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Anesthetic sensitivity of the Gloeobacter violaceus proton-gated
ion channel

Yun Weng, PhD1, Liya Yang, PhD1, Pierre-Jean Corringer, PhD2, and James M. Sonner,
MD1
1 Department of Anesthesia and Perioperative Care, University of California, San Francisco
2 Unit of Receptor and Cognition, Institut Pasteur, Paris, France

Abstract
Introduction—Receptors from the superfamily of pentameric ligand-gated ion channels
including gamma aminobutyric acid type A (GABAA), glycine, 5HT3, and neuronal nicotinic
acetylcholine receptors are modulated by anesthetics in concentrations that are used clinically.
Recently, a prokaryotic member of this family (denoted GLIC) was cloned from the
cyanobacterium Gloeobacter violaceus, its electrophysiology was characterized, and its three
dimensional x-ray diffraction crystal structure was determined. Here we report its modulation by
nine common anesthetics. Our goal was to identify agents that modulated GLIC and which
therefore might merit further investigation by structural methods.

Methods—We studied the modulatory effect on GLIC of halothane, isoflurane, sevoflurane,
desflurane, xenon, nitrous oxide, etomidate, propofol, and ethanol. GLIC was expressed in
Xenopus laevis oocytes and studied using two-electrode voltage clamping.

Results—GLIC was potently inhibited by halothane, sevoflurane, isoflurane, desflurane, and
propofol, with concentrations producing 50% inhibition (IC50s) of 0.07 mM, 0.15 mM, 0.06 mM,
0.03 mM, and 0.5 μM, respectively. Hill coefficients for these anesthetics were significantly less
than 1: 0.27, 0.27, 0.32, 0.25, and 0.42, respectively. Hill coefficients for xenon and etomidate
were not different from 1. IC50s for xenon and etomidate were 105 % atmospheres and 73 μM
respectively. 200 mM ethanol did not modulate channel currents, nor did 100% nitrous oxide. A
two-site model fit the data for desflurane and halothane better than a one site model.

Conclusion—GLIC is modulated by many anesthetics at clinically relevant concentrations. We
observed three patterns of modulation. Halogenated volatile anesthetics (desflurane, halothane,
isoflurane, sevoflurane) and propofol potently inhibited currents through GLIC, with Hill numbers
averaging approximately 0.3 indicating negative cooperativity. A two site model fit the data for
desflurane and halothane better than a one site model. Less potent drugs (xenon, etomidate)
modulated GLIC at higher concentrations and over a narrower concentration range, with Hill
numbers not different than 1. The modulation by xenon occurred at clinically relevant
concentrations. The modulation by etomidate occurred above clinical concentrations. Ethanol and
nitrous oxide did not modulate currents through GLIC at surgical anesthetic concentrations. These
studies, together with the atomic scale structure of GLIC, lay the groundwork for further
mechanistic studies of these allosteric effects.
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Introduction
Chemical neurotransmission at synapses is mediated by ligand-gated ion channels, which
are activated by neurotransmitters released from presynaptic vesicles. Pentameric ligand-
gated ion channels from the superfamily containing gamma aminobutyric acid type A
(GABAA), glycine, 5HT3, and neuronal nicotinic acetylcholine (nACh) receptors are
allosterically modulated by clinical concentrations of anesthetics and are thus attractive
candidates as mediators of anesthetic action. Mechanisms that involve specific binding of
anesthetics to receptors, nonspecific binding to receptors, and indirect, bilayer-mediated
modulation of receptor function have been proposed to account for this modulation (1). In
the absence of structural information, it has been difficult to define the various
mechanism(s) by which different anesthetics interact with these receptors.

Two prokaryotic members of this receptor superfamily family have recently been cloned,
one from the cyanobacterium Gloeobacter violaceus (2) (denoted GLIC) and a homologous
channel from the enterobacterium Erwinia chrysanthemi (3) (denoted ELIC). The function
of GLIC has been characterized electrophysiologically. It is gated by protons and conducts
cations. Functional information is not yet available for ELIC. X-ray diffraction crystal
structures of both GLIC and ELIC have been determined. GLIC was crystallized in an
apparently open conformation (4), and ELIC in a closed conformation (3). This structural
information may improve our understanding of how drugs modulate receptors from the
GABAA receptor superfamily.

In the present investigation, we studied the modulation of currents through GLIC by the
anesthetics halothane, isoflurane, sevoflurane, desflurane, xenon, etomidate, propofol,
ethanol, and nitrous oxide. We did this in order to identify anesthetics that modulate GLIC
and which therefore might merit further investigation by structural methods (e.g, x-ray
diffraction). We found that like GABAA receptors, GLIC is modulated by a large number of
anesthetics. Like nACh receptors, it is very potently modulated by some of these drugs.

Materials and Methods
The Institutional Animal Care and Use Committee at the University of California, San
Francisco, approved all studies on animals.

Materials
Female frogs (Xenopus laevis) were purchased from Nasco (Modesto, CA). Collagenase
type 1, for defolliculating oocytes, was purchased from Worthington Biochemical
Corporation (Lakewood, NJ). Isoflurane, sevoflurane, and desflurane were obtained from
Baxter Healthcare Corporation (Deerfield, IL). Halothane was from Halocarbon labs (River
Edge, NJ). Etomidate (>95%) was purchased from Chem Pacific (Baltimore, MD). Xenon
was purchased from Synquest labs (Alachua, FL). USP grade nitrous oxide was from Airgas
(San Francisco, CA). Propofol (97%) and other reagents were purchased from Sigma-
Aldrich (St. Louis, MO).

Solutions containing xenon and nitrous oxide were made by equilibrating 50 mL of the
anesthetic gas with 50 mL of buffer in a gas tight syringe that was vigorously shaken. This
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procedure was repeated a total of six times, with a final equilibration of buffer with xenon or
nitrous oxide at 37°C for two hours. All other solutions were made up gravimetrically.

Oocyte Expression
Stage V and VI Xenopus laevis oocytes isolated from a surgically removed portion of ovary
were defolliculated by gentle rotation in 500 U/mL collagenase type 1 (Worthingtom
Biochemical Corporation, Lakewood, NJ) for 1 hour at room temperature. GLIC was
expressed by microinjecting into each oocyte nucleus 1.5 ng total cDNA subcloned into a
PMT3 vector. The injected oocytes were placed singly in wells of a 96-well tissue culture
plate (Fisher Scientific, Pittsburgh, PA) containing modified Barth’s solution (88mM NaCl,
1mM KCl, 2.4mM NaHCO3, 20mM HEPES, 0.82mM MgSO4, 0.33mM Ca(NO3)2,
0.41mM CaCl2, with 5mM sodium pyruvate, 50 μg/mL gentamycin, 50 U/mL penicillin,
and 50 mcg/mL streptomycin, filtered and adjusted to pH=7.4) and incubated at 15°C. One
to two days after injection, the oocytes were used for electrophysiological recordings.

Two-electrode voltage clamp recording
Two-electrode voltage clamping (GeneClamp 500B; Molecular Devices, Axon Instruments,
Foster City, CA) was performed on oocytes at room temperature using frog Ringer’s
solution as perfusate (“FR”: 115 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl2, and 10 mM
HEPES, filtered and adjusted to pH 7.4). An automated perfusion system was used to deliver
solutions (Automate ValveBank perfusion system, San Francisco, CA). Recordings were
obtained in a 250 μL recording chamber at flow rates of 2–3 mL/minute. Signals were
filtered using a 4-pole low-pass Bessel filter set at a 50–100 Hz cutoff prior to sampling at
100–1000 Hz.

Oocytes were voltage clamped at −60mV using two glass electrodes filled with 3 M KCl
(0.5–3 MΩ resistance). Ethanol, isoflurane, sevoflurane, desflurane, halothane, xenon,
nitrous oxide, propofol, and etomidate were tested in our studies. Currents were elicited by
application of superfusate at pH 5.5 (a value equivalent to 20 – 30% of the maximal current
produced by pH 3.0 FR solution). For each oocyte, stable inward currents were verified by
application of protons until a plateau in current was achieved, which typically required 20
seconds or more (see Fig 1 and reference (2)), followed by a 5 to 6 minute washout, which
was repeated three times. Each anesthetic was then applied to oocytes for 100 seconds,
followed by coapplication of protons with the anesthetic. Return to the baseline response to
protons was confirmed after washout of the test compound for 4 minutes.

Data Analysis
Anesthetic effect was calculated as the percent change in current in oocytes clamped at
−60mV during anesthetic and proton coadministration vs. currents when protons alone were
applied. All data are presented as mean ± SE, with 4 to 9 oocytes tested at each anesthetic
concentration. For each anesthetic, the change in channel currents upon application of
anesthetic was fit to two models. The first was a Hill equation (i.e., a one-site model):

where x is the concentration of anesthetic, n is the Hill coefficient, and IC50 is the
concentration of anesthetic that produces a 50% change in current. The second was a two-
site model:
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where IC501 and IC502 are the apparent affinities of the anesthetics for the two sites, I1 and
I2 are the % inhibition attributable to each site, and B and A are the maximum and minimum
asymptotes of the fitted curve.

Data were analyzed using SPSS v16.0 (Chicago, Il) and GraphPad Prism 5 (La Jolla, CA).

Results
Current tracings, and the time to maximal currents in response to application of FR at pH
5.5, are shown in Figure 1.

GLIC was potently inhibited by the halogenated inhaled anesthetics (2), with inhibition
produced by 1% of MAC for halothane, sevoflurane, and isoflurane, and by 0.01% of MAC
for desflurane. Propofol inhibited currents at concentrations as low as 2% of its anesthetic
EC50. See Figure 2 and Table 1.

0.8 atm xenon, which is slightly above the MAC of xenon in humans (5), significantly
inhibited currents. Etomidate was inhibitory only at concentrations above those used to
achieve anesthesia. See Figure 3 and Table 1.

Ethanol had no effect on GLIC at 200 mM compared to controls (p > 0.05; data not shown).
This is the upper end of anesthetizing concentrations in animals (6). 1 atm nitrous oxide also
had no effect compared to 1 atm nitrogen (p > 0.05; data not shown). This concentration of
nitrous oxide is approximately MAC in humans (7).

Inhibition of currents through GLIC spanned 3–4 orders of magnitude in concentration for
the halogenated anesthetics and propofol. For these compounds, Hill numbers averaged
approximately 0.3. Etomidate and xenon had higher Hill numbers that were not significantly
different than 1. Hill numbers and IC50s for anesthetic modulation of GLIC, and anesthetic
EC50 in animals, are listed in Table 1.

The two site model fit the data better than the Hill equation for desflurane (F3, 35 = 3.379, p
= 0.029) and halothane (F3, 34 = 3.112, p = 0.039) (8). For desflurane, IC501 = 0.00001 mM
(95% confidence interval, 0.0000004 to 0.0002 mM), IC502 = 0.3 mM (95% confidence
interval, 0.15 to 3.0 mM), I1 = 0.15, I2 = 0.85. For halothane, IC501 = 0.0003 mM (95%
confidence interval, 0.000002 to 0.06 mM), IC502 = 1.1 mM (95% confidence interval, 0.1
to 12 mM), I1 = 0.23, I2 = 0.77.

Discussion
The receptor superfamily containing GABAA, neuronal nicotinic acetylcholine, glycine, and
5HT3 receptors are plausible targets of anesthetic action because of their role in mediating
synaptic transmission and their modulation by clinical concentrations of anesthetics.
However, detailed structural information for these receptors has been elusive. GLIC is a
prokaryotic member of this superfamily of receptors. Its x-ray diffraction structure has
recently been determined (4,9). In the present report, we investigated the modulation of
GLIC by anesthetics, with the expectation that this ion channel will provide a more relevant
model system for examining anesthetic interactions with ion channels than do soluble
proteins (10). We found that GLIC is modulated by many anesthetics, including several at
much higher affinity than on other receptors. This increases the probability that an anesthetic
binding site will be characterized on GLIC.

Anesthetics could be clustered into three groups, based on their pattern of modulation of
GLIC.
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One group consisted of halogenated anesthetics and propofol. These compounds modulated
currents through GLIC at anesthetic and subanesthetic concentrations (Fig 2). Hill numbers
were significantly less than 1, ranging from 0.25 for desflurane to 0.42 for propofol (Table
1).

It is interesting to compare this with other members of the superfamily. Currents through
nACh receptors, like those of GLIC, are generally inhibited by anesthetics, but over a
smaller concentration range, with Hill numbers of 1 or greater. Unlike GLIC, homomeric
nACh receptors are not particularly anesthetic-sensitive, although heteromeric nACh
receptors are very anesthetic-sensitive (11). For example, the concentration response relation
for inhibition by isoflurane of α4 β2 nACh receptors from chickens had an IC50 of 85 μM
and Hill number of 1.3. Propofol also inhibited these receptors, but above the clinical
concentration range, with an IC50 of 19 μM and Hill number of 2.9 (11). Investigations in rat
α4 β2 nicotinic acetylcholine receptors agree with these results (12). A study of α4β2, α3 β4,
and α2 β4 isoforms reported IC50s of 82, 56, and 25 μM for isoflurane (13).

Anesthetics modulate 5HT3 receptors at higher concentrations than GLIC. Isoflurane
enhances 5HT3 receptor function at MAC by less than 50% (14); more that 100%
potentiation is observed as the anesthetic concentration is raised to 10 MAC. In one report,
halothane showed potentiation of 5HT3 receptor function similar to isoflurane (14), but
another study suggested that 5HT3A receptors were potentiated approximately 200% by 1
MAC of halothane (15). Sevoflurane is qualitatively different than isoflurane and halothane,
inhibiting rather than enhancing currents through 5HT3 receptors at MAC (16). 5HT3
receptors are relatively insensitive to propofol, with an IC50 more than 50 times propofol’s
anesthetizing concentration (17).

Halogenated anesthetics have positive modulatory actions on GABAA and glycine receptors
(18,19). Enhancement of channel currents depends on the agonist concentration and can
reach several hundred percent at EC5–10. Both receptors respond to anesthetics at
concentrations that produce anesthesia, but the threshold for modulation is generally above
that which modulates GLIC. There are many excellent reviews of inhaled anesthetic
pharmacology on GABAA and glycine receptors (20). Propofol strongly potentiates GABAA
receptor currents at anesthetizing concentrations (21). In contrast, propofol enhances glycine
currents only at supraanesthetic concentrations, with EC50 of 16 and 27 μM for glycine α1
and α1 β receptors (22).

The second group of compounds consisted of xenon and etomidate (Fig 3). These
compounds inhibited agonist activated currents through GLIC, but their concentration-
response curves had Hill numbers of 1. For comparison, xenon also has moderate effects on
α4β4 nACh receptors (23), and small modulatory effects on GABAA, glycine, and 5HT3
receptors. Etomidate inhibits currents through GLIC, as well as nACh receptors, at
concentrations above those that produce anesthesia (24). Etomidate’s IC50 on 5HT3
receptors is approximately 20 times its anesthetic concentration (17). Etomidate produces
only a 29% potentiation of currents through glycine receptors at 300μM etomidate (22).
GABAA receptors are strongly and stereoselectively modulated by etomidate at clinically
relevant concentrations (25), with Hill coefficients of 1.9 for the R isomer and 2.9 for the S
isomer, in contrast to the supraanesthetic effects of etomidate on GLIC, nACh, glycine, and
5HT3 receptors.

A third group of compounds consisted of ethanol and nitrous oxide. At anesthetizing
concentrations, these agents did not modulate GLIC. This differs from other receptors in the
superfamily. 75mM ethanol potentiates currents through α2β4, α4β4, α2β2, and α4β2 neuronal
nicotinic acetylcholine receptors, although α3β2 and α3β4 are not sensitive to ethanol. 25–50
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mM ethanol inhibits homomeric α7 receptors, but this response is variable (26). Subunit
composition also determines potentiation of glycine and GABAA receptor function by
ethanol. Homomeric α1 glycine receptors are potentiated more than homomericα2 receptors
(27). Extrasynaptic GABAA receptors containing a δ subunit have been reported to be
potentiated by concentrations of ethanol as low as 3 mM (28). This compares to a threshold
between 30 and 100 mM for receptors containing γ subunits (29). 5HT3 receptor function is
potentiated by ethanol in concentrations from 50 to 200 mM, but the enhancement is less
than for other anesthetics, reaching at most a 50% increase in currents (14). In contrast to
GLIC, nitrous oxide modulates mammalian members of this superfamily similarly, but the
modulation is small except forα4β2 nACh receptors (23). Nitrous oxide at 0.6 atm
potentiated the function of glycine receptors by approximately 30% and GABA receptors by
20%. α4β2 nACh receptors were inhibited by 39% butα4β4 nACh receptors were inhibited
by only 7%. 5HT3 receptors were inhibited approximately 15% (23).

The Hill coefficient is often used to describe the cooperativity of binding of two or more
ligands to proteins. As noted above, concentration response curves for anesthetics generally
have Hill coefficients of 1 (no cooperativity) or greater than 1 (positive cooperativity). This
is consistent with either binding (30) or nonbinding (31) mechanisms. In this study, Hill
numbers were significantly less than 1 for desflurane, halothane, isoflurane, sevoflurane, and
propofol, an indication of negative cooperativity. In this regard, GLIC differs from its
anesthetic-sensitive mammalian homologs. Negative cooperativity can arise between
subunits having identical binding sites if binding of one ligand decreases the binding affinity
of a subsequent ligand. This mechanism has been demonstrated for the bacterial
homodimeric aspartate receptor, which bind ligands with negative cooperativity, and has
identical binding sites for aspartate as revealed by the x-ray structure of the receptor in the
absence of ligand. The x-ray structure of the receptor with a bound ligand, however, shows
that only half of the binding sites are occupied, with the second site distorted (32). This
contrasts with positive cooperativity, where the doubly liganded state would be populated at
the expense of the singly liganded state, which in turn would be relatively depleted (33). If
anesthetics can be cocrystallized with GLIC, it should be possible to determine whether a
half-of-the-sites mechanism of negative cooperativity applies to GLIC.

An alternative explanation for negative cooperativity of halogenated volatile anesthetics and
propofol with GLIC is that it is due to the presence of two or more protein binding sites of
different affinity. Photolabelling of multiple tyrosines in nACh receptors from Torpedo
californica with [14C]halothane supports the idea that more than one anesthetic binding site
can be present on a receptor that is homologous to GLIC (34). Yet another explanation is
that negative cooperativity is the result of two or more different mechanisms by which
anesthetics interact with GLIC, such as a binding (30) and a nonbinding mechanism (35).
Either of these explanations would be consistent with a two-site model.

For desflurane and halothane a two-site model fit the data better than a one-site model. Do
desflurane and halothane modulate GLIC by a different mechanism than the other
halogenated agents and propofol? It is not known how many anesthetic binding sites are on
GLIC, whether they are identical or not, or whether the number of binding sites differs
among volatile anesthetics. We note that at approximately the anesthetic IC50, there is a
plateau in the inhibitory effect and a small (but in this study, a statistically insignificant)
decrease in inhibition for all four halogenated anesthetics and propofol (Fig 2). This is
suggestive of a biphasic response of GLIC to these agents and if it is real, it would also
support a two-site mechanism for the volatile anesthetics and propofol.

The modulation of GLIC by volatile anesthetics, at anesthetizing concentrations, suggests
that the anesthetic sensitivity of the GABAA receptor superfamily is prokaryotic in origin.
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This adds to the growing list of ion channels with anesthetic-sensitive homologs in one-
celled organisms. Among these are voltage-gated Na+ channels from bacteria (36) and two-
pore domain K+ channels from yeast (37). The sensitivity of their mammalian homologs is
likely the result of common descent from ancestral, anesthetic-sensitive channels in one-
celled organisms. This supports the conjecture that the capacity to respond to inhaled
anesthetics arose in organisms that lack nervous systems (38). In this regard, the negative
cooperativity of GLIC for anesthetics may make sense. If anesthetics mimic compounds in
Gloeobacter’s environment which are used for growth or metabolism, responding to these
compounds over a large concentration range may be more beneficial than responding over a
narrow range (32).

In summary, GLIC is modulated by many anesthetics. Halogenated volatile anesthetics
(desflurane, halothane, isoflurane, sevoflurane) and propofol potently inhibited currents
through GLIC. This modulation occurred over a broad concentration range, from
subanesthetic to anesthetic concentrations, with Hill numbers averaging approximately 0.3,
which indicates negative cooperativity. For desflurane and halothane, a two-site model fits
the data better than a one-site model, suggesting more than one site or mechanism by which
those anesthetics interact with GLIC. Less potent drugs (xenon, etomidate) modulated GLIC
at higher concentrations and over a narrower concentration range, with Hill numbers not
different than 1. The modulation by xenon occurred at clinically relevant concentrations.
The modulation by etomidate occurred above clinical concentrations. Ethanol and nitrous
oxide did not modulate currents through GLIC at surgical anesthetic concentrations. We
anticipate that the atomic scale structure of GLIC will lead to an understanding of the
mechanism underlying these allosteric effects.
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Fig 1.
Current tracings are shown for 0.5 mM desflurane (panel A), 0.25 mM halothane (panel B),
0.3 mM isoflurane (panel C), 1 μM propofol (panel D), 0.3 mM sevoflurane (panel E), 50
μM etomidate (panel F), and 80 % atm xenon (panel G), all of which inhibit currents
through GLIC. The first current tracing in each group shows the activation of the channel by
protons at pH 5.5. The second current tracing is obtained with a 100 second washin of
anesthetic followed by coapplication of anesthetic and protons. The final tracing shows
currents activated by protons after washout of anesthetic. “Anes” denotes the time span
during which anesthetic was applied. “Protons” denotes the time when pH 5.5 superfusate
was applied. Panel H shown the fraction of the plateau current achieved as a function of time
(average of 5 oocytes). Mean currents and standard errors are displayed in panel H.
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Fig 2.
Halogenated inhaled anesthetics and propofol concentration dependently inhibit current
through GLIC. Hill curves are fit to the data for each anesthetic. A total of 40, 39, 41, 31,
and 38 oocytes were studied for desflurane, halothane, isoflurane, propofol, and sevoflurane,
respectively. Mean change in currents (in percent), and standard errors, are displayed at each
concentration. For desflurane and halothane a 2-site model provided a better fit to the data.
These are shown in panel B (for desflurane) and panel D (for halothane).

Weng et al. Page 11

Anesth Analg. Author manuscript; available in PMC 2010 July 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 3.
Xenon and etomidate inhibit GLIC. 9 and 19 oocytes, respectively, were studied. Solid
circles denote the mean change in current in percent at each concentration. Error bars
display standard errors. Both anesthetics inhibit GLIC.
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Table 1

IC50 and Hill coefficients for modulators of GLIC, and anesthetizing concentrations of these drugs in animals

Agent IC50 95% CI Hill Coefficient Anesthetic EC50

Desflurane 0.03 mM 0.007 – 0.1 mM 0.25 ± 0.05 0.56 mM (39)

Halothane 0.07 mM 0.03 – 0.15 mM 0.27 ± 0.04 0.23 mM (39)

Isoflurane 0.06 mM 0.02 – 0.2 mM 0.32 ± 0.07 0.28 mM (39)

Sevoflurane 0.15 mM 0.02 – 1.1 mM 0.27 ± 0.1 0.33 mM (39)

Propofol 0.51 μM 0.21 – 1.3 μM 0.42 ± 0.08 1.9 μM (21)

Etomidate 73 μM 48 – 110 μM 1.1 ± 0.38 8.7 μM (40)

Xenon 1.05 % atm 80 – 138 % atm 1.9 ± 0.47 0.71 atm (5)

Ethanol† 117 – 190 mM (6)

Nitrous Oxide† 1.04 atm (7)

IC50 and Hill coefficients are expressed as mean ± se. CI = confidence interval

†
Ethanol and nitrous oxide did not modulate GLIC
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