within the four-helix bundle of individual
subunits; halothane and etomidate can bind here on the
nAChR. Second, there is a channel lumen site (Fig. 2B, red
circle) located between all five subunits; alcohols and
etomidate can bind here on the nAChR. Third, there is a
subunit interface site (Fig. 2B, blue lozenges) located
between the subunits in the subunit-subunit interfaces;
etomidate binds here on the GABAR. Note the impor-
tance of the subunit composition. A homomeric receptor,
such as the glycine or the serotonin type 3A receptor, might
have five copies of one subunit interface site; whereas, a
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receptor consisting of three different subunits, such as
certain GABAARs, has more possibilities.

The art of photolabelling

Currently, the only unambiguous information on the loca-
tion of general anesthetic sites on different conformations
of a given mammalian receptor comes from photolabelling
studies. The method involves developing and characteriz-
ing new general anesthetics that have the additional
property of becoming chemically reactive when exposed to
light of a certain wavelength. If this process occurs while
the agent is bound to its target ion channel, it becomes
possible to identify residues in contact with the agent in its
binding pocket. The main limitations of this approach
follow from the fact that the amino acid sequencing
required is very difficult because of the hydrophobicity of
the transmembrane domain where the anesthetic sites are
located. Large amounts of protein are required to overcome
this hurdle, and the most detailed information is available
for the Torpedo acetylcholine receptor because it is readily
available in adequate quantity. However, recent progress in
the heterologous expression of human neuronal GABAARs
largely resolves this problem.*”

Here we review the location of general anesthetic sites
established by photolabelling with halothane, two etomi-
date derivatives, and 3-azioctanol (Fig. 3). Each of these
has advantages and disadvantages that we point out in the
appropriate sections. Furthermore, to avoid discussing
nonspecific binding, the emphasis is on sites where the

Etomidate
0
OH R
Azietomidate
\ —_ N
") =N N N \\N

TDBzl-Etomidate

Azioctanol

125

CFs TID, 3-(trifluoromethyl)-
3-(m-iodophenyl) diazirine

Fig. 3 Formulae of photolabels referred to herein

degree of photoincorporation is modulated by changes in
conformation between the equilibrium resting and the
desensitized states of the receptor. How these sites change
during gating is considered in a subsequent section.

Location of general anesthetic sites on nicotinic
acetylcholine receptors

Halothane was the earliest photoactivable anesthetic.®'** It
reacts covalently with tyrosines and tryptophans and can
tell us about binding pockets that contain these residues.
Unfortunately, some regions of interest, e.g., the channel
lumen, lack such residues. However, halothane does not
react with all of the tyrosines and tryptophans in the
nAChR; hence, those it does react with likely represent true
binding sites. In the transmembrane domain, halothane
photoincorporated into 6Y228 at higher levels in the
desensitized state than in the resting state. It also photo-
labelled the equivalent residue on the «-subunits, « Y213,
but at a level too low to assess state-dependence (see
Fig. 4A). These residues are at the extracellular end of M1,
two helical turns above the conserved proline. On the
nAChR structure, 0Y228 faces into an intrasubunit site
within the four-helix bundle. In the o-subunit, there is one
more residue between the tyrosine and the conserved pro-
line, so that the two copies of «Y213 face into the o-f and
o~y intersubunit interfaces, which may explain why they
are labelled tenfold less than §Y228.

Halothane’s photochemistry is not ideal because it is
activated by wavelengths of light that also activate bonds in
the protein. Diazirines, like azioctanol,> azietomidate>*
and azi-isoflurane®® (Fig. 3), do not have this disadvantage.
In the transmembrane domain, 3-azioctanol, an open-state
inhibitor of the ion channel,33 photolabels the «-subunit at
oE262 M2-20/. It is near the top of M2 and points into the
channel lumen’® (Fig. 4A and B). It is located above a
largely hydrophobic region of the channel lumen that
stretches down to the conserved «l.251 (M2-9), so it is
tempting to assume that the hydrophobic tail of the alcohol
projects in the intracellular direction down the channel.
However, this hypothesis remains untestable because
hydrophobic residues rarely react with aliphatic diazirines.

In anesthetics that have more complex chemical struc-
tures, it is possible to insert either an aliphatic or an
aromatic diazirine at a particular position. Since each type
of diazirine reacts with a different spectrum of residues,
such a pair of general anesthetics would skirt the issue of
each photolabel exhibiting certain “blind spots”. Such a
pair of derivatives has been added to the etomidate struc-
ture (Fig. 3) to provide a more complete picture of sites on
the nAChR. The first of these was azietomidate, an ali-
phatic diazirine. Like 3-azioctanol, it photolabels «E262 on
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Fig. 4 Residues photolabelled on nicotinic receptors by three classes
of general anesthetics. Panel A shows a slightly tilted top view of just
the transmembrane domain of the nAChR of the nicotinic acetylcho-
line receptor (nAChR) from Torpedo using the cryoelectron
microscopy structure.’® The agonist-binding domain has been omitted
for clarity, but it is shown in the inset at bottom left where the
orientation is the same as in the larger diagram. The subunits are
colour coded and labelled as in Fig. 2. The helices are shown as rods,
and the atoms of photolabelled residues, including the backbone
atoms, are shown in space-filled mode. All other residues are omitted
for clarity. Oxygen (red) and nitrogen (blue) atoms are coloured
conventionally. The carbon atoms are colour coded to denote which
anesthetics photolabelled the residue: green, halothane; cyan, azie-
tomidate; cornflower blue, p-Trifluoromethyldiazirinyl ethylbenzyl
(TDBzl)-etomidate; salmon, azioctanol. In some cases, more than one
agent photolabels the same residue, and individual carbons are given
different colours accordingly. Number code: 1. «Y213 and 0Y228
photolabelled on M1 by halothane; 2. «E262, D268, and 6Q276 (the

M2-20’, but it also photolabels the equivalent M2-20'
residues (D268 and 0Q276) (the y-subunit was not
examined), confirming that the upper end of the channel
lies within an anesthetic binding site. On the f- and
O- subunits, there are reactive residues at M2-24’ one
helical turn above their respective photolabelled M2-20/
residues. These residues, fE272 and OE280, define the
limits of the binding site because they are not photola-
belled, suggesting that the site extends in an intracellular
direction. This hypothesis is confirmed by a second etom-
idate derivative bearing an aromatic diazirine in place of
the aliphatic diazirine. p-Trifluoromethyldiazirinyl ethylb-
enzyl (TDBzl)-etomidate was designed to react with the
hydrophobic residues more intracellular to the M2-20’ site
photolabelled by azietomidate and azioctanol. Indeed, it
photolabelled the channel lumen-facing residues in the
o- and J-subunits on M2 as far below M2-20" as M2-9', a
distance along the channel of some 16.5 A.

A number of other sites on the nAChR have been
photolabelled by these agents, illustrating that a large
receptor can have multiple anesthetic binding sites,
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M2-20" residues) photolabelled by azietomidate and azioctanol; 3.
al.251, 0L265 (the M2-9’ residues) photolabelled by TDBzl-etomi-
date; 4. 6C236 on M1 photolabelled by azietomidate. Panel B shows a
cross-section through the transmembrane domain of the same nAChR
structure. The y-subunit has been removed to facilitate a view of the
ion pore. The viewer is situated at the y-subunit, and the two o-
subunits are closest to the viewer. The subunits have the same colour
code as before but are depicted as surfaces. The dark grey regions
denote where the surface of the o-subunits have been cut through and
serve to emphasize the free space that exists within the four-helix
bundle of subunits. The central ion channel is open to view. The M2
helices are coloured conventionally with grey for carbon, red for
oxygen, and blue for nitrogen, except that some of the carbons in
photolabelled residues have the same colour code as in panel A. The
red bars point to residues on M2 using the prime numbering system,
where 1’ is the residue following the last charged residue before the
M2 helix, and M2-9' is always the conserved leucine

although not all produce functional effects. The first of
these sites is the agonist-binding pocket on the a-subunit,
nearly 50 A from the transmembrane domain.’*® It is
photolabelled in the absence but not in the presence of
agonist. This competitive behaviour is consistent with the
observation that anesthetics decrease [*H]acetylcholine
binding at very high concentrations,” even though they
enhance [3H]acetylcholine binding at low concentrations
by stabilizing the desensitized over the resting state.

Three further regions have been consistently photola-
belled, usually at much lower levels of photoincorporation
than the residues in the transmembrane domain, but no
function has been ascribed to them and they are not dis-
cussed in detail here. The first is just before the
intracellular end of M4* and close to the intracellular
fenestrations described by Unwin.” The second region is
in the lipid-protein interface. This is commonly considered
to be nonspecific photolabelling because of the high con-
centration of photolabel that must be present in the lipid
bilayer. The third region is the hint of a subunit interface
site between «M2-10" and the y-subunit.*’
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Location of general anesthetic sites on GABA,Rs

The specific activity of GABA4Rs in the brain is some
10,000-fold lower than that of nAChR in Torpedo electric
tissue.”’ To improve the chances of success, it was nec-
essary to develop a highly selective and potent general
anesthetic photolabel. Steroids, propofol, and etomidate
fall into this category. While photolabels are being devel-
oped for all three, etomidate was an attractive initial
candidate because it is less hydrophobic than steroids while
possessing stereoselectivity and a structure amenable to
chemical modification at multiple positions (Fig. 3). The
synthesis of azietomidate proved the value of this strategy.
In spite of the aliphatic diazirine group, azietomidate
retains the pharmacological properties of etomidate. Both
are equipotent as general anesthetics and as modulators of
the GABAAR, at which they enhance GABA-induced
currents and activate the channels in the absence of ago-
nist.>* The R-enantiomer of both is more potent than the
S-enantiomer (the clinical drug is R-etomidate). Further-
more, in knock-in mice rendered less sensitive to etomidate
by a 3-N265M point mutation in their GABAARs, both
R-etomidate and R-azietomidate are about tenfold less
potent than in wild-type mice.*

In a heterogeneous mixture of GABARs purified from
cow brain, R-azietomidate was found to photolabel two
residues in a GABA-sensitive allosteric manner.”” The first
residue was situated within the fM3 transmembrane helix
at fMet-286 (the exact ff-subtype could not be determined).
This region was a known anesthetic determinant.****> The

Fig. 5 Azietomidate photolabels the y-aminobutyric acid type
A receptors (GABAAR) in the transmembrane domain between the
o- and f-subunits. Panel A shows a top view from the extracellular
side of the a1 8272 GABA AR homology model of Li et al.” The five
subunits that are consistently colour coded in all panels are arranged
centro-symmetrically around the pore, denoted by a circle. Panel B
shows the same receptor in side view; the M3-M4 intracellular loop is

second residue was novel. There was no hint of its
importance from any previous site-directed mutagenesis
studies. Azietomidate photolabelled «1M236 (and/or the
homologous methionines in «2, 3, and 5), which is located
on the «M1 transmembrane helix, three residues after the
conserved proline. The ability to find a novel site illustrates
the power of photolabelling; it provides binding site
information at the level of the primary structure, indepen-
dent of any preconceived hypothesis.

Using the homology model discussed earlier in this
review,” the two methionine residues (xM236 and pM286)
on separate subunits photolabelled by azietomidate are
predicted to face each other across the interface between
the o- and fS-subunits in the transmembrane domain. Sup-
port for this arrangement comes from subsequent cysteine
cross-linking studies.?’ Thus, the etomidate site is not
within a single subunit’s intrahelical bundle but, instead, is
in the interface between two subunits (Fig. 5). The aM1
M236 is predicted to be more intracellular than fM3 M286,
and their a-carbons are separated by 13 A. This suggests
that the etomidate site is between them, consistent with the
lack of photolabelling at fM3 M283, which is located one
helical turn more extracellular to the photolabelled M286.
Reading clockwise, the arrangement of the subunits in
ol 3y2L GABARSs is a1 f3a1 53921, so there are two a-f3
interfaces and, consequently, two etomidate binding sites.
This is consistent with the prediction of the allosteric
model discussed below. '

Thus, azietomidate photolabelling has provided the first
evidence that placed an anesthetic binding site in a subunit

omitted in this model. The scale bar is 50 A in both panels. Panel C
shows a detail of Panel B. The partly obscured scale bar is 20 A Only
the secondary structure is shown except for two sets of residues. The
residues with carbons shown in cyan are those photolabelled by
azietomidate, aMet-236, and pMet-286, and that with dark grey
carbons is fTyr-205, which is a residue in the GABA-binding pocket
nearly 50 A away
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interface on a ligand-gated ion channel. While a novel
concept for anesthetic mechanisms, agonist sites have long
been thought to lie partly in such interfaces.*® The agonist
site in the extracellular domain, like the etomidate site in
the transmembrane domain, lies in the o-f interface. The
two sites are separated by ~ 50 A (Fig. 5C). If the agonist
induces gating by perturbing the o-f interface in the
transmembrane domain, it is evident that an etomidate
binding site in the same interface and adjacent to the ion
pore might allosterically modulate agonist gating. We
return to this theme in a later section of this review. Other
classes of general anesthetic have variable effects on
photoincorporation of [*H]azietomidate into GABAARs.
These agents may have different binding sites*’; thus,
further photolabelling work with other anesthetic ana-
logues is eagerly awaited.

Evidence for conformationally sensitive general
anesthetic binding

How can we establish that the affinity of general anesthetic
modulatory sites vary with the protein’s conformational
state (Fig. 1)? General anesthetics have such low affinities

that, with rare exceptions,'**® nonspecific binding prevents

binding to receptors from being detected. Furthermore,
kinetic measurements suggest the highest affinity is often
for the open state of a receptor, a transient state that is
present for far too short a time to accomplish a binding
measurement. Faced with this issue, time-resolved phot-
olabelling has been adopted as a strategy for seeking sites
on transient states of receptors.49 To date, this demanding
strategy has been applied only to the abundant Torpedo
nAChR. When rapidly exposed to an agonist, the resting
state of this nAChR is converted to the open state in less
than a millisecond.’®' The entire population of open
receptors is converted to the fast desensitized state a second
later and to the slow desensitized state within minutes.
Thus, by using time-resolved photolabelling in the absence
of agonist, or 1-50 msec, one second, and minutes after
rapid mixing with agonist, it is possible to determine the
level of photoincorporation of an anesthetic as a function of
the receptor’s conformation (resting, open, fast desensi-
tized, and slow desensitized states, respectively).>”

The time-dependence of photoincorporation into three
different anesthetic sites on the nAChR has been charac-
terized to date (Fig. 6). All three exhibit different
behaviours. The best characterized of the general
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Fig. 6 The degree of photolabelling of three sites on the nicotinic
acetylcholine receptor (nAChR) varies with the receptor’s conforma-
tion, supporting allosteric action. The graph shows the relative level
of photoincorporation for three different sites on the nicotinic
acetylcholine receptor. The photoincorporation level is normalized
to that first observed (either the resting or the open state). The upper
panel depicts the transmembrane domain of the nAChR and the
photolabelled residues in each state. The subunit colours are yellow
for o, green for y, and purple for . The f-subunit is shown in outline
to allow only the channel residues to be seen. The carbon atoms are
coloured with the same colour as the symbols on the graph. At two
sites, photolabelling is negligible in the resting state but increases
dramatically when the channel opens. One of these sites (orange
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triangles) is in the upper part of the channel (M2-20"), and the other
(cyan squares) is in the intrahelical bundle of the J-subunit. The
behaviour of these sites diverges during desensitization. The channel
site changes modestly, whereas the intrahelical site remains
unchanged during fast desensitization and then decreases dramatically
upon slow desensitization. The third site (blue circles) is also in the
channel but at the conserved M2-9' leucines. It behaves differently
from the site in the upper part of the channel. It is photolabelled in the
resting state and in the open state, but photolabelling decreases
dramatically during fast desensitization and remains unchanged
during slow desensitization. Data for azietomidate (triangles) is
from* and for trifluoromethyl)-3-(m-iodophenyl) diazirine (TID)
(circles and squares) is from>>3
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anesthetics is azietomidate,40 which photolabels the
M2-20' residues. These channel-lumen residues are not
photolabelled in the resting state, but as soon as the channel
opens, photoincorporation into these residues is robust
(Fig. 6, triangles). No data are available for the fast-
desensitized state, but photoincorporation falls during slow
desensitization. The most complete set of data is for the
hydrophobic aromatic diazirine, '*’I-TID (3-(trifluoro-
methyl)-3-(m-iodophenyl) ~ diazirine  (Fig. 3).>> It
photolabels the nAChR in the resting state in the centre of
the channel at M2-9’, the second of the three sites. During
channel opening, photoincorporation at M2-9’ falls, but by
surprisingly little. It is not until the receptor enters the fast
desensitized state that photoincorporation into the channel
declines dramatically (Fig. 6, circles).

The third site is the transmembrane domain intrahelical
site in the four-helix bundle on the J-subunit. It is photo-
labelled by halothane and by azietomidate, but the best
time-resolved photolabelling is with TID. This site is not
photolabelled in the resting state, but it is photolabelled
within 1 msec of adding acetylcholine (Fig. 6, squares).
Furthermore, photoincorporation remains unchanged when
the nAChR enters the fast-desensitized state, but it falls
dramatically upon slow desensitization. It is interesting to
note that halothane photolabels this site in the resting state,
suggesting that this much smaller molecule can fit into the
pocket in a conformation that cannot accommodate the
larger probes, azietomidate and TID.

Do current concepts of gating and desensitization help
us understand why photoincorporation into each of the
three sites above has a different dependence on the nAChR
conformation (Fig. 6)? The two-gate hypothesis of Auer-
bach and Akk>* that postulates distinct activation and
desensitization gating structures in the nAChR channel®*
offers an explanation as to why sites at two different levels
within the channel lumen, i.e., at M2-9’ and at M2-20/,
behave differently as the channel’s conformation changes
(Fig. 6). The hypothesis states that the desensitization gate
is open in the resting state and the activation gate is closed.
Agonist opens the activation gate and conduction occurs.
During fast desensitization, the desensitization gate closes
while the activation gate remains open. Thus, the structural
changes associated with the activation gate correlate with
photoincorporation at M2-20" residues, whereas those
associated with the desensitization gate correlate with
photoincorporation at M2-9'. Tt is as though the channel’s
long sausage-shaped cavity is squeezed at different points
during the conformation changes associated with opening
and fast desensitization (and presumably during slow
desensitization when both gates might be closed, although
the model did not address this issue).

The uncoupled model of desensitization postulates that
each subunit has only one desensitized structure, and that

the difference between fast and slow desensitized states is
in the number of subunits in their desensitized conforma-
tion.”> Fast desensitization is associated with the y-u
subunit pair desensitizing, whereas slow desensitization is
associated with the 4-o subunit pair. The M2-9' site will be
affected by the motion in any subunit, so that desensiti-
zation of the y-o subunit pair and then the J-o subunit pair
would be sufficient to lower photoincorporation during
both fast and slow desensitization, as is observed (Fig. 6).
The uncoupled model is also consistent with the behaviour
of the anesthetic site in the intrahelical bundle of the J-
subunit, because it remains unchanged during fast desen-
sitization and only changes during slow desensitization.
The structural basis for the J-subunit being the only one to
exhibit intrahelical binding may be that the J-subunit is the
only one that has a proline near the middle of M4. This
causes the upper part of the helix to bend out into the lipid-
protein interface, creating more space within the intrasub-
unit four-helix bundle.

Thus, a structural basis is beginning to emerge for the
way in which general anesthetics interact with their binding
sites as ligand-gated ion channels pass through their vari-
ous functional states. That the allosteric principle applies
means that it is now possible to conceive of designing
agents that are selective not only for a given receptor but
also for a given conformation of that receptor. Such spe-
cific design requires more detailed structural insights than
are currently available, but these are likely to come.
Meanwhile, functional studies are also often consistent
with allosteric action. The combination of functional and
structural studies will be necessary to obtain a complete
description of general anesthetic action.

Allosteric co-agonism: A formal mechanism for general
anesthetic actions in GABA 4 receptors

Formal allosteric paradigms for general anesthetic modu-
lation of GABA, receptors rarely have been applied in
molecular studies. The best-established paradigm is that for
etomidate effects at 15272 GABA, receptors,'” essen-
tially a two-state Monod-Wyman-Changeux (MWC)
allosteric co-agonist model (Fig. 7). The underlying
assumptions of MWC allosteric models, as outlined in
1965, include the existence of interchangeable conforma-
tions, both in the presence and absence of ligands, and
maintenance of symmetry during structural transitions.®
The simplest equilibrium MWC models have two inter-
changeable states, i.e., resting and active. Agonists in this
formalism are any ligands (orthosteric or allosteric) that
bind with higher affinity to active states than to inactive
states. Thus, addition of agonist preferentially stabilizes
open-channel conductive (active) states of ion channels.
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Fig. 7 The scheme depicts equilibrium two-state allosteric

co-agonism for GABA and etomidate actions on y-aminobutyric acid
type A (GABA,) receptors, as described by Riisch et al."® There are
two equivalent GABA sites and two equivalent etomidate sites. Only
doubly-bound states are shown, both for simplicity and because they
are the most highly populated states when ligands are present. GABA
binding transitions are blue, etomidate binding transitions are red, and
gating (opening and closing) transitions are black. The L, parameter
describes the basal equilibrium between closed (R) and open (O)
states. Kg is the dissociation constant for GABA interactions with
R-state receptors and Kg* is the dissociation constant for GABA
interactions with O-state receptors. The GABA efficacy factor, c, is
defined as Kg*/Kg. Kg is the dissociation constant for etomidate
interactions with R-state receptors, and Kg* is the dissociation
constant for etomidate interactions with O-state receptors. The
anesthetic efficacy factor, d, is defined as Kg*/Kg

The concept of inverse agonism is also implicit in these
mechanisms; inverse agonists are agonist site ligands that
bind better to inactive rather than to active states and act as
competitive antagonists in the presence of full agonists.

The co-agonist model for GABA and etomidate
emerged, in part, from research on GABA, receptor
mutations and other anesthetics. A similar model has been
considered previously for barbiturate actions on GABA,
receptors.’® In 1999, Chang and Weiss demonstrated that a
two-state equilibrium MWC allosteric model describes
GABA-dependent activation of GABA, receptors har-
bouring mutations at the highly conserved M2-9’
leucines.”” When L9’ residues are mutated to serines or
threonines, enhancement is produced of both basal recep-
tor-channel gating activity and apparent GABA sensitivity,
effects that are similar to those observed in the presence of
general anesthetics. In addition, studies showed that
potentiation of GABA, receptor responses to partial ago-
nists by propofol’® and barbiturates™ is due to increased
agonist efficacy rather than to enhanced agonist binding at
the orthosteric (GABA) binding site.

For etomidate, other critical observations supported a
MWC co-agonist mechanism. First, etomidate displays
significant stereospecific actions as an anesthetic, paral-
leling its stereospecificity at GABA, receptors and
providing convincing evidence for a protein site or sites of
action.>*%%°! L ike a number of other general anesthetics,
etomidate potentiates GABA-dependent receptor activa-
tion, resulting in enhanced apparent GABA sensitivity.
Furthermore, high concentrations of etomidate directly
activate GABA, receptors in the absence of orthosteric
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agonists, an action termed direct activation or GABA-
mimetic activity.®"® Notably, the tenfold to twentyfold
R(+)/S(-) stereoselectivity observed for GABA potentia-
tion of GABA4 receptors was the same magnitude as that
seen for direct activation by etomidate.**% In addition,
subunit substitutions and mutations that reduced GABA,
receptor sensitivity to GABA potentiation also reduced
direct activation by etomidate.®*®* These observations
suggest that a single class of allosteric etomidate sites may
underlie both potentiation of GABA responses and direct
receptor activation.

An alternative hypothesis is that the GABA-potentiating
and direct activating effects of general anesthetics are
mediated respectively by distinct high- and low-affinity
sites on GABA 4 receptors.®” Support for the existence of
high-affinity anesthetic sites depends on the methods used
to quantify GABA potentiation. In particular, the presence
of high-affinity sites has been inferred frequently from
measurements of anesthetic potentiation at a single GABA
concentration, usually EC5 or EC10. The flaw in this
approach is that the half-effect anesthetic enhancing con-
centration varies depending on the amount of GABA
activation being enhanced. Thus, if one assumes that sat-
urating GABA activates nearly all receptors (i.e., intrinsic
efficacy is about 1.0), then an anesthetic concentration that
enhances activation tenfold will produce a maximum effect
in the presence of GABA at EC10. In other words, the
observable amount of enhancement has a “ceiling” around
tenfold. Under these conditions, the half-effect anesthetic
concentration will produce a 4.5-fold enhancement (half-
way between onefold and tenfold). However, in a similar
experiment performed using GABA at EC25, the anesthetic
concentration that quadruples activation will produce
maximal activation, and the half-effect anesthetic concen-
tration will enhance activation by only 1.5-fold. In contrast,
assessing allosteric enhancement from shifts in agonist
response curves eliminates the “ceiling effect.” When
etomidate-induced GABA potentiation was assessed using
leftward shifts of concentration-responses curves, no evi-
dence for high-affinity sites was found,'> suggesting that
both direct activation and agonist enhancement might be
mediated by a single class of low-affinity sites by anes-
thetic binding.

The MWC co-agonist model (Fig. 7) explains anesthetic
actions by postulating a single class of allosteric anesthetic
sites that act as co-agonist sites linked to the receptor
gating equilibrium. Monod-Wyman-Changeux analysis of
wild-type 15292, GABA, receptor function quantita-
tively accounts for direct activation, enhancement of
currents elicited with GABA ECS5, and etomidate-depen-
dent shifts in GABA effective concentration (EC)s. It also
quantitatively accounts for effects of combining etomidate
with a partial agonist.'”> Moreover, models postulating two
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equivalent etomidate sites fit the data significantly better
than models assuming different numbers of etomidate sites,
a conclusion that accurately predicted subsequent azie-
tomidate photolabelling results.”’

Allosteric co-agonism as a framework for structure-
function analysis

The MWC allosteric co-agonist model has proven to be a
powerful tool for analysis of structure-function studies of
etomidate interactions with GABA 4 receptors. An idea that
emerges directly from MWC allosteric principles is that
receptors (including certain wild-type GABA, subunit
combinations, and also mutants) can activate spontane-
ously in the absence of agonists. Furthermore, as Chang
and Weiss observed, more spontaneous activity is associ-
ated with an apparent higher affinity for agonists. Thus, the
co-agonist mechanism correctly predicts that spontane-
ously active GABA 4 receptors with an L9’S or L9'T gating
mutation are exquisitely sensitive to direct activation by
etomidate.'” Indeed, assessment of spontaneous activity in
GABA, receptor mutants is a critical factor in MWC
allosteric models. Wild-type «1f2y2L receptors are esti-
mated to have a very low spontaneous activity
(Py < 0.0001), and experimentally, it is difficult to measure
activity this low. However, when the impact of a mutation
on spontaneous activity is small, it can be estimated using
mutant-cycle analysis by adding a second mutant subunit
containing an L9'S or LY'T.®®

To date, the MWC co-agonist framework has been used
to analyze the effects of GABA, receptor mutations at
three amino acids that are hypothesized to interact with
etomidate.®®®” Two of these residues, «M236 and SM286,
were identified by azietomidate photolabelling of purified
detergent-solubilized bovine brain receptors™ (see Loca-
tion of gemneral anesthetic sites on GABA, receptors,

above). Stewart er al.®’ hypothesized that bulky hydro-
phobic tryptophan side chains at these residues would
occupy the space where etomidate binds. The f2M286W
mutation in the «1f2y2 background increases receptor
sensitivity to GABA and produces spontaneous gating in
the absence of GABA, which is detectable using picrotoxin
(Table 1). These functional characteristics of the mutant
channel mimic the impact of etomidate binding.®’ In
addition, in the presence of etomidate, f2M286W channels
display neither GABA modulation nor direct activation. In
the absence of etomidate-dependent effects, model fitting
to these data fails to indicate whether etomidate binding or
efficacy is reduced by the mutation (Table 2). Similar to
f2M286W, the «1M236W mutation produces receptors
with increased GABA sensitivity relative to wild-type and
spontaneous activation, mimicking the effects of etomidate
binding to wild-type receptors. Notably, receptors har-
bouring «1M236W mutations are potently and
efficaciously activated by etomidate, while modulation of
GABA responses by etomidate is much weaker than that
observed in wild-type receptors. Monod-Wyman-Change-
ux modelling proves valuable in making sense of this
pattern of results. The small leftward shift of GABA
responses results in a low etomidate efficacy factor in the
fitted model, but this low efficacy is sufficient to activate
fully those channels that have a strong propensity to open
based on their spontaneous activity.

Another GABA, receptor residue of great interest is
p2N265 (M2-15"), which faces away from the transmem-
brane pore in homology models. Mutations at this site on
the pore-forming M2 helix were first reported to reduce
etomidate and loreclezole sensitivity dramatically.®® Fur-
thermore, mice with knock-in mutations S2N265S or
B3N265M have normal baseline phenotypes but markedly
altered behavioural sensitivity to various etomidate, pro-
pofol, and barbiturate actions."*® Compared with wild-type
receptors in oocytes, a1 $2N265Sy2L receptors display no

Table 1 Functional characteristics of wild-type and mutant GABA4 receptors activated with GABA =+ etomidate

Receptor Spontaneous GABA GABA Etomidate Etomidate Left-Shift Ratio
Activation® ECso (UM) Efficacy’ ECso (UM) Efficacy* (CNTL/ETO)

ol p2y2L <0.001 26 0.9 36 04 20

a1M236W 52921 0.16 2.0 0.99 12 0.97 1.7

ol f2M286Wy2L 0.04 6.6 1.0 NA <0.001 1.1

ol f2N265Sy2L <0.001 27 0.93 78 0.03 2.3

ol f2N265My2L <0.001 32 0.84 NA <0.001 0.95

* Spontaneous activation is estimated using picrotoxin to block constitutively active receptors in the absence of agonists. The picrotoxin-

sensitive current was normalized to the maximum GABA current.

¥ GABA efficacy is estimated using positive allosteric modulators (etomidate or alphaxalone) to enhance the maximum current elicited by high
GABA concentrations. We assume that the combination of high GABA plus allosteric enhancer activates all receptors.

! Etomidate efficacy is the maximum current elicited by etomidate, normalized to the maximum current elicited with GABA. GABA, =
y-aminobutyric acid type A receptors; ECso = effective concentration; CNTL = control measured in the absence of etomidate; ETO =

etomidate.
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Table 2 Monod-Wyman-Changeux co-agonist model parameters for
wild-type and mutant GABA, receptors activated with GABA =+
etomidate

Receptor Lo K (uM) ¢ Kg (uM) d
olp2y2L 25,000 70 0.0019 40 0.0077
a1M236Wf2y2L 6.2 51 0.021 24 0.18
ol f2M286Wy2L 31 32 0.029 NA NA

al f2N265Sy2L. 25,000 68 0.0018 88 0.038
ol f2N265My2L. 50,000 59 0.0019 NA NA

The allosteric model parameters are described in the legend to Fig. 1.
L, was estimated as described in Desai et al.®® Parameters were fit by
non-linear least squares as described in Desai er al.®® GABA, =
y-aminobutyric acid type A receptors; ¢ = GABA efficacy factor;
d = anesthetic efficacy factor; NA = not available.

change in basal gating, GABA ECs,, or GABA efficacy.®
The B2N265M mutation slightly increases GABA ECsq
and reduces GABA efficacy. Combining this mutation with
the «1L.264T mutation that produces spontaneous activa-
tion reveals that the [2N265M mutation reduces
spontaneous gating about twofold, which accounts for both
its altered GABA ECs, and its efficacy. Both «1N265
mutations also confer etomidate insensitivity. The
B2N265S mutation reduces both GABA modulation and
direct activation by etomidate, while f2N265M eliminates
these etomidate effects. The MWC co-agonist model fitting
to the data set for f2N265S suggests that etomidate effi-
cacy is reduced far more than etomidate affinity to resting
receptors. Nonetheless, efficacy in the context of MWC
models represents the relative affinity for active vs inactive
receptors. Thus, fN265 mutations appear to have no effect
on etomidate binding to resting (closed) receptors, but
BN265 may contact etomidate in open receptors, where M
and S mutations weaken binding.

The framework of MWC allosteric co-agonism has also
proven valuable in designing protection studies based on
cysteine substitutions and modification with small sulfhy-
dryl-modifying probes. Prior work, notably in the labs of
Akabas**® and Czajkowski,m have shown that the rate of
sulfhydryl modification is often dependent on whether
receptors are closed vs active. Therefore, to interpret pro-
tection studies properly when it is hypothesized that ligands
sterically interfere with sulfhydryl modification, one must
identify control and protection conditions where the distri-
bution of resting vs activated receptors is similar.
Furthermore, protection can best be demonstrated when
ligand occupancy is high and when that ligand has agonist
activity. As with anesthetics at GABA, receptors, the
problem is complicated further by the protective ligand
altering the distribution of resting and activated receptors.
The approach used in our lab to provide a framework for
designing optimal protection experiments has been to
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“phenotype” cysteine substituted mutant receptors using the
MWC co-agonist model, including measurement of spon-
taneous activation, GABA binding and efficacy, and
anesthetic binding and efficacy. The results (not yet pub-
lished) provide a more solid basis for inferences about which
GABA 4 receptor residues interact with general anesthetics.

Can allosteric co-agonism at GABA, receptors be
generalized to other drugs and experiments?

So far, simple equilibrium MWC co-agonist models appear
to work well for the analysis of oocyte electrophysiology
data for GABA 4 receptors, where the relatively slow rate of
drug concentration changes may result in mixing of receptors
in activated and desensitized states. Further experiments will
be required to determine if similar or related models will be
useful for interpreting rapid kinetic patch-clamp electro-
physiological data, single-channel kinetic data, or other
types of dynamic signals, such as those from fluorescent
labels within GABA4 receptors. The concept of allosteric
agonism will likely be a useful framework for interpreting
the actions of other general anesthetic drugs. Structural
studies locating the high-affinity benzodiazepine binding
site at a position homologous to the orthosteric agonist
(GABA) binding sites suggested that these drugs might be
allosteric agonists. This premise was shown to be the case in
two ways. First, benzodiazepine agonists were shown to gate
spontaneously active mutant ol1L264TS2y2L GABA,
receptors directly, approximately tripling open probability.
Thus, benzodiazepine agonists directly enhance the gating
of these receptors in the absence of orthosteric agonists.
Second, when wild-type a1f2y2L. GABA, receptors are
maximally activated with the partial agonist, P4S, addition of
benzodiazepine agonists increases the maximal current,
indicating that these drugs also increase gating efficacy
under conditions where orthosteric sites are fully occupied
by agonist.”!

There is related data supporting the idea that propofol
and barbiturates, and perhaps neurosteroids, act as allo-
steric agonists at GABA , receptors. We have noted already
that propofol and barbiturates enhance the efficacy of
partial agonists, indicating that they affect gating rather
than agonist binding. At supra-clinical concentrations,
barbiturates, propofol, and volatiles also directly activate
synaptic GABA, receptors. The single-channel conduc-
tance elicited with barbiturates matches that elicited using
GABA, supporting the assumption that similar, if not
identical, conformational changes are triggered by these
two classes of agonist.’”’? Similarly, cysteine accessibility
and cross-linking studies in the channel-lining M2 helices
of GABA, receptors indicate that channel structure is
similar when opened by both GABA and propofol.”
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Can propofol actions at GABA, receptors be described
by an allosteric co-agonist mechanism similar to that for
etomidate? We have addressed this question by comparing
the linkages between direct activation and GABA modu-
lation for both propofol and etomidate. Using oocyte
electrophysiology, we identified a propofol concentration
that is equipotent with 10 uM etomidate for direct activa-
tion of alf2y2L. GABA, receptors. Preliminary studies
demonstrate that the shift in GABA concentration-respon-
ses produced by this propofol concentration matches that
produced by 10 pM etomidate. Thus, the linkage between
direct agonism and GABA modulation inherent in co-
agonist models is maintained for propofol. Additional
experiments are underway to establish the number of
equivalent propofol sites that best fits the MWC model.

Emerging hypotheses regarding anesthetic modulation
sites on Cys-loop ion channels

Research during the previous two decades has tremendously
improved our understanding of the mechanisms underlying
general anesthetics. In the case of etomidate, transgenic
animal studies"®® have confirmed that the major molecular
targets are GABA 4 receptors. The major functional effects
of drug binding to targets are explained by allosteric co-
agonism,"> and photolabelling has identified the binding
sites amidst transmembrane helices.>> Additional potential
binding sites of this type exist both within the four TM
helices of single Cys-loop ion channel subunits and also
within the transmembrane pore and at subunit interfaces.
Indeed, recent data suggest that the sites where neuroster-
oids and propofol bind to GABA, receptors differ from
those for etomidate.*” The formal functional paradigm
presented for etomidate may apply to these other potent
general anesthetic drugs. Combining photolabelling with
structure-function mutational studies in the context of
allosteric mechanisms should lead us to a more detailed
understanding of how and where these important drugs act.
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