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How some noble and diatomic gases produce anesthe-
sia remains unknown. Although these gases have ap-
parently minimal capacities to interact with a putative
anesthetic site, xenon is a clinical anesthetic, and argon,
krypton, and nitrogen produce anesthesia at hyper-
baric pressures. In contrast, neon, helium, and hydro-
gen do not cause anesthesia at partial pressures up to
their convulsant thresholds. We propose that anesthetic
sites influenced by noble or diatomic gases produce
binding energies composed of London dispersion and
charge-induced dipole energies that are sufficient to
overcome the concurrent unfavorable decrease in en-
tropy that occurs when a gas molecule occupies the site.
To test this hypothesis, we used the x-ray diffraction
model of the binding site for Xe in metmyoglobin. This
site offers a positively charged moiety of histidine 93
that is 3.8 A from Xe. We simulated placement of He,
Ne, Ar, Kr, Xe, H,, and N, sequentially at this binding
site and calculated the binding energies, as well as the
repulsive entropy contribution. We used free energies
obtained from tonometry experiments to validate the

calculated binding energies. We used partial pressures
of gases that prevent response to a noxious stimulus
(minimum alveolar anesthetic concentration [MAC]) as
the anesthetic endpoint. The calculated binding ener-
gies correlated with binding energies derived from the
in vivo (In) data (RTIn[MAC], where R is the gas con-
stant and T is absolute temperature) with a slope near
1.0, indicating a parallel between the Xe binding site in
metmyoglobin and the anesthetic site of action of noble
and diatomic gases. Nonimmobilizing gases (Ne, He,
and H,) could be distinguished by an unfavorable bal-
ance between binding energies and the repulsive en-
tropy contribution. These gases also differed in their
inability to displace water from the cavity. Implica-
tions: The Xe binding site in metmyoglobin is a good
model for the anesthetic sites of action of noble and di-
atomic gases. The additional binding energy provided
by induction of a dipole in the gas by a charge at the
binding site enhanced binding.

(Anesth Analg 1998;87:411-8)

(1, 2) have made noble and diatomic gases the
subject of many studies of small molecule bind-

ing (3-7) and anesthetic mechanisms (8, 9). These and
other noble gases have an elegant simplicity; they are
spherically symmetric, uncharged, and have zero di-
pole moments. Such properties compromise theories
of anesthetic action that demand a particular confor-
mation, dipolar nature, or the ability to either make or
break hydrogen bonds. These characteristics also mag-
nify the problem of explaining how inert molecules,
such as noble and diatomic gases, produce anesthesia.
The partial pressures of gasses that prevent move-
ment in response to a noxious stimulus (minimum
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alveolar anesthetic concentration [MAC]) for Ar, Kr,
Xe, and N, as well as the nonanesthetic (nonimmobi-
lizing) properties of He, Ne, and H, measured or
referenced by Koblin et al. (10) provide a self-
consistent set of data that enables a test of a previous
suggestion about sites of noble gas binding. Many
theories of the mechanism by which inert gases pro-
duce anesthesia assume that binding determines and
is essential to anesthetic action (11). Because inert
gases are uncharged and nonpolar, there is no Cou-
lombic component to binding. Two important compo-
nents of the binding energy remain. The first is a
charge-induced dipole term. This potential energy re-
sults from induction of a dipole in the gas molecule by
a charged binding site. Although noble and diatomic
gases are nonpolar, their diffuse clouds of negative
electrons can be repelled from or attracted to negative
or positive charges, respectively. The resulting distor-
tion of these electron clouds (measured as polarizabil-
ity) produces an induced dipole that is attracted to-
ward the charge that induced it. The second is an
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induced dipole-induced dipole term. This is the attrac-
tive energy (London dispersion energy) produced
when the distribution of electrons in one molecule
fluctuates to produce an instantaneous dipole in that
molecule. This instantaneous dipole then produces a
temporary induced dipole in a second molecule. The
initiating instantaneous dipole could be in either the
gas molecule or the binding site, and the responding
induced-dipole could be in either molecule (12, 13).

These two terms can cause binding of nonpolar
molecules to a putative site of anesthetic action. Suf-
ficient binding energy is thought to be an essential
component of the production of anesthesia because it
assures a high probability of occupancy of the site by
the anesthetic molecule and suggests a potential recip-
rocal alteration of the putative site. However, binding
requires that the attractive energy terms (charge-
induced dipole and London dispersion) overcome the
repulsive terms resulting from confining the molecule
to the binding site. The latter entropy terms result
from restraining the rotational motion of diatomic
gases and the translational motion of all gases (13, 14).
The unfavorable entropy term can be thought of as the
penalty for confining the statistical probability of a
molecule to a particular region of space. The penalty is
related to the coordinates of the molecule and is only
weakly influenced by the mass of the gas. Because
charge-induced dipole and London dispersion ener-
gies decrease steeply with molecular weight, whereas
the disfavorable entropy terms decrease only slightly,
we predicted that low molecular weight gases have a
low probability of occupying an anesthetic binding
site.

An additional component of binding energy results
from the ability of hyperbaric pressure to increase the
concentration, and thereby the apparent potency, of
noble and diatomic gases. Hyperbaric pressure in-
creases the concentration of gas molecules in all re-
gions of the nervous system and, by the law of mass
action, increases the probability that a gas molecule
will occupy a site relevant to anesthetic action. In
terms of the binding energies described above, the
additional favorable binding energy provided by hy-
perbaric pressure (P) is RTIn(P/1 atm), where R is the
gas constant, T is the absolute temperature, and In
represents in vivo (13). This contribution is substantial;
10 atm of pressure increases binding energy by
1.4 kcal/mol, an amount more than twice that avail-
able from thermal energy at 37°C.

Katz and Simon (15) used thermodynamic variables
to assess and compare the binding properties of noble
gases with those of clinical anesthetics. They studied
data sets that included loss of righting reflex in mice,
blockage of peripheral nerves, and depression of both
the dentate gyrus and the olfactory cortex. They con-
cluded that anesthetic sites influenced by noble gases
must contain either a positive or negative charge that
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induces a dipole in the gas molecule needed to pro-
vide the binding energy and, thereby, the occupancy
by a noble gas. However, they did not perform com-
putational chemistry calculations to support their
hypothesis.

The site of anesthetic action remains unknown (16).
Candidate structures include lipid (17) and protein
(18). In the present study, we used the in vivo data
from Koblin et al. (10) to provide insights about the
properties of a protein binding site relevant to anes-
thetic action. As our model, we chose the binding site
for Xe in metmyoglobin because Xe occupies it at a
partial pressure of 1 atm, approximately the same
partial pressure as MAC in rats. In additional, this site
is well characterized and has amino acid residues that
provide both London dispersion energy and charge-
induced dipole energy (11). Finally, experimental
manometric values are available for binding of H,, Ar,
N, (19), and Xe (7) to metmyoglobin. The latter values
were used to validate our calculations of binding
energies.

Binding of Xe to metmyoglobin has been studied by
x-ray diffraction (4, 5, 20) and molecular dynamics
simulations (6, 21). Studies using nuclear magnetic
resonance have helped to define the dynamics of Xe
binding (22, 23). Xe binds to four sites in metmyoglo-
bin, but only one is significantly occupied at 1 atm (5,
7). The present study considered the latter site both
because it is occupied at a relevant anesthetic partial
pressure and because it is the best characterized. We
used literature values of London dispersion energies
(20) and changes in entropy (7), our calculations of
charge-induced dipole energies, and in vivo MAC val-
ues from Koblin et al. (10) to provide a self-consistent
set of data. We tested whether the binding cavity in
metmyoglobin supplies the attractive energy required
to overcome the disfavorable entropy terms (7, 19, 24).

Methods

The free energy (AG°) of anesthetic binding to an
arbitrary site can be described in terms of the P of the
anesthetic gas: AG® = RT In(P/X), where X is the ratio
of the number of moles of anesthetic molecules to the
number of moles of the arbitrary anesthetic sites, and
P = 1 atm is the standard state for all calculations. If
the Meyer-Overton hypothesis applies, then X is a
constant, and the equation can be rewritten as AG® =
RTIn(MAC) — RTIn(X). The difference between RTIn-
(MAC) values of any two gases of decreasing molec-
ular weight (i.e., RTIn[MAC,] — RTIn]MAGC,]) will be
AAG because the unknown constant RTIn(X) is
dropped. AAG then provides the slope of the change
in free energy.

We wanted to compare the AAG derived above from
in vivo data with thermodynamic calculations of bind-
ing to a hypothetical site of anesthetic action. We used
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Table 1. Properties of Noble and Diatomic Gases

H, He Ne N, Ar Kr Xe
AHpo o ~1.98 ~052 097 —431 ~2.06 614 ~10.00
g ~1.06 ~0.28 ~0.52 ~231 —218 ~3.29 —536
TAS o orad -394 ~4.00 ~416 —419 -423 —4.30 —434
S ~0.62 0.00 0.00 —0.62 0.00 0.00 0.00
Polarizability (e) 0.8 021 0.39 1.74 1.64 248 4.04
MW (g /mol) 2.00 400 20.20 28.00 40.00 83.80 131.30
Gbmdin
e=1" 151 320 268 ~181 ~201 ~513 ~11.02
€= 3.04 3.60 3.42 1.50 111 —0.42 —3.34
€=3 3.54 374 3.67 261 215 115 -0.78
e=4 3.80 3.80 3.79 316 267 1.94 0.50
€e=5 3.95 3.84 3.86 3.49 2.98 226 127
AH,yon — TAS (€ = 3) 3.90 3.83 3.84 3.38 2.87 2.10 1.01
MAC (atm) 110 27 7.3 1.6
RTIn(MAC/1 atm) 29 2.0 12 0.3
AGc,, (metmyoglobin) 2.79 2.55 1.95 0.27

Unless other units are given in parentheses, all values are keal/mol with the convention that more negative AH or AG values indicate stronger binding to the

anesthetic site, whereas more negative TAS values result in weaker binding.

The enthalpies AH| gndon and AHg,apg, are calculated from the London dispersion energy and the charge-mduced dipole energy, respectively. The energy
terms that disfavor binding, TAS, ,nsiationas and TAS, Khomﬂ are caused by restriction of translational and, in the case of diatomic gases, rotational motion,

respectively. The polarizability («) of each gas is in (

H pharge Was not included.

The calculated free energy of binding (AGuinging) =
TAS, qtational)s Where the local apparent dielectric constant (e) = 1, 2, 3, 4, or 5. The set of values labeled AH; j qon —

(AHLondon + AHcharge)/ €~ (TAStranslanonal +
TAS are the same as AGypging except that

The partial pressures that prevent response to a noxious stimulus (minimum alveolar anesthetic concentration [MAC]) are from Koblin et al. (10).

The additional free energy of binding to an anesthetic site that is provided by increased pressure is calculated as —RTIn(MAC/1 atm). MAC is divided by
a l-atm standard state partial pressure, and the important figure is the difference between neighboring values (AAG®), rather than the absolute values of AG°.
The values for AG,,,, are from tonometry experiments (7, 19), they have been converted to a 1-atm standard state.

experimental data from binding of gases to an unoc-
cupied cavity in metmyoglobin to calculate the differ-
ence between the free energies of binding of each gas
of decreasing molecular weight (AAG®) where AG® =
AHpinging — TAS). To accomplish this, we estimated
three terms for each gas molecule: 1) the charge-
induce dipole energy (AH y.,4.); 2) the London disper-
sion energy (AHy 4.n) (the sum of these two terms is
AHpinging); and 3) the disfavorable entropy term TAS®.
We used the convention that more negative AH or AG
values indicate stronger binding to the anesthetic site,
whereas more negative TAS® values weaken binding.
We first calculated the attractive energy produced
by a charge-induced dipole interaction (AH g, ,.)- The
metmyoglobin binding site contains a histidine resi-
due with a single positive charge shared between two
nitrogen atoms 4.13 and 3.47 A from Xe (20). We
treated this charged site as a single positive charge at
a mean distance (r) of 3.8 A from the center of each gas
molecule. The field (E) at the gas molecule depends on
the r between it and the positive charge (q): E = q/1*
The dipole induced in each gas molecule equals E
times the polarizability (a) of the gas. The « of a
molecule is a measure of how much the electron cloud
around a molecule is distorted when it is placed in an
electric field. The values for « for the noble gases and
diatomic gases were taken from the literature (25) and
are shown in Table 1. Finally, the attractive energy
(AH parge) is the square of the vector product of the
field at the center of the gas molecule times « divided
by two times the local apparent dielectric (e) (12, 26);

that is: AHgparge = E’a/2e. The value for e is 1 in a
vacuum, but values of 2-5 are considered to best ap-
proximate the effective screening in the interior of a
protein cavity (27, 28). Calculations were performed
with € set equal to 1, 2, 3, 4, and 5.

The AH| ,n40n for Xe binding to metmyoglobin is
approximately —10 kcal/mol (4). This energy is a lin-
ear function of a (13). Therefore, to provide a self-
consistent set of data, AH; 4., Was calculated for the
other noble gases as ~10(a; /) kcal/mol. The a of
diatomic gases is not equal in all directions; therefore,
the mean value of a was used. Table 1 shows the «
values and the results of the calculations.

An unfavorable decrease in entropy results from
restriction of the translational and rotational motions
of a small molecule in a binding site. This decrease in
entropy decreases the probability that a gas will oc-
cupy that site. The TAS® for Xe in metmyoglobin is
4.34 kcal/mol at 310°K (37°C) (7). To provide a self-
consistent set of data, this value for Xe was scaled in
proportion to the molecular weights (M) of the other
gases to provide TAS® values for those gases (Table 1).
Entropy decreases because of restriction of transla-
tional motion in proportion to the M according to
AAS = In(M,;/M,)*/? (14). In addition to the restriction
in translational motion, the diatomic gases are also
restricted in their ability to rotate about their x and y
axes. This disfavors binding by an additional 0.6 kcal/
mol (13, 14). The assumption that the TAS® term can be
scaled in this manner requires that conformational
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entropy caused by altered flexibility in the site second-
ary to gas binding be either small or constant. The
x-ray diffraction structure supports this assumption.
The overall effect of up to four Xe molecules bound to
different sites is small; a root mean square deviation
between metmyoglobin and metmyoglobin plus Xe of
0.28 A for all atoms. This is thought to result from Xe
occupying preexisting and unoccupied internal cavi-
ties (5). The most strongly bound Xe is in close contact
with the positively charged histidine-93 and also in-
teracts with phenylalanine-138 (5).

We calculated AGpinging = AHpondon + AHcharge —
TAS® for each gas using the five choices of local ap-
parent dielectric. However, results with a local appar-
ent dielectric of 1 are not shown because they do not
fit the scale of the figures. We considered only the
difference in binding energies between successive
members of the series (AAG®) by plotting RTIn(MAC)
versus the AGy,;,4ing Values as shown in Table 1.

Results

If AGpinging contains the dominant contributions to the
binding energy at a site important to anesthesia, then
the graph of AGpinging versus RTIn(MAC) will be a
straight line with a slope of 1 (i.e., anesthetic potency
will be directly proportional to AGp;,ging)- Figure 1
displays four sets of data points for available data (He,
Ne, and H, are not anesthetics) when the local appar-
ent dielectric equals 2, 3, 4, and 5. The graphs of
AGpinging versus RTIn(MAC) AHy; g, have slopes
(= sp) of 1.88 + 0.42, 1.30 + 0.26, 1.01 = 0.16, and
0.86 + 0.08 (©* = 0.91, 0.93, 0.95, 0.98), respectively).
The graph with local apparent dielectric of 1 would
not fit the scale of Figure 1, but it has a slope of 3.58 =
1.0 (¥ = 0.86). To illustrate the contribution of
AH a1 a fifth pair of data points for only AGy ,ng0n
— TAS® (ie., excluding AG,,), evaluated with a
local apparent dielectric of 3, is included. This graph
has a slope of 0.91 * 0.10 (+* = 0.98). As emphasized
in Methods, it is the slope of each line in Figure 1 that
is important (15, 24, 29-31).

We compared the calculations of AGp; g, With
measurements of free energies of gas binding to met-
myoglobin by tonometry. Data at 20°C are available
for H,, N,, Ar (19), and Xe (7). The AG,,,, value for Xe
was calculated from Table 1 by converting the equi-
librium constant of 200/M to a 1-atm standard state.
Figure 2 displays four graphs of AGy,qin, €valuated
with local apparent dielectrics of 2, 3, 4, and 5 versus
the experimental free energies (AG,,;,). The slopes of
the lines are 2.38 * 0.29, 1.62 * 0.16, 1.25 = 0.09, and
1.03 £ 0.05 (r* = 0.97, 0.98, 0.99, 0.99), respectively.
The graph with local apparent dielectric of 1 would
not fit the scale of Figure 2. For comparison, the data
set for AGy ongon i included, evaluated with the local
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RTIn(MAC) (kcal/mol)

Figure 1. Graphs of calculated AGp,ging versus RTIN(MAC/1 atm)
of data points for available data (He, Ne, and H, are not anesthetics)
when the local dielectric constant (€) was set to 2, 3, 4, and 5. The
slopes of the lines are important. The intercepts must have an
unknown quantity added to them (RTIn[X]).

apparent dielectric of 3 that gave a slope of 091 in
Figure 1. The latter graph has a slope of 1.10 + 0.07
(r* = 0.99).

We evaluated the suitability of metmyoglobin as a
model for an anesthetic binding site by comparing
RTIn(MAC) versus AG,,;, for gas binding to metmyo-
globin as measured by tonometry (Figure 3). The slope
of the line is 0.89 = 0.07 (** = 0.99), which suggests
that the Xe binding site in metmyoglobin suitably
models a site of anesthetic action.

Why are nonimmobilizers (i.e, nonanesthetics)
without anesthetic potency? Table 1 provides calcu-
lated binding energies of all gases in the series. Figure
4 displays AHy;,qg (evaluated with a local apparent
dielectric of 4 [slope 0.86 =+ 0.27; ¥* = 0.83], as well as
TAS®, evaluated at 37°C [slope 0.15 + 0.13; * = 0.46])
for each gas versus RTInMAC). The favorable
AHyinging term decreases more steeply than does TAS®
as M decreases. Therefore, there is a decreasing prob-
ability that the site will be populated by the smaller
gas molecules.

A second feature that may distinguish nonimmobi-
lizers from anesthetics is their ability to compete with
water for a binding site. We applied the calculations
used to obtain the values in Table 1 to estimate AGy,;,,4-
ing for a water molecule in the metmyoglobin cavity
(AGpinging = 3.8 kcal/mol). The values used were: € =
4, o = 1.45, M = 18, and a correction of 0.92 kcal/mol
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Figure 2. Graphs of calculated AGyinging and AGy gnaon Versus experimental free energies of gas {AGE,T] binding to metmyoglobin measured

by tonometry. Data are only available for Hy, N,, Ar, and Xe. The AGynaing Was evaluated with loca

dielectric constants () of 2, 3, 4, and

5. The AGy a0n Was evaluated with a local dielectric constant of 3 because that value gave a slope near 1 in Figure 1.

for limiting three degrees of rotational freedom at
310°K (13,14,32). This calculation has a much greater
error than the others because water has a dipole mo-
ment, it can form hydrogen bonds, and the polariz-
ability tensor is not symmetric (33,34). Nevertheless,
the calculation is approximately correct as evidenced
by the failure of water to occupy the binding site in
metmyoglobin (5,7). Water does not have sufficient
attractive binding energy to overcome the unfavorable
entropy terms for binding in metmyoglobin. At € = 4,
the nonimmobilizers H,, He, and Ne have AGynging
values of 3.79-3.80 (Table 1), values identical to water,
a molecule known not to bind to the metmyoglobin
cavity. The weak anesthetic N, (MAC 110 atm) has a
AGyinging Of 3.16 at € = 4.

Discussion

The present results provide binding energies of noble
and diatomic gases in the binding site of metmyoglo-
bin. We predicted and found that a graph of these

binding energies plotted versus the MAC values from
Koblin et al. (10) would have a slope near 1. We
predicted that He, Ne, and H, have less binding en-
ergy than water, and therefore are unlikely to bind to
the site in metmyoglobin, which is known not to bind
water. We used the x-ray diffraction study of Xe
bound to metmyoglobin (5, 20) as a model for a hy-
pothetical anesthetic site because of the large amount
of experimental data available. In our simple model,
we considered a relatively close interaction with a
single positive charge on histidine-93, as well as the
AH{ onaons With all atoms in the binding site. In a
protein binding site relevant to anesthetic action, the
binding energy may be increased by the sum of inter-
actions of many charges or decreased by € (27). We
calculated the binding energy of two diatomic mole-
cules, H, and N,, to provide continuity with the ac-
companying article by Koblin et al. (10) (Table 1),
correctly predicting that N, should be a more potent
anesthetic than H,, which is thought to be a nonim-
mobilizer. Although Koblin et al. (10) also studied SF,
its properties are so different from the noble gases
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Figure 3. Graphs of experimental free energies (AG.,,) for gas
binding measured by tonometry versus RTIn(MAC) measured by
Koblin et al. (10). Both sets of data are available for only N,, Ar, and
Xe.
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& TAS
—3 < Nz
E Ar < aG‘q,;ndm, g=4
3 Kr
i
o Xe
= o a) O AHyipging: £=4
=]
[m}
o 1 2 3
RTIn(MAC) (kcal/mol)

Figure 4. The favorable enthalpy of binding (AH,;,4in,). €valuated
with a local dielectric constant (€) of 4, was plotted versus RTIn-
(MAC/1 atm) measured by Koblin et al. (10). The term that disfa-
vors binding (TAS), evaluated at 37°C, was also plotted versus
RTIn(MAC/1 atm). The favorable AH;, 4, term declines more
rapidly than does TAS as molecular weight decreases (Table 1).
Therefore, their difference (AGynaing), €valuated with a local dielec-
tric constant of 4, has a slope near 1.

that we did not attempt calculations of its binding
energies.

The graphs in Figure 1 exhibit good linearity, show
the correct ordering of anesthetic potency versus cal-
culated binding energy, and have slopes near 1 at the
reasonable € of 4. We conclude that a sufficiently
hydrophobic internal cavity, which is not normally
occupied by water molecules and which has a rela-
tively low local apparent dielectric, suitably mimics a
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binding site relevant to anesthesia. The calculations
leading to the slopes of the lines in Figure 1 do not
assess the importance of including an induced dipole
energy as predicted by Katz and Simon (15). Both the
graph of the data including the AH ., evaluated
with a € of 4, and the graph of the data including only
AHy gnaons €valuated with a € of 3, have slopes of
approximately 1.0. However, the values of AGpinging
for Xe, evaluated at a € of 3, are —0.78 with AH, g,
and +1.01 kcal/mol with only AH,, 4on. The differ-
ence is —1.79 kcal/mol (more attractive) when
AHgge 18 included (Table 1). The additional
—179 kcal/mol of binding energy provided by
AHarge may provide the energy that allows Xe to
occupy the cavity in metmyoglobin at 1 atm. An x-ray
study of Xe binding in the pore of cartilage oligomeric
matrix protein supports this point (35). At 1, 2, or
5 atm of Xe, only water occupied the internal pore. At
10 atm of Xe, eight Xe molecules displaced water and
occupied the pore. The additional binding energy pro-
vided by 10 atm is —RTIn(10 atm/1 atm) =
—1.42 kcal/mol, a value near the —1.79 kcal/mol
noted above for AH yarge-

Our comparison of calculated AGyinging With AG,,,
of gas binding to metmyoglobin measured by tonom-
etry (Figure 2) supports the view that the calculated
energies are correct. A slope of 1.25 is obtained when
AGyinging is evaluated with a € of 4. This comparison
suggests that the calculated AGy;; 4i,, does include the
most important terms of the binding energy. Again,
inclusion of AH e results in absolute values near
the experimental values (Table 1).

Figure 3 shows that the metmyoglobin binding site is
a reasonable model for a site relevant to anesthesia. The
slope of 0.89 in the graph of AG,,, for gas binding
measured by tonometry versus RTIn(MAC) suggests
that metmyoglobin binds these gas molecules as
strongly as the anesthetic site characterized by the MAC
values. All data in Figure 3 are experimental values, and
no assumption is made regarding a e value.

Figures 1-3 provide a strong link among calculated
AGpindings AGexp Of gas binding to metmyoglobin mea-
sured by tonometry, and RTIn(MAC) values from
Koblin et al. (10). This link supports our hypothesis
that binding energies predict anesthetic potency and
that metmyoglobin provides a relevant model of an
anesthetic site of action. However, a second goal of
this study was to explain or predict the lack of anes-
thetic activity of the nonimmobilizers Ne, He, and H,.
In the context of the metmyoglobin model, one reason
for lack of activity is that these gases bind poorly
because the entropy term that opposes binding stays
large, whereas the free energy term that favors bind-
ing decreases rapidly with decreasing M (Figure 4).
Nevertheless, low binding is insufficient to explain the
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lack of anesthetic effect. We used the slopes and in-
tercepts from Figure 1 to calculate predicted MAC
values of approximately 290 atm for the three nonim-
mobilizers. The additivity studies performed by
Koblin et al. (10) should have detected an anesthetic
effect of these drugs if their MAC values were really
290 atm, and they did not.

One reason for the lack of potency of the nonimmo-
bilizers is that, like water molecules, they cannot oc-
cupy regions that provide low binding energy. Calcu-
lations based on the variables that determine binding
of water in hydrophobic cavities support this sugges-
tion (21). We noted in Results that an estimate of the
binding energy of water in metmyoglobin is slightly
less than the weak anesthetic N, and is equal to the
nonimmobilizers He, Ne, and H,. Water does not oc-
cupy the binding site in metmyoglobin (5,7), and the
same may be true of nonimmobilizers.

A second possible reason for lack of potency of
nonimmobilizers is that, although such gases may
bind to an anesthetic site, the site may not be affected.
Although small molecules are known to bind to inter-
nal cavities (24), fairly specific binding sites (4,36), and
interfacial sites (37), binding alone may not be suffi-
cient to alter the stability of a conformer or intercon-
version between conformers. To cause anesthesia,
such binding must also alter the function of neural
sites essential to consciousness (38).

Calculated binding energies correlate closely with
anesthetic binding calculated from in vivo measure-
ments of MAC. Including a charge-induced dipole
term provides the additional energy needed to over-
come the penalty for constraining the molecular mo-
tion of the gas molecules, thereby causing them to
occupy the cavity in metmyoglobin. The good corre-
spondence between binding energies derived from
tonometry experiments with RTIn(MAC) suggests that
the binding site in metmyoglobin shares many fea-
tures with sites relevant to anesthetic action. The lack
of efficacy of the nonimmobilizers may be a result of
their inability either to bind to sites or to affect the sites
while bound.
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