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ABSTRACT Incontrastwith mostinhalational anesthetics, the anesthetic gases xenon (Xe) and nitrous oxide (N>O) act by blocking
the N-methyl-p-aspartate (NMDA) receptor. Using x-ray crystallography, we examined the binding characteristics of these two gases
on two soluble proteins as structural models: urate oxidase, which is a prototype of a variety of intracellular globular proteins, and
annexin V, which has structural and functional characteristics that allow it to be considered as a prototype for the NMDA receptor. The
structure of these proteins complexed with Xe and N,O were determined. One N,O molecule or one Xe atom binds to the same main
site in both proteins. A second subsite is observed for N,O in each case. The gas-binding sites are always hydrophobic flexible
cavities buried within the monomer. Comparison of the effects of Xe and N,O on urate oxidase and annexin V reveals an interesting
relationship with the in vivo pharmacological effects of these gases, the ratio of the gas-binding sites’ volume expansion and the ratio
of the narcotic potency being similar. Given these data, we propose that alterations of cytosolic globular protein functions by general
anesthetics would be responsible for the early stages of anesthesia such as amnesia and hypnosis and that additional alterations

of ion-channel membrane receptor functions are required for deeper effects that progress to “surgical” anesthesia.

INTRODUCTION

The mechanisms by which general anesthetics produce their
action on the central nervous system are only now beginning
to be discovered. This is because general anesthesia is a
complex process that does not refer to one but to several
physiologically altered functions. Early stages of anesthesia,
such as amnesia and hypnosis, are produced at anesthetic
concentrations lower than those required to produce deep
sedation and reduction of motor and autonomic responses to
noxious stimuli (1). The Meyer-Overton rule of a high cor-
relation between anesthetic potency and hydrophobicity has
for a long time promoted the hypothesis that anesthetics act
by disrupting the structure and dynamics of lipid membranes
(2). However, there is now a general consensus that general
anesthetics act by disrupting protein functions (3,4). Even if
general anesthetics have been shown to interact with glob-
ular proteins in a manner consistent with the Meyer-Overton
rule (5,6), the proteins considered as their most likely mo-
lecular targets at clinically relevant concentrations are ion-
channel receptors (4,7). The current opinion is that general
anesthetics act by enhancing the activity of inhibitory re-
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ceptors and by inhibiting the activity of excitatory recep-
tors (1). The main target of most inhalational anesthetics is
considered to be the y-amino-butyric acid type A (GABA,)
inhibitory receptor (8-10). In contrast, xenon (Xe) and
nitrous oxide (N,O), which are gaseous anesthetics, are most
efficient against the N-methyl-p-aspartate (NMDA) excita-
tory receptor and to a lesser extent against the neuronal
nicotinic receptor and the TREK-1 two-pore K channel
(11-14). In addition, it should be mentioned that a recent
study has identified the existence of a specific gas channel
that may serve to accelerate gas action (15), but the relevance
of this finding to general anesthesia still remains to be dem-
onstrated.

Scales that assess the in vivo potency of inhaled an-
esthetics in humans are based on the minimum alveolar
anesthetic concentrations (MAC) that are associated with
well-defined behavioral endpoints. For example, MAC-
awake defines the MAC that prevents voluntary responses to
spoken commands, i.e., the impairment of perceptive aware-
ness to environmental stimuli (hypnosis), and MAC-immo-
bility defines the MAC that produces deep sedation and
suppresses purposeful movement in response to a standard
noxious stimulus (1). Likewise, laboratory animals can be
assessed for MAC-immobility. Although MAC-awake can,
in the strict sense, be measured only in humans, anesthetic-
induced loss of the righting reflex in animals is considered a
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behavioral endpoint for which the dependence on anesthetic
concentration is closely related to MAC-awake (1).

Although the potency of inhalational anesthetics is usually
in accord with the Meyer-Overton rule, there are a number
of alterations and exceptions that emphasize the complexity
of the molecular routes through which these anesthetic
compounds act. For example, the so-called nonimmobilizers,
which are large halogenated alkanes predicted to be potent
anesthetics by the Meyer-Overton rule, produce amnesia but
lack of immobilizing activity (16). And whereas the ratio of
MAC-awake for N,O and Xe is ~1.4 (17-19), with respect
to the Meyer-Overton rule, the ratio of MAC-immobility for
these gases is only 1 (19-22). Then, it is likely that the early
stages of anesthesia and the deeper effects that progress to
“‘surgical’’ anesthesia are mediated by separate sites and
mechanisms (23,24).

With plausible inhalational anesthetic targets now identi-
fied, current investigations attempt to determine which
targets are actually responsible for the different and multiple
stages of anesthesia. Unfortunately, at the structural biology
level, no one structure is known today for proteins thought to
be anesthetic targets. Structural investigations on particular
soluble proteins chosen as close models may be an approach
to understand the binding mode of inhalational anesthetics
and to appreciate the molecular changes that these gases
produce on their targets (21).

To identify and compare the binding characteristics of
N,O and Xe, we performed x-ray crystallography studies on
two structural models, urate oxidase and annexin V. Urate
oxidase is a prototype of a variety of intracellular globu-
lar proteins that possess large hydrophobic cavities (25).
Annexin V is a protein that binds to biological membranes
in a reversible calcium-dependent manner and possesses a
hydrophilic pore, believed to be the calcium conduction
pathway, that lies at the interface of four homologous and
structurally related domains (26). These structural charac-
teristics and functional properties of ion selectivity and
voltage gating allow annexin V to be considered as a pro-
totype for the NMDA receptor (27,28). Xe, but not N,O,
binding ability to urate oxidase has already been studied
(29). No structure of annexin V with gas has ever been
solved before. Although argon and krypton have been shown
to bind to the same site as Xe in two examples of globular
proteins (30,31), our investigations in urate oxidase and
annexin V were restricted to Xe and N,O, which mainly act
by inhibiting the NMDA receptor (11-13) because argon and
krypton do not seem to exert their effect through this receptor
(32,33). In a recent study, Miller indicated that the gas
pressure for crystallography studies should be at least 10 times
higher than their physiological concentration to approximate
binding saturation (24). In the study presented here, we
identified discrete binding sites for Xe and N,O at 2 MPa (or
20 bar) and further demonstrated that the gas-binding cavities’
expansion ratios in urate oxidase and annexin V are consistent
with the in vivo physiological effects of these gases.
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MATERIALS AND METHODS

Crystals of Aspergillus flavus urate oxidase, a tetrameric peroxisomal protein
of 135 kDa, complexed with its inhibitor, 8-azaxanthin, and crystals of rat
annexin V, a trimeric protein of 105 kDa, in high calcium concentration were
grown as described previously (34,35). The method used to prepare Xe
complexes has been described earlier (36). N,O complexes were prepared
similarly. Native crystal, mounted in a quartz capillary, fitted to a specially
designed cell, was submitted to gas pressure a few minutes before the start of
data collection. A gas pressure of 2 MPa was maintained during the data
collection. Diffraction data were collected at the DW32 wiggler beam line
at the LURE synchrotron facility in Orsay, France, using x-rays at a
wavelength of 0.964 A and a 345-mm MAR-Research image plate detector,
and at the ESRF (Grenoble, France) BM14 beamline, at a wavelength of
0.972 A and operating in a 16-bunch mode, using a MAR CCD detector;
temperature was set to 277 K in all cases. Data were integrated by DENZO
and scaled independently using SCALEPACK, both programs from the HKL
package (37). Data reduction and reindexing when necessary were carried
out with programs of the CCP4 package (38). Structure refinements were
carried out by REFMAC from the CCP4 package (39). The starting model
for urate oxidase rigid body refinement was the PDB entry 1R51 (resolution
1.75 A) (40), and the starting model for annexin V refinement was the PDB
entry 1A8A (resolution 1.90 A) (41). In all cases, solvent, ion, and/or
inhibitor molecules were removed from the original model. The graphic
program O (42) was used to visualize the 2Fobs-Fcalc and the Fobs-Fcalc
electron-density maps and for manual rebuilding. A summary of the data
collections and refinement parameters is shown in Table 1. The gas com-
plexes have been compared to the native structures collected in parallel.
Cavity volumes were calculated with the program VOIDOO (43). The
following parameters gave the most reliable results for both proteins with the
lowest mean deviation: primary grid spacing, 0.6 A; grid spacing, 0.6 A;
probe radius, 1.0 A. Slightly different results were obtained when different
orientations of the model were used. Thus, the accuracy of cavity volume
calculations and the mean deviation were estimated by repeating the
calculations on nine randomly oriented copies of the model. To check
whether the cavity volume expansion ratios are dependent or not on the
methods used, the different structures were also refined in parallel with
SHELXL from the SHELX-97 package (44), and cavities’ volumes were sim-
ilarly calculated using the program CASTp (45) with a probe radius of 1.3 A
for a reliable estimation of the cavity volume.

RESULTS

The four complexes studied (urate oxidase with Xe and N,O
and annexin V with Xe and N,O) were solved at a resolution
better than 1.75 A, allowing unambiguous detection of the
bound gas (Fig. 1). The complex urate oxidase-Xe has
already been solved, but at a lower resolution because Xe has
been used as a heavy atom derivative for the initial structure
resolution (25). It was shown that Xe binds to urate oxidase
in a unique site with an occupancy factor sufficient to solve
the structure. It is confirmed in this case that Xe is located at
the same place, just behind the active site, with an occupancy
evaluated at ~0.9 (Fig. 1 A). In the case of annexin V, it was
the first time that a complex with Xe was analyzed. Xe binds
to a unique site, a hydrophobic cavity located in the center of
the third domain, with an occupation factor of ~0.4 (Fig.
1 C). In these two proteins, Xe binds to a preexisting
hydrophobic flexible gas cavity buried within the monomer
with no visible water. No structural studies of proteins with
N>O have been reported until the investigation presented
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TABLE 1 Crystallographic data collections and refinement statistics

Protein Urate oxidase Annexin V

Gas - Xe N,O - Xe N,O
Data collection

Space group 1222 1222 1222 H3 H3 H3
Unit cell parameters A)

a 80.49 80.50 80.19 156.98 156.99 157.03
b 96.04 96.58 96.03 156.98 156.99 157.03
c 105.34 106.01 105.21 37.48 37.34 37.33
Resolution range A) 50-1.5 20-1.75 70-1.75 78-1.74 78-1.83 78-1.74
Unique reflections 59653 34588 41239 32838 25958 34281
(Final shell) (5710) (1813) (4076) (3387) (2674) (2953)
Overall Rgym*(%) 5.6 4.9 55 4.6 5.1 4.5
(Final shell) (27.1) (5.3) (34.6) (20.2) (25.8) (17.8)
Completeness (%) 91.1 82.5 99.9 92.9 85.8 97.3
(Final shell) (87.9) (44.3) (99.8) 95.5) (88.3) (83.2)
Refinement statistics (REFMAC)

Resolution range 20-1.5 20-1.7 20-1.7 20-1.7 20-1.8 20-1.7
Ryatue (%) 17.63 16.72 16.29 17.04 16.78 17.39
Riveet (%) 19.77 19.94 18.56 19.24 19.85 20.19
(B) for protein atoms®*(A?) 19.89 20.05 21.97 25.68 27.13 29.21
(B) for waters(A?) 31.98 30.33 34.70 34.03 3347 37.26
Weighted rmsd from ideality

Bond length (A) 0.010 0.014 0.013 0.012 0.013 0.013
Bond angle (°) 1.41 1.50 1.60 1.43 1.47 1.47
PDB code 2IBA 2ICO 2ICQ - 21E6 2IE7

*Reym is defined as Dy D [hi(h, k1) — Li(h, b, D)1/ Y D Ti(h, k, 1) where [i(hk]D) is the ith observation of reflection Ak, and (I(h,k,D) is the weighted

mean of all observations (after rejection of outliers).

TRy ae is defined as Y'|Fo| — |Fe|/Y.|F,| and indicates the accuracy of the model.
Riee s a cross validation residual calculated using 10% of the native data, which were randomly chosen and excluded from the refinement.

“Includes inhibitor atoms for urate oxidase.

YIncludes gas for urate oxidase and includes calcium ion, sulfate ion, and gas for annexin V.

here, to our knowledge. N,O binds to urate oxidase in the
same cavity as Xe, with a lower occupation factor of ~0.7
(Fig. 1 B). N,O also binds to annexin V in the same site as
Xe, but with a higher occupation factor evaluated at ~0.9
(Fig. 1 D). Thus, in the two proteins, a molecule of N,O is
found exactly at the same location as the Xe atom, showing
that N,O shares some physicochemical properties with
Xe. However, in both proteins, a second N,O molecule is
observed. In urate oxidase, this second molecule is found
within the same hydrophobic cavity, orthogonally oriented
with respect to the first one, with a lower occupation factor of
~0.6 (Fig. 1 B). In annexin V, the second molecule, with an
occupation factor of 0.7, is found in another hydrophobic
cavity located in the center of the first domain (Fig. 1 E). In
the annexin V-Xe complex, this cavity is empty. In all cases,
the bound gas is surrounded by five or six side-chain carbon
atoms from aliphatic residues at <4.5 A for the Xe atom and
at <4.0 A for the two N »O molecules (Table 2). The overall
protein structures showed, as expected, very little perturba-
tion on gas binding, with an overall root mean-square
deviation <0.15 A for the backbone and <0.40 A for all
protein atoms. However, contrary to what was expected
(pressure should lead to a volume compression), both Xe and
N,O produce a volume expansion of the cavities where they

bind, resulting from slight displacements of the side chain
atoms lining the cavities.

In urate oxidase, Xe induces a volume increase of 23.5%.
Matthews and co-workers (30) found a similar expansion
effect of Xe in the globular phage T4 lysozyme structure.
N,O induces a volume expansion of 17.9%, leading to a ratio
of volume expansion for Xe and N,O of 1.32 (Table 3).
Equivalent ratio values are obtained when the structures are
independently refined with SHELXL instead of REFMAC
(ratio of 1.44), cavity volumes calculated with CASTp
instead of VOIDOO (ratio of 1.51), or SHELXL and CASTp
used simultaneously (ratio of 1.25), thereby leading to an
average ratio of volume expansion of 1.38 (data not shown).

In annexin V, Xe and N,O respectively induce volume
expansions of their primary binding site of 14.1% and
32.1%, leading to a ratio of volume expansion for Xe and
N,O of 0.44 (Table 3). Equivalent ratio values are obtained
when the structures are independently refined with SHELXL
instead of REFMAC (ratio of 0.58), cavity volumes calcu-
lated with CASTp instead of VOIDOO (ratio of 0.46), or
SHELXL and CASTp used simultaneously (ratio of 0.36),
thereby leading to an average ratio of volume expansion of
0.46 (data not shown); in addition, N,O also expands the
volume of its secondary binding site by 33.0% (Table 3).

Biophysical Journal 92(1) 217-224
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FIGURE 1 Omit maps of the two
gases within the two proteins. Omit
maps showing the position of the Xe
atom (A) or of the two N>O molecules
(B) within urate oxidase binding site

D

cavity. Omit maps showing the position
of the Xe atom (C), the first N,O
molecule (D), and the second N,O
molecule (F) in annexin V. (Contour
levels at 3 SD above the average
background.)

When we consider the effects of Xe and N,O on urate
oxidase and annexin V together as a model of simultaneous
occupation of cytosolic and membrane proteins by Xe or
N,O (see the discussion section about the implications for
general anesthesia mechanisms), we find an overall expan-
sion of the gas-binding cavities of 20.6% in presence of Xe
and of 22.2% in presence of N,0O, leading to an expansion
ratio of 0.93 (Table 3). Equivalent ratio values are obtained
when the structures are independently refined with SHELXL
instead of REFMAC (ratio of 1.14), cavity volumes calcu-

TABLE 2 Closest contacts (in i\) around the xenon atom (Xe),
the nitrous oxide molecule (N,O (1)) located at the same

position as the Xe atom and the second nitrous oxide molecule
(N2O (2)) in urate oxidase (see Fig. 2) and annexin V (see Fig. 3)

Urate oxidase Annexin V

Xe 391 C62 Leu-252 Xe 293 Cy2 Thr-227
395 (€62 Leu-252 365 €62 Phe-192
4.09 C61 Phe-219 3.86 C&1 Leu-235
429 C82 Leu-178 390 Cy2 Thr-287
430 Cyl Val-227 399 CB Glu-226
443 Ce Met-234

N,O (1) 325 Cy2 Thr-230 N,O(l) 323 Cy2 Thr-227
350 Cy Thr-180 342 Cy Phe-192
3,52 (€62 Leu-178 349 C61 Leu-235
359 Cé Leu-252 365 Cy2 Thr-187
377 Cyl Val-227 385 CB Glu-223
381 Cel Phe-219

N,O(2) 319 CB Phe-219 N,O(2) 3.32 Cy2 Val-80
332 Cy2 Thr215 336 Cyl Val-64
333 Cy2 Val-182 343 CB Met-67
350 Ce Met-234 351 Cy2  1le-79
350 Cy2 Thr-180 375 O Glu-76

383 Cé1 Leu-71
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lated with CASTp instead of VOIDOO (ratio of 1.09), or
SHELXL and CASTp used simultaneously (ratio of 0.96),
thereby leading to an average ratio of volume expansion of
1.03 (data not shown).

DISCUSSION

Many Xe-protein complexes have been solved, showing that
Xe atoms bind not only to intramolecular cavities but also to
intermolecular sites or exposed pockets (29,46). However, in
the majority of cases, Xe binds to inaccessible hydrophobic
preexisting flexible gas cavities. Here, we show that the
primary binding sites of Xe and N,O within two soluble
proteins, urate oxidase and annexin V, are identical flexible
gas cavities with no visible water. Even if the pressure used
is higher than any physiological pressure used in anesthesia
because of the x-ray crystallography technique, which needs
an elevated gas pressure to saturate the site for direct ob-
servation (24), we can draw the hypothesis that these two
gases would bind to the same site within their main phys-
iological target, the pore of the NMDA receptor. We chose to
study these gases at a same pressure of 2 MPa for a more
rational comparison of their effects.

Implication for protein function

Internal cavities within proteins are crucial for conforma-
tional flexibility and domain motion (47,48) and thereby for
protein and cell functions. A ligand can reach a buried cavity
through thermal motion (49). It was proposed that only pro-
teins with large enough preexisting internal cavities can bind
anesthetics (30). Occupation and expansion of large hydro-
phobic flexible gas cavities within intracellular or membrane
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TABLE 3 Cavities volume (calculated with VOIDOO (43)) for
urate oxidase and annexin V (refined with REFMAC (39)) with
their mean deviation, expansion for xenon (Xe) and nitrous
oxide (N2O) binding sites and ratio of expansion.

Cavity volume Volume  Expansion
* mean deviation expansion ratio
Protein A% (%) (Xe/N,0)

Urate oxidase
Cavity 1 119.1 + 2.0
+ Xe 147.1 £ 2.5 23.5
+ N,O 140.3 = 29 17.9 1.32%
Annexin V
Cavity 1 529 £ 1.5
+ Xe 60.4 = 1.1 14.1
+ N,O 69.9 = 2.0 32.1 0.44
Cavity 2 3.1 =14
+ N,O 414 = 1.1 33.0 -
Cavities 1 + 2 84.0 £ 2.9
+ N,O 1113 = 3.1 324 0.441
Urate oxidase + annexin V
Cavities 1 172.0 = 34
+ Xe 207.5 * 3.6 20.6
+ N0 2102 + 49 222 0.93*
Cavities 1 + 2 203.1 = 4.9
+ N,0 251.6 = 6.0 239 0.86"

*In accord with the relative narcotic potency of Xe compared to N,O when
assessed by loss of the righting reflex, a behavioral endpoint whose
dependence on anesthetic concentration is closely related to MAC-awake
(see Table 4).

*Compared to expansion induced by Xe.

*In accord with the relative anesthetic potency of Xe compared to N,O
when assessed by lack of purposeful movement in response to a noxious
stimulus, an endpoint that allows defining MAC-immobility values (see
Table 4). Equivalent expansion ratio values are obtained when the struc-
tures are independently refined with SHELXL instead of REFMAC, cavity
volumes calculated with CASTp instead of VOIDOO, or SHELXL and
CASTp used simultaneously.

proteins may therefore lead to conformational rigidity,
thereby disrupting protein and cell functions. In urate oxi-
dase, we found that the gas-binding cavity is situated near the
active site where the competitive inhibitor, §-azaxanthin,
binds (Fig. 2). It is then plausible that occupation and expan-
sion by Xe or N,O of this large hydrophobic gas-binding
cavity may restrain or disrupt the catalytic activity of urate
oxidase. As regards annexin V, the native structure is known
at high and low calcium concentration (35,50), showing a
calcium-induced large-scale conformational movement
within the third domain of the protein. The loop carrying a
tryptophan residue buried within the core of this domain
moves, making the tryptophan solvent-accessible and ready
to bind to membrane lipids. In parallel, a glutamate residue
switches to a position where it is ready to bind the calcium
ion (Fig. 3). This hinge movement, believed to open the
calcium ion path, is a key step for the protein fixation to and
detachment from the membrane and all its functional roles
(51,52). In the annexin-gas complexes solved here at high
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Xe and N20 (1)
N20(2)

Active site pocket
8-azaxanthin

FIGURE 2 Urate oxidase binding sites for Xe or N,O. Smooth carbon
a-chain representation of urate oxidase monomer with the hydrophobic gas-
binding site at close proximity to the active site pocket occupied by the
competitive inhibitor 8-azaxanthin. One atom of Xe or two N,O molecules
bind within the hydrophobic cavity. Oxygen, nitrogen, and Xe atoms are
colored in red, blue, and orange, respectively.

calcium concentration, both Xe and N,O bind within the
hydrophobic cavity left vacant by the outer solvent-acces-
sible position of the tryptophan. It is then plausible that
occupation and expansion of this cavity by Xe and N,O
would prohibit the hinge movement of the loop necessary for
all annexin V functions, thereby disrupting them. These find-
ings and their plausible consequences on protein functioning
are in agreement with previous experiments showing that
binding of anesthetics leads to an increase in protein stability
(53) and to a reduction of kinetics in single nicotinic acetyl-
choline channels (54). This receptor possesses a structure
close to that of the NMDA ion-channel receptor, which is
known to be a main target for Xe and N,O (11-13). By
analogy, we suggest that the presence of a gas bound to a
hydrophobic cavity within the transmembrane domain of the
NMDA receptor channel, as shown for the nicotinic acetyl-
choline receptor channel (55), may alter the flexibility of the
pore, thereby limiting calcium exchange and disrupting the
NMDA receptor function. Interestingly, we found that Xe
and N,O bind to a same site in the center of the third domain
of annexin V and that N,O also binds to a second cavity
located in the center of the first annexin V domain. This may
be related to recent pharmacological findings that have sug-
gested that N,O may interact with both the NR1 and NR2D
subunits of the NMDA receptor (56,57), whereas Xe may act
only at the NR2D subunit (57,58).

Biophysical Journal 92(1) 217-224
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Implication for the mechanisms of
general anesthesia

The range and average value of the volume expansion ratio
of the gas-binding cavities for Xe and N,O in urate oxidase
(range 1.25-1.51, mean 1.38) fit both with the Meyer-
Overton concept and the ratio of the in vivo effects of these
gases when assessed by the loss of the righting reflex (range
1.28-1.49, mean 1.38; see Table 4), a behavioral endpoint
whose dependence on anesthetic concentration is closely re-
lated to MAC-awake (1). This indicates that the concordance

TABLE 4 Mean anesthetic concentration (MAC) of xenon
(Xe) and nitrous oxide (N,O) producing loss of righting
reflex and lack of response to noxious stimuli in rodents
(references in parentheses)

Behavioral MAC value Average MAC  Mean relative
endpoint (vol %) (vol %) Narcotic potency*
Loss of righting reflex
(MAC-awake)
N,O 128 (17) 125
122 (18)
Xe 86 (17) 90.5 1.38
95 (19)
Lack of response to
noxious stimuli
(MAC-immobility)
N,O 153,158 (20)
155 (21) 156
159 (22)
Xe 161 (19) 161 0.97

*The relative anesthetic potency of Xe is expressed compared to the
anesthetic potency of N,O taken as a 100% value. The relative narcotic
potencies of Xe and N,O calculated from the different experimental MAC-
awake and MAC-immobility values range from 1.28 to 1.49 (mean value
1.38) and from 0.95 to 0.99 (mean value 0.97), respectively.
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FIGURE 3 Annexin V hinge movement and binding
sites of Xe or N,O. Smooth carbon a-chain representation
of annexin V monomer in low- and high-calcium confor-
mation (colored in purple and blue, respectively) showing
the hinge movement of the loop carrying the tryptophan
185 in parallel to the glutamate 226 switch. Both Xe and
N,O bind within the hydrophobic cavity left vacant by the
movement of the tryptophan. A second molecule of N,O
binds in the center of the first domain. The color code is the
same as above plus the calcium colored in pink. Figs. 2 and
3 were produced with the visualization software InsightIl
(Accelrys, San Diego, CA).

between the volume expansion effects of Xe and N,O and
the in vivo MAC-awake effects of these gases is between
97.5% (1.25:1.28) and 98.5% (1.49:1.51). No similar rela-
tionship is found for annexin V. However, we found that the
range and average value of the volume expansion ratio of the
gas-binding cavities for Xe and N,O in urate oxidase and
annexin V, taken together as a model of simultaneous oc-
cupation of cytosolic and membrane proteins (range 0.93—
1.14, mean 1.03), do fit with the ratio of the in vivo effects of
these gases when assessed by the absence of purposeful
movement in response to noxious stimuli (range 0.95-0.99,
mean 0.97; see Table 4), an endpoint that defines MAC-
immobility values (1). This indicates that the concordance
between the volume expansion effects of Xe and N,O and
the in vivo MAC-immobility effects of these gases is be-
tween 87% (0.99:1.14) and 98% (0.93:0.95). Whenever such
effects occur in brain cytosolic and membrane receptors,
they may be of physiological significance and may help to
reconcile the critical volume expansion theory, initially
developed for membrane lipids, with protein theories of
anesthesia (59).

Based on the data of the study presented here, we hypoth-
esize a step-by-step mechanism of inhaled anesthetic action
in which the graded dose-response effect would depend on
cavity size and order of filling. Xe and N,O would first bind
to brain intracellular proteins possessing large hydrophobic
cavities, which constitute easy targets for inhalational an-
esthetics, thereby disrupting the activity of these proteins in a
manner sufficient to induce moderate neuronal dysfunctions
leading to the early stages of anesthesia, i.e., amnesia and
hypnosis. If gas concentration rises, the smaller hydrophobic
gas-binding cavities within the NMDA receptor would then
begin to be filled (with the cytosolic protein-binding cavities
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still fully occupied), thereby disrupting the receptor function
and leading to surgical anesthesia, i.e., deep sedation and
lack of autonomic and motor responses to noxious stimuli.
Similar step-by-step mechanisms of general anesthesia,
which assume a causal link between the behavioral effects
of anesthesia from amnesia and hypnosis to ‘‘surgical
anesthesia’’ and the progressive occupation of the anesthetic
binding sites from globular proteins to ion channel receptors,
may occur for other types of inhaled anesthetics and/or ion-
channel receptors, such as the GABA, receptor, which is
thought to be the molecular target of most volatile an-
esthetics (8—10). Such mechanisms may also explain a
number of critical exceptions to the Meyer-Overton rule of a
high correlation between anesthetic potency and hydropho-
bicity, depending on the relative size of the anesthetics and
of the anesthetic-binding cavities within ion channel recep-
tors. For instance, the so-called nonimmobilizers, predicted
to be potent anesthetics by the Meyer-Overton rule, produce
amnesia but lack of immobilizing activity (16). According to
our model, the large size of the so-called nonimmobilizers
may allow these gases to bind to cytosolic globular proteins
but not to ion channel receptors, which possess smaller
hydrophobic cavities, thereby producing moderate neuronal
dysfunction and leading to the production of amnesia but not
to immobilizing activity.
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