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T HE mechanisms by which general anesthetics, includ-
ing the remarkably safe medicinal gases xenon and 

nitrous oxide, produce their pharmacological action are still 
poorly known. However, over the past 15 yr, major progress 
has been made with regard to the molecular mechanisms by 
which xenon and nitrous oxide act to produce their anesthetic 
and neuroprotective effects.1–11 In contrast with most inha-
lational clinical anesthetics thought to act by potentiating 
the type A γ-aminobutyric acid receptor, xenon and nitrous 
oxide have been shown to act mainly by antagonizing the 
N-methyl-d-aspartate glutamatergic receptor2,9,12–14 and by 
modulating other neuronal targets of physiological and clini-
cal interest such as the nicotinic acetylcholine receptor, the 
TREK-1 two-pore–domain K+ channel, and enzymes.14–18

Crystallographic studies under gas pressure have allowed 
a better understanding of the mechanisms by which the 
chemically and metabolically inert gases act, particularly by 
demonstrating in protein models of possible neuronal targets 

that such gases bind to proteins through weak but specific 
interactions19–26 within hydrophobic cavities and/or sur-
face pockets. In that way, recent investigations have further 

What We Already Know about This Topic

•	 Hydrophobicity	is	often	considered	to	be	the	principal	physi-
cochemical	property	determining	gas	binding	to	proteins

•	 Chemically	 and	 metabolically	 inert	 gases	 bind	 to	 proteins	
through	 weak,	 but	 specific,	 interactions	 within	 hydrophobic	
cavities	and	surface	pockets

What This Article Tells Us That Is New

•	 Crystallographic	studies	of	10	binding	sites	in	4	proteins	found	
that	 the	binding	of	 xenon	and	nitrous	oxide	do	not	depend	
on	hydrophobicity	alone	but	on	complex	processes	in	which	
hydrophobicity	and	volume	interact	in	different	ways

•	 Gas,	including	general	anesthetic,	binding	to	proteins	should	
be	considered	 to	be	due	 to	a	 fully	 reversible	 interaction	be-
tween	a	ligand	and	a	receptor
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ABSTRACT

Background: The mechanisms by which general anesthetics, including xenon and nitrous oxide, act are only beginning to be 
discovered. However, structural approaches revealed weak but specific protein–gas interactions.
Methods: To improve knowledge, we performed x-ray crystallography studies under xenon and nitrous oxide pressure in a 
series of 10 binding sites within four proteins.
Results: Whatever the pressure, we show (1) hydrophobicity of the gas binding sites has a screening effect on xenon and 
nitrous oxide binding, with a threshold value of 83% beyond which and below which xenon and nitrous oxide, respectively, 
binds to their sites preferentially compared to each other; (2) xenon and nitrous oxide occupancies are significantly correlated 
respectively to the product and the ratio of hydrophobicity by volume, indicating that hydrophobicity and volume are bind-
ing parameters that complement and oppose each other’s effects; and (3) the ratio of occupancy of xenon to nitrous oxide is 
significantly correlated to hydrophobicity of their binding sites.
Conclusions: These data demonstrate that xenon and nitrous oxide obey different binding mechanisms, a finding that argues 
against all unitary hypotheses of narcosis and anesthesia, and indicate that the Meyer–Overton rule of a high correlation 
between anesthetic potency and solubility in lipids of general anesthetics is often overinterpreted. This study provides evi-
dence that the mechanisms of gas binding to proteins and therefore of general anesthesia should be considered as the result of 
a fully reversible interaction between a drug ligand and a receptor as this occurs in classical pharmacology. (Anesthesiology  
2014; 121:1018-27)
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shown that xenon and nitrous oxide bind to and compete for 
the same hydrophobic sites.18,19

In the present study, we performed crystallography stud-
ies in a series of four proteins—urate oxidase, lysozyme, 
myoglobin, and neuroglobin—to better understand the 
basic mechanisms that determine xenon and nitrous oxide 
binding to proteins. We confirmed that xenon and nitrous 
oxide bind in most cases to the same binding sites and fur-
ther demonstrated mainly that the binding of xenon and 
nitrous oxide to proteins does not depend on hydrophobic-
ity alone but on complex processes in which hydrophobicity 
and volume interact in different ways.

Materials and Methods

Crystal Preparations
Urate oxidase (EC = 1.7.3.3; uricase) is a homotetrameric 
enzyme of 135 kda that catalyzes the oxidation of uric acid. 
Purified recombinant urate oxidase from Aspergillus fla-
vus, expressed in Saccharomyces cerevisiae, was provided by 
Sanofi-Aventis (Montpellier, France). Urate oxidase crys-
tals were grown by the batch or hanging drop techniques 
at room temperature using a 10–15 mg/ml solution of urate 
oxidase with an excess of its inhibitor 8-azaxanthine (Sigma-
Aldrich, Lyon, France) in 50 mM Tris/HCl pH 8.5 in the 
presence of 5–8% polyethylene glycol 8000. This led to crys-
tals in orthorhombic space group I222 with one monomer 
per asymmetric unit.27

Hen egg white lysozyme (E.C. 3.2.1.17) is a monomeric 
enzyme of 15 kda that hydrolyzes specific linkages in pepti-
doglycans. Purified lysozyme was purchased from Hampton 
Research (Aliso Viejo, CA) and dissolved in sodium acetate 
buffer 0.02 M pH 4.6. Lysozyme crystals were grown by the 
batch technique using a 15–30 mg/ml solution of lysozyme 
in 0.1 M sodium acetate buffer, pH 4.6, in the presence of 
0.6 to 1.1 M NaCl. This led to crystals in the tetragonal 
space group P43212 with one enzyme per asymmetric unit.28

Sperm whale myoglobin is a monomeric globin of 19 kda 
involved in oxygen storage by reversibly binding oxygen 
molecules that have been transported by hemoglobin. Myo-
globin crystals were grown by the batch technique by mixing 
50 mg/ml myoglobin in 50 mM potassium phosphate buffer, 
pH 7, and saturated ammonium sulfate. This led to crys-
tals in the monoclinic space group P21 with one globin per 
asymmetric unit.29

Murine neuroglobin is a hexacoordinate globin of 18 kda 
expressed in the brain of vertebrates, which is involved in 
neuroprotection during hypoxia and ischemia.30–32 Neu-
roglobin production, purification, and crystallization have 
been described previously.33 Crystals grew in a 1:1 mixture 
of neuroglobin (10 mg/ml) and reservoir solution (1.6 M 
ammonium sulfate, 0.1 M morpholino-ethanesulfonic acid, 
pH 6.5) in the hanging-drop method. This led to neuroglo-
bin crystals in the trigonal space group R32 with one globin 
per asymmetric unit.

Data Collections
data collections were recorded gas-less and under gas pres-
sure of xenon or nitrous oxide of 10, 20, and 30 bar. For 
each data collection, a crystal mounted in a quartz capillary 
fitted to a specially designed cell was pressurized and main-
tained under gas pressure as described earlier.34,35 diffrac-
tion data were collected at room temperature at the BM14, 
BM16, and BM30A beamlines at the European Synchrotron 
Radiation Facility in Grenoble, France. detectors used were 
a MAR CCd detector for BM14, an AdSC Q210r CCd 
detector for BM16, and an AdSC Q315r CCd detector for 
BM30A. data were indexed and integrated by DENZO and 
scaled independently and reduced using SCALEPACK, both 
programs from the HKL package36 or indexed and integrated 
by MOSFLM37 and scaled by SCALA. Intensities were con-
verted in structure factor amplitudes using TRUNCATE, and 
structure refinements were carried out using REFMAC,38 all 
from the CCP4 package.39 Protein data Bank entries 2IBA 
for urate oxidase,19 1C10 for lysozyme,23 2JHO for myoglo-
bin,40 and 3GKT for neuroglobin21 in which heteroatoms 
and alternate side-chain positions were removed were used as 
starting model for rigid body refinement. The graphics pro-
gram COOT41 was used to visualize |2Fobs − Fcalc| and |Fobs 
− Fcalc| electron density maps and for manual rebuilding. All 
data collections were made at wavelength in the range 0.95–1 
Å far from the xenon K-edge (0.3587 Å) or LI-edge (2.2738 
Å) restraining the use of xenon anomalous signal to accu-
rately determine occupancies in xenon complexes. However, 
with a residual of 3 to 4 electrons, the Δf″ signal was enough 
to assess the presence of xenon from peaks in anomalous dif-
ference maps.18 determination of gas occupancies have been 
deduced, as in Reference 18, from the height of the peaks 
corresponding to the gas in the omit maps. The resulting 
gas B-factors were constant for a given binding site whatever 
the applied gas pressure. Hydrophobicity of the gas bind-
ing site has been estimated by calculating the percentage of 
carbon atoms in the total number of atoms (carbon, oxygen, 
nitrogen, and sulfur, ignoring hydrogen) that line the bind-
ing site. Cavity and pocket volumes were calculated using 
the program CASTp42 with a probe radius of 1.4 Å. Sum-
mary of the x-ray data collections and refinements statistics 
for each sample is reported in Supplemental digital Content 
1, http://links.lww.com/ALN/B90. Atomic coordinates and 
structure factors have been deposited in the Protein data 
Bank (4NWH lysozyme under 30 bar of xenon, 4NWE 
lysozyme under 30 bar of nitrous oxide, 4NXA myoglobin 
under 30 bar of xenon, 4NXC myoglobin under 30 bar of 
nitrous oxide, 4O4T for neuroglobin under 30 bar of xenon, 
and 4O4Z for neuroglobin under 30 bar of nitrous oxide).

Data Modeling and Statistical Analysis
Raw data of binding site occupancies by xenon and nitrous 
oxide were modeled versus pressure using the Origin8 soft-
ware (OriginLab, Northampton, MA) according to the fol-
lowing logistic equation:

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/121/5/1018/484582/20141100_0-00022.pdf by guest on 18 April 2024

http://links.lww.com/ALN/B90


Anesthesiology 2014; 121:1018-27 1020 Abraini et al.

Crystallography with Xenon and Nitrous Oxide

Y
y y
X x

yp=
−

+
+1 2

0
21 ( / )
 (1)

where y1 is the lower (or initial) experimental value, y2 the 
higher (or final) experimental value, x0 the x-axis value that 
corresponds to the y-axis value y0 = y1 + (y2 − y1)/2, and  
p the power of the sigmoidal fit (fixed to 3). Then, the dose–
response occupancies of xenon and nitrous oxide as defined 
by the predicted values of occupancy obtained from equa-
tion (1) were compared by performing a Poisson analysis for 
distribution.

The relationships between the predicted values of occu-
pancy of xenon and nitrous oxide were modeled versus the 
gas binding sites’ hydrophobicity and volume, as well as their 
product and ratio, using equation (1). The level of statistical 
significance for the Poisson analysis and the r values obtained 
from equation (1) was set at P less than 0.05.

Results

Xenon and Nitrous Oxide Binding
Xenon and nitrous oxide bound to hydrophobic sites 
by either intramolecular cavities or solvent-accessible 
pockets. As an example, figure 1 illustrates the binding 
of xenon and nitrous oxide to lysozyme (fig. 1A), myo-
globin (fig. 1B), and neuroglobin (fig. 1C). As reported 
previously,34,43 the presence of xenon or nitrous oxide in 
the binding sites did not change unit cell parameters and 
only had little effect on the proteins structure (root mean 
square differences between native structures and struc-
tures with gas were about 0.2 Å for all protein atoms). As 
already reported,18,19 the only gas-induced structural effect 
was a dose (pressure)-dependent expansion of the volume 
of the gas binding site that did not result, however, in an 
increase of the number of xenon and nitrous oxide atoms 
within the gas binding sites.
Urate Oxidase. As reported previously,18,19 we found that 
xenon and nitrous oxide bound to urate oxidase within an 
internal cavity, called UOX-I, located close to the active site 
of urate oxidase. UOX-I has 90% of lining atoms that are 
carbons. In the gas-less structure of urate oxidase, UOX-I is 

empty and has a volume of 116 Å3. Xenon and nitrous oxide 
bound to UOX-I in a pressure-dependent manner of 10 to 30 
bar (fig. 2A). Statistical analysis showed a significant differ-
ence between xenon and nitrous oxide occupancy of UOX-I  
(Z = 4.34, P < 0.001), indicating that xenon has a higher 
affinity than nitrous oxide for UOX-I.

Xenon and nitrous oxide also bound weakly to a small 
extension of a preexisting pocket, called UOX-II, previ-
ously suggested to be not involved in the enzymatic activ-
ity of urate oxidase18 and further shown to be a negligible 
factor in a mechanistic model of anesthesia based on xenon 
and nitrous oxide in vivo pharmacology and crystallography 
data.19 Therefore, this gas binding site was not taken into 
account in our analysis.
Lysozyme. As described previously,23,44,45 we found that 
xenon bound to lysozyme within a small buried internal cav-
ity, called LYSO-I (fig. 1A). LYSO-I is a “full” hydropho-
bic cavity with 100% of lining atoms being carbons. In the 
gas-less structure of lysozyme, LYSO-I is empty and has a 
volume of 32 Å3. Xenon bound to LYSO-I in a pressure-
dependent manner of 10 to 30 bar; nitrous oxide did not 
bind to LYSO-I (fig. 2B). This led to a significant difference 
between xenon and nitrous oxide occupancy (Z = 6.56, P < 
0.001).

Also, xenon and nitrous oxide bound to a second pocket 
called LYSO-II located at a crystallographic interface, a con-
dition indicating that this site is an experimental artifact. 
Therefore, this gas binding site was not taken into account 
in our analysis.
Myoglobin. In agreement with previous observation,46–48 
we found that xenon bound to myoglobin within four 
binding sites, called MB-I to MB-IV (fig. 1B). Here, we 
further showed that xenon also bound to an additional 
site, called MB-V, and that nitrous oxide bound to the 
same sites as xenon. MB-III and MB-V are with no doubt 
internal cavities. Likewise, if the heme is taken as being an 
intrinsic part of the globin, MB-I, MB-II, and MB-IV can 
be considered as internal cavities buried between the heme 
and the globin.

MB-I is located on the proximal side of the heme and 
has 83% of lining atoms that are carbons. In the gas-less 

A B C

Fig. 1. Xenon and nitrous oxide binding sites in lysozyme (A), myoglobin (B), and neuroglobin (C). Xenon is represented by an 
orange sphere, nitrous oxide is represented by spheres colored by atom types, and protein surfaces are represented as mesh 
volumes in cyan. The heme and the proximal and distal histidines are represented in stick colored by atom types in the myoglo-
bin and neuroglobin structures (B and C).
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structure of myoglobin, MB-I is empty and has a volume 
of 66 Å3. Xenon and nitrous oxide bound to MB-I in a 
pressure-dependent manner of 10 to 30 bar (fig. 2C). No 
significant difference was found between xenon and nitrous 
oxide occupancy of MB-I (Z = 0.00, P < 1), indicating that 
both gases have a similar affinity for MB-I.

MB-II is located close to the heme and possesses 73% 
of lining atoms that are carbons. In the gas-less struc-
ture of myoglobin, MB-II is empty and has a volume of  
42 Å3. Xenon and nitrous oxide bound to MB-II in a 
pressure-dependent manner of 10 to 30 bar (fig. 2d). Sta-
tistical analysis resulted in a significant difference between 
nitrous oxide and xenon occupancy of MB-II (Z = −7.93,  
P < 0.001), indicating that nitrous oxide has a higher affin-
ity than xenon for MB-II.

MB-III has 59% of lining atoms that are carbons. In the 
gas-less structure of myoglobin, MB-III is filled with a water 
molecule and has a volume of 74 Å3. Xenon and nitrous 
oxide bound to MB-III in a pressure-dependent manner of 
10 to 30 bar (fig. 2E). Statistical analysis showed a significant 
difference between nitrous oxide and xenon occupancy of 
MB-III (Z = −6.59, P < 0.001), indicating that nitrous oxide 
has a higher affinity than xenon for MB-III.

MB-IV is located on the distal side of the heme and has 
83% of lining atoms that are carbons. In the gas-less struc-
ture of myoglobin, MB-IV is empty and has a volume of 
40 Å3. Both xenon and nitrous oxide bound to MB-IV in 
a pressure-dependent manner of 10 to 30 bar (fig. 2F). Sta-
tistical analysis revealed no significant difference between 

xenon and nitrous oxide occupancy of MB-IV (Z = 0.51,  
P < 0.7), a result indicating that xenon and nitrous oxide 
have a similar affinity for MB-IV.

MB-V has 93% of lining atoms that are carbons. In the 
gas-less structure of myoglobin, MB-V is empty and has 
a volume of 35 Å3. Xenon bound to MB-V in a pressure-
dependent manner of 10 to 30 bar (fig. 2G); nitrous oxide 
did not bind to MB-V. This led to a significant difference 
between xenon and nitrous oxide occupancy (Z = 4.47,  
P < 0.001).
Neuroglobin. A large internal cavity is located behind the 
heme and is involved in the heme sliding mechanism in 
neuroglobin.33,49 We found that xenon bound to neuro-
globin within four binding sites called NGB-I to NGB-IV 
as reported previously21 and to three additional sites called 
NGB-V to NGB-VII (fig. 1C). Nitrous oxide bound to the 
same sites as xenon, except NGB-V and NGB-VII.

NGB-I, NGB-V, NGB-VI, and NGB-VII are located 
in crystallographic interfaces, indicating that these sites are 
experimental artifacts. Therefore, these sites were not taken 
into account in our analysis.

NGB-II is a solvent-accessible pocket with 72% of lin-
ing atoms being carbons. In the gas-less structure, NGB-II 
is empty with a volume of 51 Å3. Xenon and nitrous oxide 
bound to NGB-II in a pressure-dependent manner of 10 
to 30 bar (fig. 2H). Statistical analysis showed a significant 
difference between nitrous oxide and xenon occupancy of 
NGB-II (Z = −3.04, P < 0.005), indicating that nitrous 
oxide has a higher affinity for NGB-II than xenon.
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Fig. 2. Occupancy of the gas binding sites by xenon and nitrous oxide as a function of pressure. (A) Urate oxidase, UOX-I,  
(B) lysozyme, LYSO-I, (C) myoglobin, MB-I, (D) myoglobin, MB-II, (E) myoglobin, MB-III, (F) myoglobin, MB-IV, (G) myoglobin, 
MB-V, (H) neuroglobin, NGB-II, (I) neuroglobin, NGB-III, and (J) neuroglobin, NGB-IV. Statistical analysis showed a significant 
difference between xenon and nitrous oxide occupancy of UOX-I, LYSO-I, MB-II, MB-III, MB-V, NGB-II, NGB-III, and NGB-IV, but 
not between xenon and nitrous oxide occupancy of MB-I and MB-IV. Orange lines: xenon (Xe); blue lines: nitrous oxide (N2O). 
UOX-I: binding site no. 1 in urate oxidase; LYSO-I: binding site no. 1 in lysozyme; MB-I, MB-II, MB-III, MB-IV, and MB-V: binding 
sites nos. 1 to 5 in myoglobin; NGB-II, NGB-III, and NGB-IV: binding sites nos. 2 to 4 in neuroglobin. Y-axis: occupancy of the 
gas binding sites by xenon and nitrous oxide as expressed in %; X-axis: pressure of gas expressed in bar (1 bar = 0.1 MPa).
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NGB-III is located at the back of the large internal cavity, 
close to a tunnel connecting the heme cavity to the exterior 
of the protein, and thought to be a secondary access for oxy-
gen.21,50 NGB-III has 86% of lining atoms being carbons. In 
the gas-less structure, NGB-III is empty and has a volume of 
62 Å3. Xenon and nitrous oxide bound to NGB-III in a pres-
sure-dependent manner of 10 to 30 bar (fig. 2I). Statistical 
analysis showed a significant difference between xenon and 
nitrous oxide occupancy of NGB-III (Z = 7.73, P < 0.001), 
indicating that xenon has a higher affinity for NGB-III than 
nitrous oxide.

NGB-IV is also located in the large internal cavity, 
between the heme and NGB-III, with 89% of lining atoms 
being carbons. In the gas-less structure, NGB-IV is empty 
with a volume of 55 Å3. Xenon and nitrous oxide bound to 
NGB-IV in a pressure-dependent manner of 10 to 30 bar 
(fig. 2J). Statistical analysis showed a significant difference 
between xenon and nitrous oxide occupancy of NGB-IV (Z 
= 3.42, P = 0.001), indicating that xenon has a higher affin-
ity for NGB-IV than nitrous oxide.

Taken together, these data confirm and extend previous 
studies that have first shown in two intramolecular binding 
cavities that xenon and nitrous oxide bind to and compete 
for the same binding sites.18,19

Relationships between Occupancy, Hydrophobicity, and 
Volume of the Gas Binding Sites
As shown in figure 3, it is obvious that (1) xenon bound 
with a higher occupancy than nitrous oxide in the binding 
sites whose lining atoms include more than 83% of carbon 
atoms; (2) nitrous oxide bound with a higher occupancy 
than xenon in the binding sites whose lining atoms include 
less than 83% of carbon atoms; (3) xenon and nitrous oxide 
bound with a similar affinity to the binding sites whose lin-
ing atoms include 83% of carbon atoms.

Whatever the pressure (10, 20, or 30 bar), occupancy of 
the gas binding sites by xenon showed a significant logis-
tic relationship with the gas binding site’s volume (10 bar:  
r = 0.7798, P < 0.01, df = 8; 20 bar: r = 0.784, P < 0.01,  
df = 8; 30 bar: r = 0.778, P < 0.01, df = 8) but not with the 
gas binding site’s hydrophobicity (r = 0.000, P = 1) (data 
not shown). Likewise, occupancy of the gas binding sites by 
nitrous oxide showed a significant logistic relationship with 
the gas binding site’s volume (10 bar: r = 0.727, P < 0.02, df 
= 8; 20 bar: r = 0.778, P < 0.01, df = 8; 30 bar: r = 0.792, P < 
0.01, df = 8) but not with the gas binding site’s hydrophobic-
ity (0.591 < r < 0.621, P < 0.1) (data not shown). In addi-
tion, because both hydrophobicity and volume play a critical 
role in gas binding to proteins, we further examined possible 
interactions between these factors. Occupancy by xenon of 
the gas binding sites showed a higher significant logistic rela-
tionship with the product of hydrophobicity by volume (10 
bar: r = 0.910, P < 0.001, df = 8, fig. 4A; 20 bar: r = 0.909, P 
< 0.001, df = 8, fig. 4B; 30 bar: r = 0.897, P < 0.001, df = 8, 
fig. 4C) compared to the ratio of hydrophobicity to volume 

(10 bar: r = 0.612, P < 0.1, df = 8; 20 bar: r = 0.647, P < 0.05, 
df = 8; 30 bar: r = 0,620, P < 0.1, df = 8; data not shown). By 
contrast, occupancy of the gas binding sites by nitrous oxide 
resulted in a significant logistic relationship with the ratio of 
hydrophobicity to volume (10 bar: r = 0.861, P < 0.005, df 
= 8, fig. 5A; 20 bar: r = 0.885, P < 0.001, df = 8, fig. 5B; 30 
bar: r = 0.898, P < 0.001, df = 8, fig. 5C), but not with the 
product of hydrophobicity by volume (0.357 < r < 0.497, 
0.2 < P < 0.9; data not shown).

Alternatively, we further found that the ratio of xenon to 
nitrous oxide occupancy of the gas binding sites decreased 
from 1.47 at 10 bar to 1.21 at 30 bar, and further showed 
whatever the pressure a significant logistic relationship with 
the gas binding sites’ hydrophobicity (10 bar: r = 0.960,  
P < 0.001, df = 5, fig. 6A; 20 bar: r = 0.984, P < 0.001, df = 5, 
fig. 6B; 30 bar: r = 0.862, P < 0.005, df = 6, fig. 6C).

Discussion
This research was designed to better understand the mecha-
nisms of gas binding to proteins, particularly the role of the 
binding sites’ hydrophobicity and volume. By performing 
crystallography studies with xenon and nitrous oxide, we 
confirmed that these gases bind in most cases to the same 
binding sites and further showed that the binding of these 
gases to proteins does not depend on hydrophobicity alone 
but on complex processes in which hydrophobicity and vol-
ume interact in different ways.

All experiments were performed at 10, 20, and 30 bar of 
gas pressure, which are pressures at least 10-fold that required 
to obtain in vivo narcotic/anesthetic effects2 and in vitro 
inhibitory effects of enzyme activity.15,17,18,51 The relevance 
of such pressures to the pressure (concentration) used in 
clinical anesthesia could therefore be questioned. It is a well-
known condition, due to slow gas penetration in crystalline 
systems, that the gas pressure to be used in crystallography 
studies must be at least 10 times higher the gas physiological 
concentration to allow approximating gas binding saturation 
in a reasonable time period.52 In addition, the possibility 
that these pressures could have biased our findings should 
also be discussed since these are pressures under which the 
phenomenon of pressure reversal of anesthesia may occur. 
Crystallography studies with helium, an inert gas that virtu-
ally possesses no narcotic action and can therefore be con-
sidered to mediate the effect of pressure per se,53 have found 
no effect on the structure of urate oxidase at pressures up to 
45 bar.18 In addition, studies with urate oxidase have further 
demonstrated that hydrostatic pressures higher than 1,000 
bar are required to induce structural changes mainly char-
acterized by compression of the gas binding sites.54 Interest-
ingly, such pressures are also approximately 10-fold higher 
than the physiological pressure at which seizures occurred 
in mammals55 as the ultimate manifestation before death 
of the high pressure neurological syndrome, a set of excit-
atory symptoms whose main characteristics oppose those of 
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A B C

Fig. 3. Screening effects of hydrophobicity on the binding of xenon (Xe) and nitrous oxide (N2O). (A) 10 bar; (B) 20 bar; and (C) 30 
bar. Whatever the pressure, xenon bound with a higher occupancy than nitrous oxide in binding sites whose hydrophobicity is 
more than 83% (orange diamonds); nitrous oxide bound with a higher occupancy than xenon in binding sites whose hydropho-
bicity is less than 83% (blue diamonds); xenon and nitrous oxide bound with equal occupancy in binding sites whose hydropho-
bicity is 83% (black diamonds). These data indicate that hydrophobicity has a screening effect on xenon and nitrous oxide bind-
ing to proteins with a threshold value of 83% beyond and below which xenon and nitrous oxide binds preferentially compared 
to each other. a: Urate oxidase, UOX-I; b: lysozyme, LYSO-I; c: myoglobin, MB-I; d: myoglobin, MB-II; e: myoglobin, MB-III; f: 
myoglobin, MB-IV; g: myoglobin, MB-V; h: neuroglobin, NGB-II; i: neuroglobin, NGB-III; j: neuroglobin, NGB-IV. UOX-I: binding 
site no. 1 in urate oxidase; LYSO-I: binding site no. 1 in lysozyme; MB-I, MB-II, MB-III, MB-IV, and MB-V: binding sites nos. 1 to 
5 in myoglobin; NGB-II, NGB-III, and NGB-IV: binding sites nos. 2 to 4 in neuroglobin. Y-axis: hydrophobicity as calculated for 
each protein in % of lining atoms being carbon atoms; X-axis: difference in binding to proteins between xenon and nitrous oxide.
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Fig. 4. Occupancy of the gas binding sites by xenon. Occupancy of the gas binding sites by xenon showed a significant logis-
tic relationship with the product of hydrophobicity (H) by volume (V). (A) 10 bar, r = 0.910 (r2 = 0.828); (B) 20 bar, r = 0.909 (r2 = 
0.825); and (C) 30 bar, r = 0.897 (r2 = 0.804). Y-axis: xenon (Xe) occupancy of the gas binding sites as expressed in %; X-axis: 
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inert gas narcosis.56 Alternatively, one could also question as 
to whether soluble proteins are good models of membrane 
proteins, the actual targets of inert gases and volatile anes-
thetics. For instance, apoferritin has been used as a model 
for the type A γ-aminobutyric acid receptor.57,58 Also, there 
is evidence that membrane proteins such as the Gloeobacter 
violaceus and Erwinia chrysanthemi pentameric ligand-gated 
ion channels possess anesthetic binding sites similar to those 
found in globular proteins that are hydrophobic pockets 
or cavities of various sizes. In the E. chrysanthemi channel, 
xenon bound to a hydrophobic cavity within the pore,59 
and bromoform has multiple hydrophobic binding sites.60 
In the G. violaceus channel, general anesthetics bound to a 
large intramolecular hydrophobic pocket that is accessible 
from the lipid bilayer.61 Interestingly, these ligand-gated ion 
channels are homolog to the nicotinic acetylcholine receptor, 
whose electrophysiological activity is reduced by xenon and 
nitrous oxide.14 Taken together, these data indicated that the 
pressures and models used herein are relevant to the study of 
the mechanisms of clinical anesthesia.

We found that hydrophobicity of the gas binding sites 
has a screening effect on xenon and nitrous oxide binding, 
with a threshold value of 83% beyond which and below 
which xenon and nitrous oxide binds preferentially com-
pared to each other. Xenon that is more polarizable than 
nitrous oxide tends to prefer very hydrophobic environment 
while nitrous oxide, which has a dipolar moment, tends to 
prefer less hydrophobic environment (table 1). In addition, 
we found that volume, but not hydrophobicity, was further 
significantly correlated to xenon and nitrous oxide occu-
pancy of the gas binding sites. This suggests that, despite the 
threshold effect of hydrophobicity in gas binding, volume 
but not hydrophobicity plays a major role in the degree of 
gas binding sites’ occupancy. Also, we found that occupancy 
of the gas binding sites by xenon and nitrous oxide was sig-
nificantly better correlated to the product of hydrophobicity 
by volume and to the ratio of hydrophobicity to volume, 
respectively. This indicates that hydrophobicity and volume 
are binding parameters that complement and oppose each 

other’s effects to determine, respectively, xenon and nitrous 
oxide occupancy of the gas binding sites.

Alternatively, in line with the well-known Meyer–Over-
ton rule of a high correlation between anesthetic potency 
and solubility in lipids, we found that the ratio of occu-
pancy of xenon to nitrous oxide was significantly correlated 
to hydrophobicity of the gas binding sites. In addition, we 
further found that the mean ratio of occupancy of xenon to 
nitrous oxide decreased with pressure from 10 to 30 bar, a 
result consistent with previous studies in rodents that also 
showed a reduction of the ratio of the in vivo effects of these 
gases from low gas pressures (concentrations) producing nar-
cosis to higher gas pressures producing anesthesia.2,19,62–66 
Together these data indicate with little doubt that xenon and 
nitrous oxide would act weakly at multiple proteins rather 
than strongly at specific targets to induce their narcotic and 
anesthetic effects. This does not preclude, however, that 
among the multiple target proteins bound by these gases, 
some of them could play a preponderant role in some par-
ticular effect of these gases, for example, the neuroprotective 
effects of xenon and nitrous oxide that are thought to result 
largely from their antagonistic properties at the N-methyl-
d-aspartate glutamatergic receptor whose overactivation is 
well known to be involved in neuronal death.2–4,6,7,9,11,13,67–69

Whether gas binding to proteins within internal cavi-
ties, thought to be crucial for conformational flexibility and 
domain motion,70,71 or solvent-accessible pockets actually 
disturbs protein and cell functions is a major question. We 
recently showed that the ability of xenon and nitrous oxide 
to bind to urate oxidase disturbs the enzymatic activity of 
this globular protein.18,72 Likewise, we further showed that 
xenon inhibited the catalytic activity of elastase by bind-
ing to its active site51 and demonstrated that xenon and 
nitrous oxide disrupt in a concentration-dependent manner 
both the catalytic and thrombolytic activities of tissue-type 
plasminogen activator,15,17 a serine protease whose human 
recombinant form is the only approved therapy for acute 
ischemic stroke. This agrees with studies that have shown 
that anesthetic binding to proteins leads to an increase in 
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protein stability73–75 and to a reduction of kinetics in chan-
nel receptors76 and provides evidence that gas binding to 
proteins may actually disturb protein and cell functions.

The Meyer–Overton rule has been often used to infer 
mechanistic models or hypotheses of general narcosis and 
anesthesia. Particularly, probably due to the use of olive oil or 
benzene as models to assess solubility in lipids of general anes-
thetics, the binding sites of general anesthetics and inert gases 
are often thought to be highly hydrophobic sites. Also, due 
to the limited number of exceptions to the Meyer–Overton 
rule, hydrophobicity is often considered as the preponderant 
binding parameter involved in the processes of gas binding 
to proteins. By contrast, here we show that (1) xenon and 
nitrous oxide bound preferentially to hydrophobic sites of 
high and mild hydrophobicity, respectively; (2) hydrophobic-
ity, in contrast with volume, did not play a significant role in 
the degree of occupancy of the gas-binding sites by xenon or 
nitrous oxide; and (3) hydrophobicity is a good predictor of 
the ratio of the gas binding site occupancy of xenon to nitrous 
oxide. Taken together, these data demonstrate that xenon and 
nitrous oxide obey different binding mechanisms, a finding 
that in turn argues against all unitary hypotheses of narcosis 
and anesthesia and further indicates that the Meyer–Overton 
rule, which is often overinterpreted particularly in the field 
of undersea physiology and medicine, should only be used 
in its restricted sense of a high correlation between anesthetic 
potency and solubility in lipids of general anesthetics.

Also, it is noteworthy from this study that both xenon and 
nitrous oxide bound to binding sites that were either empty or 
filled with a water molecule (thereby taking the place of the 
water molecule). Although all (except one) of these binding sites 
filled with a water molecule were experimental artefacts located 
at crystallographic interfaces that were therefore not taken into 
account for data analysis, the fact that xenon and nitrous oxide 
bound to these binding sites should be considered with inter-
est in future studies since recent data in membrane proteins 
have reported anesthetic binding in binding sites containing 
water.59–61,77 Particularly, it would be of interest to investigate 
whether our findings in regard to the respective role of hydro-
phobicity and volume in gas binding to proteins would also 
apply to binding sites filled with a water molecule.

In conclusion, the present crystallography study provides 
evidence that the mechanisms of gas binding to proteins and 
therefore of general anesthesia may no longer be regarded as the 
result from the sole ability of the general anesthetics to bind to 
hydrophobic sites according to their solubility in lipids. Also 

and importantly, as suggested previously for halogenated com-
pounds78,79 and recently in mutation studies for xenon,80 our 
findings strongly support that the mechanisms of gas binding 
to proteins should be considered as the result of an interaction 
between a drug ligand and a receptor like in classical pharmacol-
ogy, that is, as the ability of a drug ligand (here, a gas) to bind to 
a receptor (a hydrophobic pocket or cavity) and the reciprocal 
ability of this receptor to bind the drug ligand in a fully revers-
ible manner. With no doubt, such complex mechanisms may 
explain a number of alterations and exceptions to the Meyer–
Overton rule of a high correlation between anesthetic potency 
and solubility in lipids of general anesthetics, such as the virtual 
lack of narcotic effect of helium and the so-called nonimmobi-
lizers, which are large inhalational anesthetic-like alkanes.53,81
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