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To locate the binding sites of general anesthetics on ligand-gated ion channels, two derivatives of the
intravenous general anesthetic etomidate (2-ethyl 1-(phenylethyl)-1H-imidazole-5-carboxylate), in which
the 2-ethyl group has been replaced by photoactivable groups based on either aryl diazirine or benzophenone
chemistry, have been synthesized and characterized pharmacologically. TDBzl-etomidate (4-[3-(trifluoro-
methyl)-3H-diazirin-3-yl]benzyl 1-(1-phenylethyl)-1H-imidazole-5-carboxylate) and BzBzl-etomidate (4-
benzoylbenzyl-1-(1-phenylethyl)-1H-imidazole-5-carboxylate are both potent general anesthetics with half-
effective anesthetic concentrations of 700 and 220 nM, respectively. Both agents resembled etomidate in
enhancing currents elicited by low concentrations of GABA on heterologously expressed GABAA receptors
and in shifting the GABA concentration-response curve to lower concentrations. They also allosterically
enhanced the binding of flunitrazepam to mammalian brain GABAA receptors. Both agents were also effective
and selective photolabels, photoincorporating into some, but not all, subunits of theTorpedonicotinic
acetylcholine receptor to a degree that was allosterically regulated by an agonist or a noncompetitive inhibitor.
Thus, they have the necessary pharmacological and photochemical properties to be useful in identifying the
site of etomidate-induced anesthesia.

Introduction

The intravenous agent, etomidatea (2-ethyl 1-(phenylethyl)-
1H-imidazole-5-carboxylate), is one of the most potent general
anesthetic agents in clinical use today causing anesthesia with
a half-effective concentration of∼2 µM.1,2 Unlike the inhaled
anesthetics, which act on a number of different ion channels at
clinical concentrations, its mode of action is much more
selective.3 On the Cys-loop ion channel superfamily of receptors,
which include subtypes activated by GABA, glycine, serotonin,
and acetylcholine, it appears to act at the lowest concentrations
on GABAA receptors but also affects the other members at
somewhat higher concentrations.4 At the GABAA receptor, it
enhances GABA-induced currents by increasing the receptor’s
open probability, resulting in a shift in the agonist concentra-
tion-response curve to lower concentrations.5 Enhancement is
â-subunit-dependent and greater for theâ2- andâ3-subunits than
for theâ1-subunit. Chimeras of these subunits demonstrated that
enhancement could be attenuated by a single mutation in the
second transmembrane helix of theâ2- or â3-subunit.6,7 Knock-
in mice containing this mutation in theâ2-subunit are less
sensitive to the sedative-hypnotic effects of etomidate8 and in
the â3-subunit are less sensitive to many anesthetic effects of
etomidate.9 However, it is unclear whether this mutation is
located in etomidate’s binding site or whether it acts indirectly
and allosterically on gating to reduce the effect of etomidate.10

An approach to locating the actual binding site is to develop
photoactivable derivatives of etomidate and to use these to
identify photoincorporation sites in relevant ion channels. One
such agent, azietomidate [2-(3-methyl-3H-diaziren-3-yl)ethyl
1-(1-phenylethyl)-1H-imidazole-5-carboxylate], in which an
ethoxy group has been replaced by a 3-azibutoxy group, has
been synthesized previously.11 It exhibits very similar potency
and pharmacology to the parent compound both in tadpoles and
rodents. Furthermore, in knock-in mice bearing the above-
mentioned mutation in theâ3-subunit of the GABAA receptor,
its potency compared to wild type is attenuated in parallel with
that of etomidate.12 Azietomidate has been successfully used
to photolabel the abundantTorpedo nicotinic acetylcholine
receptor (nAcChoR).11 The latter receptors are photolabeled in
an agonist-dependent manner, and photoincorporation is subunit-
dependent. Residues in two different regions of the nAcChoR
have photoincorporated azietomidate.13 In the transmembrane
region, there is binding in the ion channel, and in the
extracellular region, there is low affinity binding in the agonist-
binding pocket. The success of this agent is very encouraging,
but the results obtained for this ligand, as well as with
azialkanols, suggested that the reactive intermediates produced
upon photolysis of the aliphatic diazirines react most efficiently
with the nucleophilic amino acid side chains, Glu, Asp, His,
and Tyr.13-16 Although the alkyl diazirine is the least sterically
perturbing photoactivable group available, successful application
of this method to less abundant neuronal receptors would be
greatly facilitated by the development of derivatives of general
anesthetics that photoincorporate both with higher efficiency
and into a broader range of amino acid side chains.

In this study we have synthesized and characterized two new
etomidate derivatives in which the alkyl diazirine has been
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replaced by either a benzophenone or an aryl diazirine moiety,
either of which upon photoactivation can also incorporate with
high efficiency into normally unreactive aliphatic side chains.17-19

Here, we show that, despite the larger substituent groups, these
agents are potent general anesthetics that exert pharmacological
actions on members of the Cys-loop ion channel superfamily
of receptors. Furthermore, they both photoincorporate in an
agonist- and subunit-dependent manner into nicotinic acetyl-
choline receptors.

Chemistry

Our aim was to synthesize and evaluate photoactivable
analogues of the general anesthetic etomidate that would
photoincorporate into a different spectrum of amino acid
residues than the aliphatic diazirinyl derivative we previously
used for photolabeling general anesthetic sites on acetylcholine
and GABAA receptors.13,14,20 For this purpose, we chose to
incorporate trifluoromethylaryl diazirine and benzophenone
photoreactive groups into the etomidate backbone to give two
new photoreactive general anesthetics,R-4-[3-(trifluoromethyl)-
3H-diazirin-3-yl]benzyl-1-(1-phenylethyl)-1H-imidazole-5-car-
boxylate4 (TDBzl-etomidate, Scheme 1) andR-4-benzoylbenzyl-
1-(1-phenylethyl)-1H-imidazole-5-carboxylate7 (BzBzl-etomi-
date, Scheme 2), respectively. The strategy for the synthesis of
these derivatives was to coupleR-1-(1-phenylethyl)-1H-imida-
zole-5-carboxylic acid (3), obtained by alkaline cleavage of the
ester bond ofR-2-ethyl-1-(1-phenylethyl)-1H-imidazole-5-car-
boxylate (etomidate), with the appropriate hydroxyl group-
containing component, 4-[3-(trifluoromethyl)-3H-diazirin-3-
yl]benzyl alcohol,2 (Scheme 1) or 4(hydroxymethyl)benzophen-
one, 6 (Scheme 2). 4-[3-(Trifluoromethyl)-3H-diazirin-3-yl]-
benzyl alcohol was prepared from 4-[3-(trifluoromethyl)-3H-
diazirin-3-yl]benzoic acid (1) by reduction with borane. 4(Hy-
droxymethyl)benzophenone was prepared by hydrolysis of
4-(bromomethyl)benzophenone (5) with calcium carbonate. The
two alcohols were coupled with the carboxyl group-containing
component in the presence of carbodiimide and the nucleophilic
catalyst (dimethylamino)pyridine. Radiolabeled probes were

synthesized from [3H]etomidate using a procedure similar to
that used for the preparation of the unlabeled agents.

Results

General Anesthetic Potency.The tadpole is a traditional
animal for measuring in vivo general anesthetic potency when
limited quantities of material are available. The concentration-
response curves of TDBzl-etomidate and BzBzl-etomidate for
loss of righting reflex (LORR) inXenopustadpoles are shown
in Figure 1. Both derivatives proved to be more potent (EC50

values of 0.7( 0.1 µM and 0.22( 0.03 µM, respectively)
thanR-etomidate andR-azietomidate (EC50’s of 2.3 ( 0.1 and
2.2 ( 0.1 µM, respectively).11 All animals exposed to the
anesthetic fully recovered from it when left in freshwater
overnight, but at the highest concentrations toxicity was
observed. Groups in which any animals died overnight were
excluded from the analysis. Toxicity was apparent at and above
∼2 µM for TDBzl-etomidate and 4µM for BzBzl-etomidate.
All animals exposed to 6µM of either agent died.

The saturated aqueous solubilities in 10 mM Tris, pH 7.4, of
BzBzl-etomidate and TDBzl-etomidate were 37 and 90µM,
respectively. The octanol/water partition coefficients of TDBzl-
etomidate and BzBzl-etomidate were estimated to be 19 000
and 25 000, respectively, with estimated errors of 15%. Because
of the high partition coefficients, the radioactivity remaining in
the aqueous phase was dominated by water-soluble impurities
that eluted with shorter retention times than the expected
compounds. These impurities were∼0.2% of the sum of the
counts in both phases, but 97% of the aqueous sample.

Potentiation of GABA-Evoked Currents. All experiments
on GABA-ergic gating were carried out onXenopusoocytes
expressing humanR1â2γ2L GABAA receptor subunits using two-
microelectrode voltage clamp electrophysiology. Currents stimu-
lated with partially activating concentrations of GABA (10µM
≈ EC10) were enhanced by etomidate (diamonds, Figure 2A)
at concentrations above 0.1µM and increased monotonically
up to a 10-fold enhancement at 10µM. In comparison, both of

Scheme 1.Synthesis of TDBzl-Etomidate

Scheme 2.Synthesis of BzBzl-Etomidate

Figure 1. General anesthetic potency of BzBzl-etomidate and
TDBzl-etomidate. Xenopus tadpoles were equilibrated with the
anesthetics before checking their loss of righting reflex (LORR). For
clarity, at each concentration individual experiments were pooled to
give groups of 5-20 tadpoles. The total number of animals, the EC50

(µM), and the slopes of the dose-response curves of the drugs
investigated were as follows (errors are standard deviations, SD):
TDBzl-etomidate (circles), 90, 0.7( 0.1, and 2.2( 0.4; BzBzl-
etomidate (squares), 100, 0.22( 0.03, and 2.5( 0.5. For comparison
the EC50’s of R-etomidate (diamonds, thin line) andR-azietomidate
were previously determined to be 2.3 and 2.2µM, respectively (ref
11).
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the new agents were more potent, causing nearly 3-fold
enhancement at 0.1µM. However, their efficacy at high
concentrations was not greater than that of etomidate. For
example, at 5µM, TDBzl-etomidate was as efficacious as
etomidate, but BzBzl-etomidate had the lowest efficacy of the
group. TDBzl-etomidate up to 1µM and BzBzl-etomidate
up to 10µM did not elicit currents in the absence of GABA.

Potentiation was further characterized by determining GABA
concentration-response curves at fixed anesthetic concentration
(Figure 2B). Because the GABA EC50 varied from∼30-60
µM between oocytes, the GABA concentration was normalized
to its EC50 for each oocyte in order to display combined data
from different experiments. Etomidate at 1µM produced a
2-fold reduction in EC50 (not shown), while 1µM TDBzl-
etomidate caused a 6-fold decrease in GABA EC50. On the other
hand, 3µM BzBzl-etomidate caused a smaller shift than did 3
µM etomidate (8- vs 28-fold). Only 3µM BzBzl-etomidate

caused a small but clear increase in the current elicited by
maximally activating concentrations of GABA (1.23( 0.08-
fold).

Inhibition of the 5-HT 3A Receptors. At 10 times their
anesthetic EC50, TDBzl-etomidate (7µM) and BzBzl-etomi-
date (2.2µM) caused little inhibition of currents induced by a
maximally activating concentration of serotonin (100µM; Figure
3). Etomidate and azietomidate did inhibit currents induced by
100µM serotonin but only at concentrations above 10µM. Their
IC50’s are 30 and 8 times their respective anesthetic EC50’s.
Our value for etomidate is consistent with those in the
literature.21,22 Thus, none of these agents caused significant
effects on 5-HT3A receptors at clinical concentrations. At the
maximum concentrations shown in Figure 3, there was no
evidence for an enhancing action by any of these agents at a
submaximal concentration of serotonin (1µM; ∼EC10, data
not shown). This is not surprising because such an action is
limited to general anesthetics smaller than these.23

Allosteric Regulation of GABAA Receptor Ligand Binding.
To compare their allosteric action, the effects of various
concentrations of etomidate and its derivatives on 1 nM [3H]-
flunitrazepam binding to cerebral cortex membranes were
examined. As shown in Figure 4, parts A and B, all the
derivatives enhanced [3H]flunitrazepam binding at concentra-
tions up to 10µM, but only etomidate and azietomidate caused
a subsequent decrease. Etomidate enhanced binding at concen-
trationsg 1 µM, whereas the derivatives did so at concentrations
g 0.3, 1, and 0.1µM for azi-, TDBzl-, and BzBzl-etomidate,
respectively (P < 0.01 compared to control (no etomidate)
group, unpairedt-test). With the exception of etomidate,
enhancement reached a clear plateau of∼1.3-1.4-fold by 10-
30 µM. For the agents exhibiting plateaus, the concentration
dependence of enhancement could be fit to logistic curves,
yielding half-effect concentrations of 0.80( 0.08, 4.5( 0.9,
and 1.1( 0.3 µM for azietomidate, TDBzl-etomidate, and
BzBzl-etomidate, respectively.

In the inhibition phase, 100µM etomidate was more effective
than azietomidate at reducing [3H]flunitrazepam binding to a

Figure 2. TDBzl-etomidate and BzBzl-etomidate enhance GABA-
induced currents.Xenopusoocytes expressing humanR1â2γ2L GABAA

receptor subunits were voltage clamped using two-microelectrode
electrophysiology. (A) Currents elicited by 10µM GABA (∼EC10) are
enhanced in a concentration-dependent fashion by TDBzl-etomidate
(circles), BzBzl-etomidate (squares), and etomidate (diamonds). (B)
GABA concentration-response curves (filled circles) are shifted to the
left by all three etomidate derivatives: 1µM TDBzl-etomidate (open
circles), 3 µM BzBzl-etomidate (squares), and 3µM etomidate
(diamonds). The GABA concentration has been normalized to the
control EC50 of each experiment to account for systematic variation
(see the Results section). The curves were fit to a logistic function.
The EC50, slope, and maximum current (all( SD) were as follows:
control 1.0( 0.2, 0.85( 0.09, 1.04( 0.04; 1 µM etomidate (not
shown) 0.6( 0.2, 0.8( 0.2, 1.07( 0.01; 1µM TDBzl-etomidate
0.16( 0.03, 0.53( 0.05, 1.10( 0.04; 3µM BzBzl-etomidate 0.13
( 0.05, 0.6( 0.1, 1.23( 0.08; 3µM etomidate 0.04( 0.01, 0.7(
0.2, 1.08( 0.05.

Figure 3. The 5-HT3A receptor is not inhibited at clinical concentrations
by any of the etomidate derivatives. Experiments were carried out in
voltage clampedXenopusoocytes using two-microelectrode electro-
physiology. TDBzl-etomidate and BzBzl-etomidate caused minimal
inhibition at the concentrations examined, but etomidate and azieto-
midate were more effective. The data could be fit to a logistic function
to give IC50’s of 70 ( 9 and 18( 2 µM and Hill coefficients of-1.7
( 0.3 and-1.5 ( 0.2, respectively. Symbols: TDBzl-etomidate
(circles); BzBzl-etomidate (squares); azietomidate (diamonds); 3µM
etomidate (triangles).

4820 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 16 Husain et al.



level below the control group (78.5( 0.4%, mean( standard
error) compared to 115( 2%. The other derivatives caused no
significant decrease at the highest concentration examined.

Photoincorporation into the TorpedonAcChoR. Photoin-
corporation of [3H]BzBzl-etomidate (Figure 5, parts A and B)
and [3H]TDBzl-etomidate (Figure 5, parts C and D) into
TorpedonAcChoR-rich membranes was evaluated by SDS-
PAGE followed by fluorography (Figure 5, parts A and C) or
by liquid scintillation counting of the excised gel bands (Figure
5, parts B and D). In a typicalTorpedomembrane preparation,
nAcChoRs constitute about 10-20% of the protein, whereas
other prominent polypeptides include rapsyn, a 43 kDa periph-
eral protein that binds to the cytoplasmic projection of the
nAcChoR, polypeptides from contaminating membranes from
the noninnervated surface of the electrocyte (90 kDaR-subunit
of the Na+/K+-ATPase), and mitochondrial membrane frag-
ments enriched in the 34 kDa voltage-dependent anion channel
(VDAC).24

For nAcChoR-rich membranes photolabeled by [3H]BzBzl-
etomidate in the presence of carbamylcholine,3H incorporation
was seen predominantly within the nAcChoRR-, γ-, and
δ-subunits. In the presence of agonist, the photolabeling in the
γ- and δ-subunits was enhanced by∼100% and ∼80%,

respectively, compared to the absence of agonist (control), while
the labeling of theR-subunit was increased by∼25%. The
agonist-enhanced labeling of theR- andδ-subunits was reduced
to control levels by the noncompetitive antagonist proadifen (100
µM), which binds to a site within the nAcChoR ion channel. In
contrast, the agonist-enhanced labeling of theγ-subunit was not
inhibited by proadifen. The presence of carbamylcholine or
proadifen altered photolabeling of the nAcChoRâ-subunit by
∼10-15%, the same level of variability seen for the3H
incorporation into the 90 KDaR-subunit of the Na+/K+-
ATPase, which we take as a measure of the intrinsic variability
in the analysis of3H incorporation by gel slice analysis.

Photolabeling by [3H]TDBzl-etomidate revealed that car-
bamylcholine enhanced labeling selectively in theδ-subunit by
60%, while proadifen, but not carbamylcholine, increased
labeling in theR-subunit by∼70%. Both the proadifen-enhanced
labeling in theδ-subunit and the agonist-enhanced labeling in
theR-subunit were reduced to control levels in the presence of
carbamylcholine and proadifen. Photolabeling within theâ- and
γ-subunits appeared unaffected by the presence of either drug.

In addition to photolabeling in the nAcChoR subunits,
inspection of the fluorograms also reveals carbamylcholine- and
proadifen-insensitive photolabeling of VDAC by both probes.
In addition, [3H]TDBzl-etomidate photolabeled a polypeptide
whose mobility was close to that of rapsyn. However, because
the pharmacological specificity of that photolabeling was the
same as that of the adjacent nAcChoRR-subunit, we suspect
that the most of the3H is incorporated in a photolabeled

Figure 4. TDBzl-etomidate and BzBzl-etomidate allosterically
enhance [3H]flunitrazepam binding to GABA receptors. (A) TDBzl-
etomidate (circles) and BzBzl-etomidate (squares) both enhance,
whereas (B) etomidate (diamonds) and azietomidate (triangles) both
exert a biphasic action on flunitrazepam binding to brain GABA
receptors. Membranes from bovine cerebral cortex were incubated with
1 nM [3H]flunitrazepam and various concentrations of etomidate
derivatives for 1 h.

Figure 5. Photolabeling ofTorpedonAcChoR-rich membranes with
[3H]BzBzl-etomidate (panels A and B) or [3H]TDBzl-etomidate
(panels C and D). The photolabeled polypeptides were resolved by
SDS-PAGE, and the gels processed for fluorography (4-6 weeks of
exposure) (panels A and C) or3H incorporation into individual
polypeptides were quantified by liquid scintillation counting of the
excised protein bands (panels B and D). For panels A and C: lane 1,
polypeptides as visualized by coomassie blue stain; lane 2, control,
absence of carbamylcholine and proadifen; lane 3, presence of
carbamylcholine; lane 4, presence of proadifen; lane 5, presence of
both carbamylcholine and proadifen. Also indicated are the stained
bands corresponding to the nAcChoR subunits (R, â, γ, δ), rapsyn
(Rsn), theR-subunit of the Na+/K+-ATPase (90 K), and mitochondrial
chloride channel (VDAC).

DeriVatiVes of Etomidate for Photolabeling Journal of Medicinal Chemistry, 2006, Vol. 49, No. 164821



R-subunit of altered mobility, as was seen previously for
nAcChoRs photolabeled with [3H]d-tubocurarine.25

Discussion

General Anesthetic Properties.Both the new derivatives
were typical reversible general anesthetics in tadpoles, and they
were considerably more potent than either etomidate or azieto-
midate. Thus, a large substituent at this position on the etomidate
backbone appears to be well tolerated, and the associated
increase in hydrophobicity increased anesthetic potency. This
is consistent with the report that in rats the nature of the ester
group caused relatively minor 2-3-fold variations in potency.
However, the larger structural variation examined in our work
resulted in larger increases (e10-fold) compared to those of
etomidate. Although BzBzl-etomidate with an EC50 of 220 nM
is the most potent nonsteroidal agent that we are aware of, such
potency is not unprecedented. In a recent survey of 22 propofol
analogues in tadpoles, the most potent was 2,6-di-sec-butylphe-
nol with an EC50 0f 400 nM in tadpoles.26

Actions on Ligand-Gated Ion Channels.The large substit-
uents did, however, change actions at theR1â2γ2L GABAA

receptor. Most notably these agents, unlike etomidate and
azietomidate,11 were unable to gate the receptor in the absence
of agonist. However, such gating actions occur at supraclinical
concentrations, whereas the ability to enhance the response to
low concentrations of agonist and to shift the GABA concentra-
tion-response curve to the left are seen at clinical concentra-
tions. All the agents shared this action (Figure 2, parts A and
B). Consistent with their higher general anesthetic potency,
TDBzl-etomidate and BzBzl-etomidate both had lower thresh-
old concentrations than etomidate for enhancing submaximal
GABA currents, and at concentrations up to 1µM, both
compounds caused larger reductions in GABA EC50 than did
etomidate. When compared at their general anesthetic EC50’s,
both azietomidate and TDBzl-etomidate enhanced EC10 cur-
rents by about 5.5-fold (Table 1), whereas enhancement by
BzBzl-etomidate was only 3.0-fold.

In the clinical concentration range, all four agents enhanced
flunitrazepam binding, although at higher concentrations TD-
Bzl-etomidate and BzBzl-etomidate lacked the ability to
decrease its binding. However, this might simply reflect
solubility limitations. Such allosteric modulation of GABA,
benzodiazepine, and picrotoxin-like binding by anesthetics has
been shown to parallel general anesthetics’ ability both to
enhance GABAA receptor function in vitro and to produce CNS
depression in vivo.27

Overall, TDBzl-etomidate and BzBzl-etomidate resemble
etomidate in their actions on GABAA receptors at clinical
concentrations and thus have the potential to be useful agents
for photolabeling the etomidate binding sites on this receptor.
Furthermore, because they lack some of the additional phar-
macological properties that etomidate and azietomidate exert

on GABAA receptors at higher concentrations, they may well
be more selective photolabels than azietomidate.

Etomidate is also characterized by the ability to inhibit the
cation-conducting channels of the Cys-loop superfamily, the
nicotinic and 5-HT3A receptors, but it only does so at supra-
clinical levels. For the 5-HT3A receptor, we found that etomidate
and azietomidate had IC50’s of 70 and 18µM, 30- and 8-fold
above their anesthetic concentrations, respectively. TDBzl-
etomidate and BzBzl-etomidate were more selective, causing
no inhibition up to 10 times their general anesthetic EC50’s.
Thus, all four etomidates cause no more than modest (e10%)
inhibition of 5-HT3A receptors at clinical concentrations.

Photoincorporation into the nAcChoR. The GABAA recep-
tor has such low abundance in brain that determining which
amino acid residues are photolabeled presents a formidable
challenge that is beyond the scope of this manuscript.28,29 In
contrast, the abundantTorpedonAcChoR has been the subject
of many detailed photolabeling studies, the results of which have
proved useful when extrapolated to the other members of the
superfamily, particularly since the determination of the nAc-
ChoR’s complete structure at a resolution of∼4 Å.30 Thus,
examining the ability of [3H]TDBzl-etomidate and [3H]BzBzl-
etomidate to photolabel the nAcChoR is an important step in
assessing their utility as a photoaffinity reagents.

TDBzl-etomidate and BzBzl-etomidate photolabeled all the
nAcChoR subunits as well as other polypeptides in the
membrane suspension. However, the important point is that only
in certain nAcChoR subunits, and never in the other polypep-
tides, was the level of photoincorporation modulated pharma-
cologically by the agonist, carbamylcholine, or the channel
blocker, proadifen. In the case of TDBzl-etomidate, photoin-
corporation into theR-subunit was enhanced by the presence
of proadifen, and this enhanced photolabeling was inhibited by
carbamylcholine. By contrast, in theδ-subunit it was carbam-
ylcholine that caused enhancement of photolabeling that was
inhibited by proadifen. In the case of BzBzl-etomidate,
carbamylcholine enhanced photoincorporation into theγ- and
δ-subunits by∼100%, with the agonist-enhanced labeling in
theδ-subunit being inhibited by proadifen, whereas that in the
γ-subunit was insensitive. These complex pharmacological
specificities of subunit photolabeling have parallels with that
seen for [3H]azietomidate, for which the agonist-enhanced
labeling seen in theR-subunit resulted from photolabeling in
the ion channel domain, whereas the proadifen-enhanced
labeling seen in theδ-subunit resulted from photoincorporation
in the agonist binding site.13 Much more detailed work, beyond
the scope of this study, will be required to establish if this is
the case for TDBzl-etomidate and BzBzl-etomidate.

Overall, for photolabeling carried out at 1µM [3H]TDBzl-
etomidate and [3H]BzBzl-etomidate, the pharmacologically
sensitive photolabeling of the nAcChoR subunits was at a level
of ∼0.1% of nAcChoRs, an efficiency of photoincorporation
similar to that seen for [3H]azietomidate at the same concentra-

Table 1. Pharmacology of Etomidate and Its Photoactivable Derivatives

agent
general anesthesia

LORREC50 (µM)a

enhancement of
EC10 GABA currents

at LORREC50
b

enhancement of
flunitrazepam binding

at LORREC50
c

percent inhibition
of 5-HT3R

at LORREC50
d

etomidate 2.3 ∼95 1.15 11
azietomidate 2.2 5.5 1.25 8
TDBzl-etomidate 0.7 5.4 1.07 <10
BzBzl-etomidate 0.22 3.0 1.08 <10

a LORREC50 is the concentration at which 50% of tadpoles lost their righting reflexes (Figure 1); standard deviations aree15% of the mean.b Interpolated
from data in Figure 2A; errors are∼30%. c Data from Figure 3 was fitted to a logistic function, except for etomidate where inhibition at high concentration
prevented this and the figure is interpolated; errors are estimated as( 0.02.d From data in Figure 4; errors are estimated as( 5.
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tion.13 However, further studies at higher drug concentrations
are required to determine photolabeling efficiency when binding
sites are fully occupied, and direct identification of the labeled
amino acids will be necessary to determine the actual side chain
preferences for these novel etomidate photoprobes. When
extrapolating to future photolabeling studies of GABAA recep-
tors, the higher affinity of the new agents will lead to greater
occupancy at a given concentration, likely resulting in higher
fractions of specific photoincorporation.

Conclusion. We have synthesized and characterized the
pharmacology of two potent new general anesthetics that are
photoactivable etomidate derivatives able to insert into the
nAcChoR in an allosterically regulated manner. These agents
also enhance agonist-stimulated currents with high selectivity
and potency in their likely physiological target, the GABAA

receptor, a member of the same superfamily as the nAcChoR.
Thus, they have the necessary pharmacological and photochemi-
cal properties to be useful in identifying the site of etomidate-
induced anesthesia.

Experimental Section

Materials and Methods. Anhydrous dichloromethane, diiso-
propylcarbodiimide,p-(dimethyamino)pyridine, and Merck silica
gel 60 A, 230-400 mesh were obtained from Aldrich (Milwaukee,
WI). 4-[3-(Trifluoromethyl])-3H-diazirin-3-yl]benzoic acid was
obtained from Bachem (King of Prussia, PA).R(+)-etomidate was
a kind gift from Organon Laboratories (Newhouse, Lancashire,
Scotland).R(+)etomidate used in GABAA receptor electrophysi-
ology studies was purchased from Bedford Laboratories (Bedford,
OH) as a 2.0 mg/mL solution in 35% propylene glycol/water (v/
v). All other chemicals were from Sigma (St. Louis, MO). cDNAs
for the R1, â2, and γ2L subunits of human GABAA receptors in
pCDM8 vectors were gifts from Dr. Paul J. Whiting (Merck Sharp
& Dohme Research Labs, Essex, U.K.).

1H NMR spectra were recorded on a JEOL Eclipse 400 MHz
spectrometer in CDCl3 with tetramethylsilane as reference by Acorn
NMR Spectroscopy Service, Livermore, CA. UV spectra were
recorded on a Hewlett-Packard spectrophotometer. HPLC analysis
was performed on a Varian Prostar instrument with a C-18 reversed-
phase column (Varian, Walnut Creek, CA).

Preparation of 4-[3-(Trifluoromethyl)-3 H-diazirin-3-yl]benzyl
Alcohol (2). A 1 M solution of diborane in THF (2.4 mL) was
added dropwise over a period of 40 min to a solution of
4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzoic acid1 (92 mg) in
anhydrous THF (1 mL) under argon at-5 °C. Stirring was
continued for 5 h at-5 °C. The solution was slowly quenched by
adding 10% acetic acid in methanol (1 mL). The mixture was rotary
evaporated, and the residue was dissolved in dichloromethane and
applied to a column of silica gel, equilibrated with dichloromethane.
Elution was performed successively with dichloromethane and a
mixture of 2.5% ether in dichloromethane, yielding the alcohol2
(68 mg, 78% yield). NMR (CDCl3) δ 4.63 (s, 2H), 7.23 (d, 2H,
aromatic), 7.46 (d, 2H, aromatic). UV spectrum (methanol)λmax

360 nm, ε ) 309 M-1 cm-1. Elemental analysis. Calcd for
C9H7F3N2O: C, 50.00%; H, 3.27%; N, 12.96%. Found: C, 49.29%;
H, 3.28%; N, 12.44%.

Preparation of R-1-(1-Phenylethyl)-1H-imidazole-5-carboxylic
Acid (3). The carboxylic acid derivative3 was prepared fromR-2-
ethyl-1-(1-phenylethyl)-1H-imidazole-5-carboxylate (etomidate) by
alkaline hydrolysis as described previously.11

Preparation of R-4-[3-(Trifluoromethyl)-3 H-diazirin-3-yl]-
benzyl-1-(1-phenylethyl)-1H-imidazole-5-carboxylate (4).A mix-
ture ofR-1-(1-phenylethyl)-1H-imidazole-5-carboxylic acid3 (0.2
mmol), 4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzyl alcohol2 (48
mg, 0.2 mmol), and (dimethylamino)pyridine (24 mg, 0.2 mmol)
in anhydrous dichloromethane (0.5 mL) was stirred with diisopro-
pylcarbodiimide (47µL, 0.3 mmol) overnight at room temperature.
The reaction mixture was purified by silica gel chromatography
with 5% diethyl ether in dichloromethane, yielding an oily residue

of 4 (37 mg, 45% yield). The product was converted to crystalline
solid hydrochloride by acidification with HCl in ether. NMR
(CDCl3) δ 1.95 (d, 3H), 5.36 (s, 2H), 6.36 (q, 1H), 7.28 (m, 4H,
aromatic), 7.35 (m, 3H, aromatic), 7.46 (m, 2H, aromatic), 7.65
(m, 1H), 7.75 (m, 5H), 8.32 (s, 1H), 9.29 (s, 1H). UV spectrum
(methanol)λmax 355 nm,ε ) 310 M-1 cm-1. Elemental analysis.
Calcd for C21H18ClF3N4O2‚H2O: C, 53.79%; H, 4.30%; N, 11.95%.
Found: C, 53.08%; H, 4.26%; N, 11.53%.

Preparation of 4(Hydroxymethyl)benzophenone (6).4-(Bro-
momethyl)benzophenone5 (2.75 g, 10 mmol) in dioxane (25 mL)
was mixed with a suspension of calcium carbonate powder (5 g,
50 mmol) in water (25 mL) and refluxed for 20 h. The solvent was
removed by rotary evaporation, and the residue was suspended in
dichloromethane (30 mL) and carefully treated with 1 M HCl until
the residue dissolved. The organic layer was separated, washed with
water, and dried over magnesium sulfate. The solvent was removed
by rotary evaporation, and the residue was purified on a column of
silica with 10% ether in dichloromethane, yielding the hydroxy
compound6 (0.65 g, 31% yield). NMR (CDCl3) δ 4.72 (s, 2H),
7.64 (m, 2H), 6.36 (q, 1H), 7.18 (m, 2H), 7.30 (m, 3H), 7.53 (m,
4H), 7.65 (m, 1H), 7.75 (m, 9H). UV spectrum (methanol)λmax

330 nm, ε ) 206 M-1 cm-1. Elemental analysis. Calcd for
C14H12O2: C, 79.23%; H, 5.70%. Found: C, 79.41%; H, 5.81%.

Preparation of R-4-Benzoylbenzyl-1-(1-phenylethyl)-1H-imi-
dazole-5-carboxylate (7).The benzobenzyl derivative7 was
synthesized from hydroxybenzophenone2 (48 mg, 0.22 mmol) and
R-1-(1-phenylethyl)-1H-imidazole-5-carboxylic acid (0.2 mmol) by
a procedure similar to that described for the preparation of TDBzl-
etomidate,4. The reaction mixture was purified by silica gel
chromatography and by HPLC, yielding 23 mg (25% yield) of
BzBzl-etomidate7. NMR (CDCl3) δ 1.90 (d, 3H), 5.36 (s, 2H),
6.36 (q, 1H), 7.18 (m, 2H), 7.30 (m, 3H), 7.53 (m, 4H), 7.65 (m,
1H), 7.75 (m, 5H), 8.18 (s, 1H). UV spectrum (methanol)λmax 331
nm, ε ) 215 M-1 cm-1. Elemental analysis. Calcd for C26H23-
ClN2O3‚H2O: C, 67.17%; H, 5.42%; N, 6.02%. Found: C, 67.64%;
H, 5.47%; N, 6.09%.

Preparation of R-[3H]-4-[3-(Trifluoromethyl])-3 H-diazirin-
3-yl]benzyl-1-(1-phenylethyl)-1H-imidazole-5-carboxylate (4).
R-Etomidate was tritiated to a specific activity of 20 Ci/mmol and
converted by alkaline hydrolysis toR-[3H]1-(1-phenylethyl)-1H-
imidazole-5-carboxylic acid as described earlier.11 A mixture of
R-[3H]1-(1-phenylethyl)-1H-imidazole-5-carboxylic acid (8.8 mCi),
4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzyl alcohol2 (23µmol),
(dimethylamino)pyridine (10µmol), and (dimethylamino)pyridine
hydrochloride (10µmol) in anhydrous dichloromethane (0.6 mL)
was stirred with diisopropylcarbodiimide (20µL of 1 M solution)
for 24 h at room temperature. The reaction mixture was purified
by chromatography on a silica gel column equilibrated with
dichloromethane and eluted successively with dichloromethane and
with dichloromethane containing 5% ether.

Preparation of R-[3H]4-Benzoylbenzyl-1-(1-phenylethyl)-1H-
imidazole-5-carboxylate (7).Tritiated benzoylbenzyl derivative of
etomidate was synthesized by a procedure similar to that described
for the synthesis of labeled trifluoromethyldiazirinyl-etomidate,4.

General Anesthetic Potency.With institutional approval, general
anesthetic potency was assessed in prelimb budXenopustadpoles,
1.5-2 cm in length (Xenopus 1, Inc., Dexter, MI). Groups of five
tadpoles were placed in covered 100 mL glass beakers or square
slide-staining dishes in oxygenated aqueous solutions buffered with
2.5 mM Tris HCl at pH 7.4 under low levels of ambient light.
Agents were added from stock solutions in ethanol. The final
concentration of ethanol did not exceed 5 mM, a concentration that
does not contribute to anesthesia.31 Tadpoles were tipped manually
with a flame polished pipet, and failure to right after 5 s was defined
as loss of righting reflexes (LORR). The response stabilized within
30-40 min, and measurements were made at 50-60 min. All
animals were placed in freshwater and observed the next day for
toxicity. The quantal concentration response curves were analyzed
by the method of Waud32 using an Excel macro kindly provided
by N. L. Harrison, A. Jenkins, and S. P. Singh (Weill Medical
College of Cornell University).
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Solubility Properties. The solubility of BzBzl-etomidate and
TDBzl-etomidate in 0.01 M Tris-HCl buffer, pH 7.4, was
determined by stirring excess photoetomidates in the buffer for 24
h, centrifuging at 10 000g, and determining the concentration at
251 nm for BzBzl-etomidate and 249 nm for TDBzl-etomidate.
To determine octanol/water partition coefficients, the tritiated probes
were stirred in a two-phase mixture of octanol and water, aliquots
were removed from the separated phases, applied to an HPLC
Clipeus C-18 reversed-phase column (Higgins Analytical, Inc.,
Mountain View, CA), and 1 mL fractions were collected for
scintillation counting. The concentration of the probe in the two
phases was calculated from the radioactivity collected in samples
eluting at the calibrated retention time for the unlabeled probe.

Electrophysiology of GABAA and 5-HT3A Receptors.Recom-
binant wild-type GABAA receptors (consisting of humanR1â2γ2L

subunits) and human 5-HT3A receptors were expressed inXenopus
laeVis oocytes as previously described.5 Capped mRNAs were
transcribed in vitro from linearized cDNA templates and stored at
-80 °C prior to injection. Defolliculated stage V and VI oocytes
were injected with a 50-75 nL mixture of receptor subunit mRNAs,
incubated at 17°C, and used for electrophysiological experiments
for up to 7 days.

Electrophysiological experiments were performed at 22-24 °C
using the whole-cell two-electrode voltage clamp technique.33,34

Oocytes were held at a membrane potential of-50 mV and were
continuously superfused with ND-96 buffer (containing in mM:
96 NaCl, 2 KCl, 10 HEPES, 1 CaCl2, 0.8 MgCl2, pH adjusted to
7.5 with NaOH) using a gravity-driven syringe superfusion system.
Current responses were elicited by agonist/drug solution exposures
between 5 and 50 s, digitized at 50-200 Hz, and recorded on a
personal computer.

Agonist (GABA or 5-HT; both from Sigma Chemical Co, St.
Louis, MO) solutions were prepared in ND-96. Etomidate solutions
up to 100µM were prepared by diluting commercial stock (8.2
mM in 35% poly(ethylene glycol)) in 35% propylene glycol into
ND-96. The maximum concentration of propylene glycol was 60
mM, which had no effect on agonist-activated currents with either
GABAA or 5-HT3A receptors. Azi-etomidate, TDBzl-etomidate,
and BzBzl-etomidate solutions were prepared by diluting stock
solutions in DMSO (for GABAA receptor studies) or methanol (for
5HT3A receptor studies) with ND-96 buffer. Stock solvents at the
highest concentrations used (<1%) were shown to have no effect
on the respective agonist-evoked peak responses.

Allosteric Regulation of GABAA Receptor Ligand Binding.
Fresh whole bovine brain was placed on ice, and the cortex was
rapidly removed, immersed in 0.32 M sucrose, and frozen at-80
°C. The frozen cerebral cortex was thawed and homogenized in
0.32 M sucrose, 10 mM phosphate buffer (pH 7.4). The homogenate
was centrifuged (650g, 10 min, 4°C), and the supernatant was then
centrifuged at 150 000g for 48 min. The pellet was resuspended in
distilled water. The suspension was recentrifuged at 150 000g for
48 min, and the pellet was resuspended in 10 mM phosphate buffer
(pH 7.4) and stored frozen at-80 °C. Before use, the frozen
suspension was thawed, and the membranes were diluted×10 into
assay buffer (10 mM phosphate buffer (pH 7.4), 200 mM KCl,
and 1 mM EDTA). Diluted membranes (400µL) were incubated
in a final volume of 0.5 mL for 1 h at 4°C with [3H]flunitrazepam
(1 nM, 85.2 Ci/mmol, Perkin-Elmer Life Sciences). Nonspecific
binding was determined by carrying out incubations in the presence
of 7.5 µM flurezapam, and enhancement of etomidate or its
derivatives was done at various concentrations (0.1, 0.3, 1, 3, 10,
30, and 100µm) in parallel tubes. Triplicates of incubations were
filtered on GF/B glass fiber filters under suction. The filters were
washed with 3 mL of assay buffer twice and transferred to
scintillation vials and subjected to scintillation counting after
addition of 2.5 mL of scintillation fluid (Ecolume, ICN).

Photolabeling the Torpedo nAcChoR. nAcChoR-rich mem-
branes, prepared fromT. californicaelectric organ, were suspended
at a protein concentration of 2 mg/mL inTorpedophysiological
saline (TPS, in mM: 250 NaCl, 5 KCl, 3 CaCl2, 2 MgCl2, 5 NaH2-
PO4, pH 7.0) supplemented with 1 mM oxidized glutathione (pH

7) to serve as an aqueous scavenger. Membrane suspensions,
shielded from light, were incubated at 4°C for 90 min with 0.75
µM [3H]BzBzl-etomidate or [3H]TDBzl-etomidate in the absence
or presence of the agonist carbamylcholine (1 mM), or the
desensitizing noncompetitive antagonist proadifen (100µM), or
both. Aliquots of each sample (230µg of protein; 120 pmol of
nAcChoRs; in 130µL of TPS) were irradiated on ice in a 96-well
polystyrene microtiter plate (Costar no. 9017) at 365 nm at a
distance of 6 cm in a horizontal photochemical chamber reactor
(Rayonet RPR-200, Southern New England Ultraviolet Company,
Branford, CT). On the basis of previous experience with photoin-
corporation of benzophenone35 and trifluoromethylaryl diazirine36

photoprobes intoTorpedonAcChoR-rich membranes, irradiation
was carried out for 60 and 30 min for [3H]BzBzl-etomidate and
[3H]TDBzl-etomidate, respectively. The photolabeled membrane
suspensions were pelleted and then solubilized in electrophoresis
sample-loading buffer and subjected to SDS-PAGE on 1.5 mm
thick 8% polyacrylamide gels with 0.33% bisacrylamide. The
polypeptides were visualized by staining with coomassie blue R-250
(0.25% w/v in 45% methanol and 10% acetic acid) and destaining
in 25% methanol, 10% acetic acid. For fluorography, the gels were
impregnated with fluor (Amplify, Amersham Biosciences GE
Healthcare) for 30 min, dried, and exposed to film (Kodak X-Omat
Blue XB-1) for 4-6 weeks. Incorporation of3H into individual
polypeptides was determined by liquid scintillation counting of the
protein bands excised from the stained gels.
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