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Breaking the Meyer-Overton Rule: Predicted Effects of Varying Stiffness
and Interfacial Activity on the Intrinsic Potency of Anesthetics

Robert S. Cantor
Department of Chemistry, Dartmouth College, Hanover, New Hampshire 03755 USA

ABSTRACT Exceptions to the Meyer-Overton rule are commonly cited as evidence against indirect, membrane-mediated
mechanisms of general anesthesia. However, another interpretation is possible within the context of an indirect mechanism
in which solubilization of an anesthetic in the membrane causes a redistribution of lateral pressures in the membrane, which
in turn shifts the conformational equilibrium of membrane proteins such as ligand-gated ion channels. It is suggested that
compounds of different stiffness and interfacial activity have different intrinsic potencies, i.e., they cause widely different
redistributions of the pressure profile (and thus different effects on protein conformational equilibria) per unit concentration
of the compound in the membrane. Calculations incorporating the greater stiffness of perfluoromethylenic chains and the
large interfacial attraction of hydroxyl groups predict the higher intrinsic potency of short alkanols than alkanes, the cutoffs
in potency of alkanes and alkanols and the much shorter cutoffs for their perfluorinated analogues. Both effects, increased
stiffness and interfacial activity, are present in unsaturated hydrocarbon solutes, and the intrinsic potencies are predicted to
depend on the magnitude of both effects and on the nhumber and locations of multiple bonds within the molecule. Most
importantly, the intrinsic potencies of polymeric alkanols with regularly spaced hydroxyl groups are predicted to rise with
increasing chain length, without cutoff; such molecules should serve to distinguish unambiguously between indirect mech-
anisms and direct binding mechanisms of anesthesia.

INTRODUCTION

The potency of a general anesthetic is usually described byf anesthetic in the bilayer, which indicates that anesthetic
its concentration in the phase in which it is administeredpotency is determined by the bilayer concentration of anes-
(gas or aqueous); the lower the concentration, the higher thietic, independent of its molecular identity. As was real-
potency. A century ago, Overton (1901, translation 1990)zed long ago, this correlation strongly suggests an indirect
and Meyer (1899, 1901) independently discovered that fomechanism of anesthesia in which the activity of the mem-
many compounds the anesthetic potency (as measured byane protein(s) responsible for anesthesia is modulated by
the inverse of its aqueous phase molar concentrafjgris ~ Vvariations in some crucial property of the membrane, which
nearly linearly correlated with its oil/water partition coeffi- is perturbed by the incorporation of an anesthetic solute to
cient K., = ¢Jc,, Wherec, and ¢, represent relative a degree determined by its concentration in the bilayer.
equilibrium concentrations of the anesthetic in the oil and In the context of an indirect mechanism, it is natural to
water phases, respectively. There is a thermodynamicallglefine an intrinsic potency as inversely proportional to the
equivalent correlation between the oil/gas partition coeffi-membrane concentration of anesthetic, which would be
cientK,,, = ¢ /c, of the anesthetic and its potency measuredeXxpected to vary little among anesthetics that closely follow
by the inverse of its gas phase concentratipriThe corre-  the Meyer-Overton rule. The apparent potency for such
lation is remarkably good over a wide range of anestheticsSOmpounds, inversely proportional &g (or cy,) may vary
using olive oil as the oil phase, as in the original work of Widely, butKq (or Ko,) varies in inverse proportion so as
Meyer and Overton, and improves considerably in both thd® keep the intrinsic potency roughly constant. The concen-
quality of the correlation and the increased range of anedfations in lipid bilayers of many such anesthetics can be
thetics if bulk octanol (Franks and Lieb, 1978) or a fully determined from measured partial pressures or aqueous
hydrated fluid lipid bilayer (Janoff et al., 1981; Taheri et al., concentrations and bilayer/water or bilayer/gas partition co-

1991: Vaes et al., 1997; Meijer et al., 1999) is used as thgfficients (Janoff etal., 1981; Taherietal., 1991; Vaes et al.,

“oil” phase. To the extent that anesthetics obey this Meyer-lgg?; Meijer et al., 1999). For pure lipid bilayers such as

Overton correlation, the anesthetic concentration in the oifimyristoylphosphatidyicholine (DMPC), the clinically rel-
* evant mole fraction of anesthetics in the lipid bilayer is

phaseCy = K, Cg = Koy iy Will be constant. If the oil .
; A ; hly x* = 0.02 to 0.05 for anesthetics that obey the
is a lipid bilayer, therc’, represents the molar concentration 049" .

P y o feP Meyer-Overton rule (Janoff and Miller, 1982), although the

value decreases considerably if cholesterol is incorporated

Received for publication 14 August 2000 and in final form 5 FebruaryIn the bllay“er _(MII,I,er’ 1985; F_ranks and Lieb, 19.86)'
2001. Clearly, the “typical” value of* will depend on the choice
Address reprint requests to Robert S. Cantor, Department of Chemistrypf anesthetic endpoint, the molecular composition of the

Dartmouth College, Hanover, NH 03755. Tel.: 603-646-2504; Fax: 603-Dilayer, etc., so this range of valuesxf provides only a
646-3946; E-mail: rcantor@dartmouth.edu. rough estimate.

© 2001 by the Biophysical Society It is not surprising that the exceptions to this rule have
0006-3495/01/05/2284/14  $2.00 received much attention. For example, short chain 1-al-




Breaking the Meyer-Overton Rule 2285

kanols have somewhat greater intrinsic potency than theen and Jgrgensen, 1997; Mouritsen and Bloom, 1993;
rule would predict (Fang et al., 1997). However, as theirNielsen et al., 1998; North and Cafiso, 1997; Qin et al.,
chain lengtm increases, the intrinsic potency decreasés ( 1995). However, it has been noted (Franks and Lieb, 1994)
increases) up ta =~ 12, beyond which the alkanols have no that the changes in most of these properties (thickness, order
potency, i.e., the homologous series exhibits a cutoff (Prinparameter profiles, phase transition temperatures) are very
gle et al., 1981; Franks and Lieb, 1986). Within this seriessmall at clinically relevant concentrations of anesthetics and
Kosg (OF Koy increases very rapidly with increasing chain can be produced in the absence of anesthetic through slight
length (by a multiplicative factor of approximately 3 per changes in other variables, such as temperature. [It is im-
added methylene group.) Thus, the gradual decrease @ortant to note that the increase in gas-phase, but not aque-
intrinsic potency occurs simultaneously with an increase irPus-phase, apparent potencies with decreasing temperature
apparent potency for this series, resulting in a cutoff that i$f most inhalation anesthetics is accompanied by an in-
abrupt only for the apparent potency. This behavior iscrease in oil/lgas partition coefficients (Franks and Lieb,
observed for other homologous series. For example, fot982) such that the clinically relevant membrane concen-
a,w-alkanediols, a decrease in intrinsic potency occurs witdrationx* does not depend sensitively on temperature. Thus,
increasing chain length, but less rapidly than for alkanols? Plausible indirect mechanism would require a bilayer
(Moss et al., 1991). Alkanes, which are much less potenProperty that is strongly affected by anesthetics but only
than the rule would predict even when short, further losgV€akly by temperature changes.] Were there no bilayer
intrinsic potency with increasing chain length, with a cutoff Properties both sensitive to incorporation of solutes and
at shorter length than for alkanols (Liu et al., 1993, 1994p)capable of influencing protein equilibria, it could be con-

Perfluorinated alkanes and perfluoroalkyl methanols of théf!uded that such indirect mechanisms are likely to play at
form C, ,F,, CH,OH also exhibit a cutoff, but at even most a minor role in the modulation of protein activity. How-
— n— 1

shorter chain lengths (Pringle et al., 1981; Liu et al., 1994aVe": it has been suggested (Gruner, 1991; Seddon and Tem-

Eger et al., 1994, 1999a). pler, 19955 Cantor, 1998, 1999a) that th_e d|§tr|b.ut|0n of lateral
Deviations from the Meyer-Overton rule can be inter- stresses (i.e., the lateral pressure _proﬁle) in bilayers may be

preted in various ways. Most commonly, they are presente uch a property, because it is predicted (Cantor, 1998, 1999a)

as evidence that the fundamental premise of an indired be strongly affected by incorporation of interfacially active

mechanism is incorrect, and that anesthetics therefore arQ‘eOIUtes as well as by altered lipid composition, but not by

more likely to act by binding directly to protein sites (Kra- 22};'"(2'}aqlaizc;”téeemgfggt”:gtemoégr:f“;frﬁgﬁgézg 'jn’i‘;ﬁgh'
sowski and Harrison, 1999; Franks and Lieb, 1994), al- y P d '

though the direct experimental evidence for the location o A stringent test of an indirect mechanism involving the
an ; P . : 5 teral pressure profile is, then, to determine whether it
such sites on ligand-gated ion channels is sparse (Eckenh%

. i . ccurately predicts the known anomalies in the Meyer-
and Johansson, 1997, Pra_tt etal., 20.00’ Mascia et al., 200 verton correlation. So, in the present paper, statistical

_ i : . ?hermodynamic calculations are used to predict the intrinsic
one 1s that.an anesthetic mechanism may indeed be merB'otencies and thus the existence of cutoffs among the series
brane-mediated, but those solutes that disobey the rule ha\66r' alkanes, alkanolsy,-alkanediols, and their stiffer per-
different intrinsic potencies. In other words, the effect O,ffluorinated'counterpa'rts, which can be compared to exper-
solutes on that property of the bilayer that alters proteifyenia| results, at least qualitatively. Predictions are also
conformational equilibria depends not only on membrangenrteqd for classes of molecules for which potencies have
concentration but also on the identity of the solute. What,q; yet heen measured. In particular, the intrinsic potency of
property of the membrane is altered upon incorporation Ofjigomeric alkanols (i.e., alkanols with regularly spaced
gnesthetlcs bqt not by no'nanesthe't!cs', is mechanlstlcglluydroxw groups) is predicted to increase roughly linearly
linked to protein conformational equilibria, and causes sig+yith the number of repeat units in the oligomer, and thus
nificant §hifts in protgin equilibria at clinically relevant \ith chain length. Because it would appear difficult for such
anesthetic concentrations? . increasingly large molecules to be accommodated in any
Various bilayer properties have been considered as Binding site (no matter how nonspecific), a measurement of
possible link between changes in bilayer composition andhe potencies of such molecules would be expected to

resulting modulations in the activity of key intrinsic mem- djstinguish unambiguously between indirect and direct
brane proteins. As discussed previously (Cantor, 1999a,Chinding mechanisms of anesthesia.

membrane characteristics such as hydrophobic thickness,

dipole potential, fluidity, curvature elastic properties, prox-

imity to phase transitions, and the degree of lateral microTHEORY

heterogeneity all vary with membrane composition andAn indirect mechanism: the lateral
have thus been suggested as having a potentially stronlg;ressure profile )
influence on membrane protein function (Brown, 1997;

deKruijff, 1997; Epand, 1996; Gruner, 1991; Hui, 1997; As discussed in detail elsewhere (Cantor, 1999a,b), a lipid

Lundbaek and Andersen, 1999; Morein et al., 1996; Mourit-bilayer is characterized by very large lateral pressure den-
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sitiesp(2) distributed nonuniformly (i.e., varying with depth wherez = 0 at the center of the bilayer arzd= —h andh

2) in the hydrophobic interior, balanced largely by tensionsat the aqueous interfaces. In essernd®, is a measure of a
(negative pressures) at the aqueous interfaces (Israelachwhift in the center of the lateral stress distribution in each
et al., 1980; Seddon, 1990; Xiang and Anderson, 1994teaflet of the bilayer away fromAP, > 0) or toward
Seddon and Templer, 1995; Ben-Shaul, 1995; Harris an@AP; < 0) the center of the bilayer. (The interpretation of
Ben-Shaul, 1997; Venturoli and Smit, 1999; Lindahl andthe second momemP, is more complex, but since the
Edholm, 2000). Transmembrane domains of proteins suctiends forAP, andAP, are predicted to be similar, only the
as ligand-gated ion channels are necessarily subjected t@sults forAP, are discussed below.) Using these geometric
these lateral pressures. A conformational transition of anodels, the magnitude afP, required to generate a sig-
membrane protein such as the opening of an ion channdlificant change in protein conformational equilibrium can
results in a change in shape that will, in general, be charbe estimated (Cantor, 1999b). For example, it is shown that
acterized by a lateral expansion or contraction that variefor a protein of radius~20 A that undergoes a small
with depth in the membrane, i.e., a nonuniform change idilt/rotation of order 5° to 10°, a shift in conformational
protein cross-sectional area in the transmembrane domaffiuilibrium by a factor of two would be predicted fiaeP, |
AA(2). Because the bilayer exerts lateral pressures again8f order 0.02 (in units okgT A™), the direction of the
which the protein expands or contracts laterally, this tran£quilibrium shift determined by the sign aP;. If the mole
sition involves mechanical work, the amount determined byraction of solute in the bilayer is denoted then the
the depth dependence of the lateral pressure profile and #ftrinsic potency of an anesthetic can be definedSas

the changes in protein cross-sectional area. A change P2/ Takingx* ~0.02t0 0.05 as a rough estimate (Janoff
membrane composition, such as the incorporation of hydro2nd Miller, 1982) of the mole fraction of an anesthetic (one
phobic or amphiphilic solutes, is predicted (Cantor, 199ghat follows the Meyer-Overton correlation, as dlsi:ussed
1999a) to cause a significant depth-dependent redistributiofi@rier) in the bilayer at its E4; concentration (i.e., at,,),

~ -1 i i
of these lateral pressures(z), resulting in a shift in the 1€NS ~ 0.5 kgT A" provides an order of magnitude
protein conformational equilibrium and thus in altered sen-estimate of the intrinsic potency of anesthetics that obey the
sitivity of the protein to its normal agonist Meyer-Overton rule. Those molecules with anomalously

Unfortunately, there exists little direct experimental in- Iowllntrmsg:_ %Ot(??c'ﬁs\g'[hoave sln(;zﬂler values ?;N:.OI' .
formation on the change in shape of the wransmembranfy “CC C R e | o) 10 ot cause anesthesia at any merm
domains of postsynaptic ligand-gated ion channel protein%) y y

. . o rane concentration, and would be predicted to have no
that accompanies the conformational transition (channe . :
. . . . . . effect on the anesthetic potency of standard anesthetics, as
opening) relevant to their function. Still, there is consider- L .
able evidence (Popot and Engelman, 2000, and referenccraneasured through additivity studies. Those solutes pre-
P 9 ' ' cted to haveS < 0 would have negative anesthetic po-

there|r.1) ;uggestmg that the Fransmem.brane domains (%ency, in the sense that they would be predicted to decrease
many intrinsic membrane proteins comprise bundles of pre;

dominantly a-helical q tructural units that the potency (i.e., increase the E®r MAC) of standard
ominantly a-nefical secondary: structural units that span, , oy etics in additivity studies, the magnitude of the effect
the bilayer, and that for such bundles, the protein m

. . . ) . aMncreasing with the magnitude &
achieve its conformational change with a relatively small

expenditure of free energy through a cooperative reorienta-

tion of the transmembrane segments of the bundle, as h&AALCULATION METHODOLOGY
b?en reported for the nicotinic aCEtyICho“ne receptor (Un_Mean-fieId statistical thermodynamic theory is used to calculate the equi-
win, 1_993’ 19_95)' I_n recent work (Cantor, 1999b)' S_UChIibrium properties of the lipid bilayer system, using a modified lattice
collective reorientations have been analyzed using Simpléodel to describe the chain conformational contributions to the free
geometric models of collective tilts and rotations of bundlesenergy. Except as discussed below, the approach is essentially identical to
of both kinked and cylindrical helices. and it is shown thatthat used in recent work (Cantor, 1999a) to predict pressure profiles for

such conformational chanaes are particularly sensitive tbilayers for a wide range of lipid and lipid/solute compositions. A summary
9 p y %f the method and approximations is provided here; the interested reader

redistributions of membrane lateral pressures. More présnould refer to Cantor (1999a) and references therein for details. The power
cisely, it is readily shown (Cantor, 1999b) that at this levelof this kind of methodology for predicting structural and thermodynamic

of approximation, the shifts in protein conformational equi- properties has been shown for aggregates of surfactants in solution, and for
elf-assembled or spread monolayer and bilayer films (Ben-Shaul, 1995;

libria ?je.pend ?redommantl); %n Changes Ig. th% fl!‘St a'n(gen-Shaul and Gelbart, 1994; Leermakers and Lyklema, 1992; Wijmans et
second integral moments of the pressure distribution. Fogl., 1994; Leermakers and Scheutjens, 1988; Cantor, 1995, 1996). As with

symmetric bilayers, the first moment can be expressed asall models, it relies on assumptions and approximations that serve to make
the calculations tractable and result in interpretable predictions. The bilayer
h is treated as two compact monolayers, in each of which the segments of the
. acyl chains occupy space at constant bulk density, i.e., no free volume is
AP, = J ZAp(Z)dZ (1) permitted. The distribution of chain segments is described using a lattice
0 model, in which a chain configuration is defined as occupying a particular
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set of contiguous lattice sites. As in previous work, the boundary betweemeduction in the probabilityo of a chain bend by roughly a factor of three
the hydrophilic (head group) region and hydrophobic interior of the bilayercompared to alkanes. In the lattice model used in the calculations, we thus
is approximated by a sharp planar interface. For the lipids, the junction oestimatew[(CF,),] ~ 0.15, witho[(CH,),] = wge, = 0.45 as in prior work
each acyl chain with its head group is constrained to reside on that plang¢Cantor, 1999a). For simplicity, these values are taken to be independent of
so that, for example, the complexity of the glycerol/carbonyl linkage the substituents on the adjacent segments. Note that in chain molecules of
between the phosphocholine head group and the acyl tails in phospholipids segments, the stiffness is only defined for the- 2 interior segments,
is completely ignored, as is the considerable roughness present in thee., at segments= 2, 3, ... ,n — 1.
interfacial region (Merz and Roux, 1996; Tielemann et al., 1997). Although  For the triple bonds in alkynes, the increase in rod-like stiffness at each
interfacial roughness could readily be incorporated into the model (Leerof the (interior) carbons is very high. In alkenes, bsimsandcisisomers
makers and Scheutjens, 1988), it would require assumptions about addkre more rigid, but the backbone of ttransisomer is better modeled as
tional interaction energies that are not well known, so it is unlikely that anymore extended than that of saturated alkar@sy(< wgey), Whereascis
additional predictive value would result. For purposes of describing hy-isomers are stiffly bent .« > 1). If the local rigidity at internal
drophobic solutes, the calculation of the conformational free energy hasegments is denoted;, with r; = s (rod-like, w,g), f (semiflexible,wye,),
been modified and extended in the present work to allow all possibleor b (bent,wy,) then the distribution of molecular rigidity along the solute
locations of the solute in the bilayer. For simplicity of calculation, neither chain can be expressed as,{rs, . . . ,r,_.}. An unsaturated bond between
lipid nor solute chains are allowed to cross the bilayer midplane, i.e., theradjacent segments increases the stiffness at both segments, except if the
is no interdigitation between monolayers. This restriction certainly causesinsaturation involves terminal chain segments. Using six-segment solutes
an increase in the fraction of bonds oriented horizontally near the midplaneas an example (for which calculated potencies are reported below) unsat-
affecting the orientational ordering and the lateral pressure in that regionurated chains with localized stiffness distributia £, f, f}, would serve as
However, for most biological membranes there is little interdigitation, soa crude model of 1-hexyne or 1-hexene, wheremas,{f, f} and {f, s, s, f}
this approximation is expected to be of minor importance. would serve as models for 2-hexyne (oans-2-hexene) and 3-hexyne (or
The bilayer free energy contains both entropic and energetic contributrans3-hexene), respectively. The multiply unsaturated hexanes 1,3-
tions. The configurational entropy of the lipid and solute chains is calcu-hexadiyne, 2,4-hexadiyne, 1,4-hexadiyne, and 1,5-hexadiyne (or more ap-
lated in mean-field approximation, incorporating bond-correlated excludegroximately, for the correspondirtgans-dienes) would be represented as
volume of chain segments. Three contributions to the internal energy of th¢s, s, s, f}, {s, s, s, s}, {s f, s s}, and {s, f, f, s}, respectively, and
bilayer are incorporated: segmental energies (including bending stiffness,3,5-hexatriyne would bes{ s, s, s}. Of course, the conformational
and, as appropriate, a local attraction of selected segments for the aqueofisxibility f at an internal methylene group in, for example, 1,4-hexadiene
interface), interfacial tension, and head group interactions. At discreterr 1,4-hexadiyne is not identical to a methylene group in hexane, but for
values of the lipid surface density (at which the membrane thickness is agimplicity, only one value of the stiffnessy,, = 0.45, is used to describe
integer multiple of the size of a lattice site), the free energy is minimizeda saturated carbon in the calculations, regardless of its neighbors. Unfor-
with respect to the probability distribution of chain conformations, subjecttunately, a precise specification of the value«fy is difficult, so in the
to the constraints of constant bulk density (one chain segment per latticpresent work results are reported for calculations using, = 0.15
site) within the hydrophobic core of the bilayer, from which the depth- (threefold lower probability of a chain bend compared to saturated alkane
dependent pressures (and the total lateral pressure) are obtained. Tbeains, as used for perfluorination) as a likely representative value for both
calculated free energy values are fit to a polynomial in the surface densityalkynes andrans-alkenes.
the minimum of which determines the equilibrium surface density and the
lateral pressure profile.
For both lipid and solute molecules, the lattice statistical mechanical
approach provides the equilibrium probability distributiB(g) of chain Solute: interfacial activity of chain segments
conformational stateg, from which conformational averages such as the
spatial distribution of chain segments can be determined. For a solute dfach segment of the solute can be characterized by an interfacial exchange
chain lengthn, a conformational statg is defined by the set of sites energye, i.e., the energy to exchange it from the membrane interior with
occupied by itsn segments, each of which is defined by its depth the a segment of the lipid “solvent” (a CHyroup) at the aqueous interface.
membrane (as well as the spatial direction of its bonds to the adjacerftlearly, the interfacial attraction of a hydroxyl group is very stroag<(
segments on the chain.) For a given solute conformatione let ¢4(2) 0, with || > kgT), arising largely from its ability to donate a hydrogen
represent the total number of segments of the solute at deptihe lattice bond, whereas the exchange energy of a solutg @idup is zero by
(irrespective of the directional orientations of the bonds to adjacent segdefinition. There are smaller differences among,C8F,, CH;, and Ck
ments on the chain.) On average, the number of solute segments at degghoups as well. Results of molecular dynamics simulations (Cui et al.,
zis given by$(2) = X, P(Q) ¢4(2). Since each solute chain hasegments, ~ 1998) suggest a net interfacial attraction of Jftoups, a much smaller
the spatial probability distribution of solute segments, i.e., the fraction ofattraction of Ck groups, but a positive interfacial exchange energy (ef-
solute segments found in a layer of lattice sites at depgwi(2) = ¢(2)/n. fectively an interfacial repulsion) for GF For simplicity, and because
getting accurate numerical estimates of the strength of these interactions is
difficult, these differences in interfacial interactions are ignored in the
.. . - present work, as are the differences in exchange pairwise interaction
Solute and lipid characteristics energies among CHCF,, CH, and CK groups. However, they may well
Solute: chain stiffness underlie the marked differences in membrane distribution (North and
Cafiso, 1997) and anesthetic potencies (Koblin et al., 1994) among cy-
In unsubstituted, saturated alkanes, the hydrocarbon chain is semiflexibleJobutanes of different degrees of fluorination.
whereas for some substituted alkanes, and at sites of unsaturation (alkenesin addition to causing increased stiffness, the presence of unsaturation
and alkynes) the molecule can become considerably more rigid. In particin hydrocarbon chains is likely to result in a greater attraction to the
ular, for perfluorinated alkanes, the energetic cost for local bending of theaqueous interface (as compared to saturated bonds between adjacent meth-
chain is considerably greater than for alkanes. Also, detailed calculationglene groups), characterized by an interfacial attraction per unsaturated
(Smith et al., 1994) indicate that the distribution of conformational states ofsegmente, < 0. This net attraction is presumably larger for segments
perfluorinated alkanes is more complex than for alkanes. The effectivenvolved in triple bonds than in double bonds, and would be expected to
gauche/trans energy difference is roughly twice that of alkanes, with a largencrease in magnitude for molecules with delocalized pi-orbitals, such as
additional energy cost for adjacent gauche conformers, resulting in a&onjugated polyenes. It is difficult to quantify this interfacial attraction, so
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calculations have been performed for a range of plausible vattlesl(=
€, < 0).

Lipid characteristics

The properties of the bilayer depend not only on the characteristics of the
solutes but of the lipid solvent as well. Variation in head group repulsions,
acyl chain unsaturation, and incorporation of cholesterol are all predicted
(Cantor, 1999a) to have a significant effect on the pressure distribution and
on the perturbation of that distribution by solutes. For simplicity, in the
present work, only saturated 16-carbon (palmitoyl) acyl chains are consid-
ered, described by a uniform chain stiffnes$CH,),] ~ 0.45. However,
effects of varying head group repulsion are considered. It has been shown
(Stigter et al., 1992) that the electrostatic interactions among phosphati-
dylethanolamine (PE) head groups are small and relatively insensitive to
changes in temperature, whereas the repulsions among phosphatidylcholine
(PC) head groups are strong and increase significantly with rising temper-
ature. In the context of a simple mean-field approach (Cantor, 1999a), head
group interactions can be modeled as a pairwise additive energy that varies
inversely with molecular area, with constant of proportionality that is

a measure of the strength of the average repulsion of adjacent head groups.
For pure PC,u,,(PC) is roughly 1 to 1.5 in units okgT (the value
depending on temperature), ang(PE) ~ 0. Note that for a mixture of
head groups, the effectivg,q is the average of all pairwise interactions;
thus a 50/50 mix of PC and PE would hawg, ~ 1/4 u,(PC). Although

it is difficult to estimate the value precisely, the lipid head group compo-
sition of a representative synaptic membrane might be expected tajjave

of order 0.3 to 0.E;T; we present results of calculations fay, = 0, 0.4,

and 0.8kgT to span the range of likely values.

RESULTS

Intrinsic potencies

Alkanes and monohyadric alkanols

Fig. 1 a displays predictions of intrinsic potency as a n
fu.nCtlon. of Chal.n length f.or semiflexible solutes € 0.45) FIGURE 1 Intrinsic potency$, as a function of solute chain length,
with no interfacial attraction of any segment C e ~ """ for solutes of the fornC,, i.e., with no interfacial attractiordptted line}
= €, = 0), as amodel of alkanes, and with a large interfacialand for solutes of the forAC,, ,, i.e., with strong interfacial attraction for
attraction of the first segment onlg,(= —10kgT, charac-  the first segment onlysplid lineg. Lines are drawn only as a guide to the
teristic of a typical hydrogen bond strength, with= e; = eye. @) Semiflexible chains¢ = 0.45). p) Chains with greater (linear)

.= ¢, = 0), as a model for strongly amphiphilic solutes Stfness & = 0.15). Lipid head group repulsiot,/ksT = 0.0 @), 0.4

. . , 0.8 (A). For ease of comparison, the two panels are plotted using the

such as 1-alkanols. These results are obtained using a rang& .. dinate scale.
of values of the lipid head group pair repulsion eneugy
as discussed above. Clearly, for short chains, the attraction
of one end of the molecule to the aqueous interface resuli® Fig. 1b. Unlike the results shown in Fig.d, the decrease
in a much greater potency, i.e., a much greater net shift ifn intrinsic potency is extremely rapid for the amphiphilic
the pressure profile away from the center of the bilayersolutes, regardless of lipid head group repulsion, with a
However, with increasing chain length of the amphiphilic much shorter cutoff predicted at~ 4 or 5. For longer stiff
solutes, a marked decrease in intrinsic potency is predicteédmphiphiles, the potency is calculated to be large in mag-
eventually approaching zero (cutoff). The magnitude of thenitude but of opposite sign, i.e., a large negative anesthetic
average lipid head group repulsion is important; at intermeeffect is predicted. For chains without interfacial activity,
diate values, a cutoff is predicted at about 12 to 14 carbonghe increase in stiffness has a somewhat milder effect on the
For solutes without any interfacial attraction, the intrinsic shape of the curve, but sin&s small even for short chains,
potency is fairly low for short chains, and in the presence otthe cutoff is predicted to drop to only 3 or 4 segments.
lipid head group repulsions, decreases through zero, with a If the predictions portrayed in Fig. B andb, are accu-
cutoff at smallem than for amphiphilic solutes. rate, then only the long-chain, stiff amphiphilic molecules,

The effect of increasing solute stiffness uniformly along (largen for solid lines in Fig. 1b) are predicted to have large
the entire molecule (reducingfrom 0.45 to 0.15) is shown negative intrinsic potencies. These might correspond best to
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long-chain perfluorinated alkanols; for the choice of param- T 1 . . , ; I
eters usedd = 0.15, and no interfacial activity for any but i ]
the first segment) the effect is not predicted to be of large 0.8 -
magnitude until = 8. The most closely related experimen- I 1
tal work is that of Eger et al. (1999a) on 1-alkanols that are

perfluorinated on all but the hydroxylated carbon (and thus 0.6
somewhat less stiff). They find a clear trend with increasing i
chain lengthn from strong intrinsic potency at = 2 to ) L
nonanesthetic at~ 7 or 8, qualitatively consistent with the 0.4

predictions, although the crossover occurs at somewhat
higher chain length than predicted, which may result from

the fact that the first carbon is hydrogenated. However,
additivity studies were not performed for longer chain

lengths, which according to the predictions of the present
work would be required for negative intrinsic potency to be | ! ! ) ! { .
observed. It has recently been shown (Ueno et al., 1999) that 1 2 3 4 5 6 7

unlike the shorter-chain analogues, {&,)sCH,OH de- o o
creases the potentiation of GAaﬁ(y-aminobutyric acid) FIGURE 2_ Intr|n5|c pgtency,S, of semlerX|bIe s_olutes _of the form

t to isofl d tobarbital C;_,AC,_;, i.e., with a single segment with strong interfacial attracton
receptor response to Isofiurane (an pentobar 'a) exa'lsafunction of the positiopof that segment along the chain. This serves

pressed inXenopusoocytes. as a model of monohydric alkanols of fixed length but of varied position of
Additivity studies have also been performed (Liu et al.,the hydroxyl group along the chain. Results are presented for two chain

1994a) for perfluoroalkanes. The predictions (dashed linetgngthsin = 9 () andn = 13 (A). All calculations were performed with
in Fig. 1 b) indicate that stiff, interfacially inactive mole- "€2d group repulsion,/ksT = 0.4. Lines are drawn only as a guide to the
cules show only a mildly negative potency, and then onlyeye'
for n = 6 or so. The studies of Liu et al. (1994a) are
inconclusive in that ¢F;,and GF,;, do show mild negative
potency, i.e., a 30% increase in MAC of halothane andbeyond which the potency varies relatively little as the
isoflurane (but not desflurane), whereagFg, shows no  hydroxyl is moved toward the center of the chain. This
negative potency in additivity studies with isoflurane or marked increase in potency is to be expected, since a
halothane. Liu et al. (1994a) found that only LChRad flexible chain strongly attracted to the aqueous interface at
anesthetic potency (using MAC as the anesthetic endpointpr near its center should behave similarly to two 1-alkanol
whereas in earlier studies (Miller et al., 1972) using aboli-molecules of roughly half the chain length. Because shorter
tion of the righting reflex in mice as the endpoint, it was alkanols have greater intrinsic potency (Fig. 1), and because
found that C, C,Fg, and GFg were anesthetics (the;E;  there are effectively twice as many molecules, the increase
results were obtained from additivity studies withQN) in potency is large. Although octanol/water and bilayer/
The results on alkanols described above only consider theater partition coefficients have been reported for octanols
interfacially active (hydroxyl) group on the terminal methyl with hydroxyl group at different positions on the chain
segment, corresponding to 1-alkanols. Calculations havHansch and Dunn, 1972; Jain and Wray, 1978), no exper-
also been performed to predict the effect of varying theimental information is available on their anesthetic poten-
position, labeled, of the single interfacially active segment cies, so a comparison to predicted intrinsic potencies is not
(i.e., the hydroxymethylene group) along the alkanol chainyet possible.
(For alkanols, for simplicity of notation, chain segments
with e ~ 0, corresponding to -CH or -CH; groups are
labeledC, and those with strong interfacial attraction, such
as -CHOH- or -CHOH, are labeledA. Thus, alkanes of Predictions have also been obtained for longer hydrocarbon
lengthn are symbolized a€,, 1-alkanols a”AC,_,, 2-al-  chains with multiple hydroxyl groups. One group of calcu-
kanols asCAC,, ,, a,w-diols asAC, _,A, etc.). Fig. 2 lations involves chains with interfacially active segments
shows results for alkanols of two representative chairspaced at regular intervals (evekysegments) along the
lengths,n = 9 andn = 13, with the hydroxyl at positiop= chain between the first and last segments; using the notation
1,2,...,60+ 1)2, ie., from the terminal methyl group described above, these alkanols can be represented as
(AC,_,) to the central methylene groug,_1),ACn_1y2)- (ACom)yA, with2M = L — 1, andy = (n — L)L = 1, 2,
For a givem, the intrinsic potency is predicted to be lowest 3, . . . . Such molecules, which are regularly tethered to the
by far for the 1-alkanols, i.e., fgr= 1; moving the hydroxyl interface, might be expected to behave likeshort 1-alka-
toward the middle of the chain is predicted to result in anol chains, each of effective lengtit = M + 1. As an
sharp increase in potency up to roughly the third segmengxample, AC,);A, which corresponds most closely to

0.2

Polyhydric alkanols

Biophysical Journal 80(5) 2284-2297



2290 Cantor

1,6,11,16-hexadecanetetraol, has values/cf B andn* =
3, and thus might be expected to have pote§EAC ,);A]
~ 6 SAC,), whereAC, corresponds most closely to 1-pro-
panol. Using similar reasoning, the results for alkanols with
one hydroxyl group at the center of the chain can be gen-
eralized to oligomers of the fornCq,ACy),, wherey =
nL=1,2,3,...,again definihng® = L — 1. Such solutes
might analogously be expected to behave similarly yo 2
short 1-alkanol chains, each of effective length= M +
1. As an example, G;AC;),, which corresponds most
closely to 4,11-tetradecanediol, has values pf=24 and
n* = 4, and thus might be expected to exhibit an intrinsic
potencyJ(C5AC,),] =~ 4 SAC,), whereAC, corresponds 2;
most closely to 1-butanol. L
Results for a wide range of such polyhydric alkanols are
presented in Fig. &, in which the potencieSare plotted as I
a function of chain lengtm. Clearly, the potencies are 1k
predicted to get very large compared to even the largest r e
values for short alkanols. Within a given series of either | AC ‘1~.[.Cs
type, CuACy)y or (AC,u),A, the value ofS increases . ‘~c.' 1
nearly linearly with the oligomeric repeat indgxconsistent ] D T -
with the above discussion. For given valuegypthe intrinsic T
potency drops slowly with increasind, i.e., with increas- 5 10 15 20
ing separation between interfacially active segments. All of n
these results, i.e., forG,ACy), and for AC,y),A with
y = 1 and thus for 2 > 1, can be compared by replotting
them in terms of the intrinsic potency per amphiphilic o8k ' ' ' ' ' "
subgroup (equivalent short 1-alkanol) i.e., plottigy = N
S(2y) as a function ofn*, as shown in Fig. 3b. The i
similarity of these reduced potencies is evident: all the 06“_ .
predictions from Fig. 3 fall roughly on a single curve in L e
Fig. 3 b, similar to (but offset somewhat from) that for § )
simple 1-alkanols, which is included for purposes of com-
parison. Unfortunately, there is little experimental data on
potency of polyhydric alkanols to which these predictions L A .
can be compared. Moss et al. (1991) measured the potencies - g e
of a,w-alkanediols; they observed no cutoff, but studied 0.21 7 S 7
only diols of lengths up tax = 12. Extrapolation of the I e ]
calculated results fow,w-alkanediols toS = 0 predicts a - A Ce.
cutoff in potency ah > 20; it would be interesting to see if 0.0} ---mmrrmmr e S L
this obtains experimentally. Unfortunately, partition coeffi- 5 4 6 8 10 12 14
cients have not been reported for the diols for which Moss n*
et al. obtained aqueous EQvalues, so the prediction of an
approximate doubling of their intrinsic potency can notFIGURE 3 @) Intrinsic potency S as a function of solute chain length,
presently be tested. n, for alkanols of the general formCl,AC,], (OJ) and of the form

A nearly li . PP f i [AC vl A (O), where A corresponds to a strongly interfacially active

. y mear_ mc_rease I_n Intrinsic potency for o |_go-_ segment § << —KkgT, as a model for -CKOH or -CHOH- groups) an€
meric alkanols with increasing number of repeat units iy an interfacially inactive segment & 0, as a model for -Ckor -CH,-
predicted for all the oligomeric series for which calculationsgroups). The lines are drawn to group together solutes of a particular type
were performed. In principle, one can imagine that theand particular values of eithét ory: solid linesfor fixed y and varyingM,
hydrophobic/hydrophilic balance can be manipulated b)fmd dashed linesfor fixed M and varyingy. (b) All results from @)

. re-expressed/() as a reduced intrinsic potency* = S(2y), i.e., the
var_ylng t_he number of alkyl segment_s per hydrox_yl grOUp'intrinsic potency per amphiphilic subgroup, as a function of the number of
which will presumably allow for tuning of the oil/water segments per subgroups = M + 1. In both panels, results for solutes of
partition coefficient to an experimentally useful range. In athe formAC,,_, (models of 1-alkanols) are provide®,(dotted ling. Lipid
first approximation, increasing polymer index in such ahead group repulsiot,/ksT = 0.4 in all cases.

series of molecules would be predicted to maintain an

w
—T T

ACs)y

Si(2y)
>
°

L A \\ ]
0.4f A e -

S* =
>
> 4
[ 3

Biophysical Journal 80(5) 2284 -2297



Breaking the Meyer-Overton Rule 2291

oil/water partition coefficient that is approximately con- For hexynes ortransalkenes, the local stiffness and
stant, while increasing intrinsic potency roughly linearly, increased interfacial activity (as compared to saturated al-
and thus increasing apparent potency approximately linkanes) would be expected to have opposing effects on
early, with no limit with respect to chain length, i.e., no intrinsic potency. In Fig. 5, predictions of intrinsic po-
cutoff. tency for six-segment solutes of varying location and degree
of unsaturation are plotted as a functionegfthe interfacial
attraction of segments participating in unsaturated bonds.
Localized stiffness: unsaturated alkanes For purposes of comparison, the predicted potency for hex-
o . ] . ] ~ane {, f, f, f} is included. In Fig. 5b, the results of Fig. &
It is interesting to examine the effect of increasing chaing g replotted as a function ef,,, = 2n,e,, the interfacial
stiffness nonuniformly along the solute chain, as can b&graction per molecule. With regard to intrinsic potency, an
achieved by localized chain unsaturation or atomic substizncrease in segmental interfacial activity can clearly com-
tutions. Molecules that differ with respect to local rigidity pensate for increased linear stiffness, to a degree that, for
(and if rigid, whether rod-like or bent) but with otherwise iyen total stiffness, depends largely on the total molecular
identical characteristics (distribution of segmental interfa-jierfacial activity. However, regardless of the valueegf
cial activity) are predicted to have significantly different 4 greater intrinsic potency is predicted for 1-hexyne, which
effects on the pressure distribution, as shown in Fig. 4 fokg giff only at one internal segment, than for 2- or 3-hexyne,

the example of five-segment chains with no segmentaj,hich have approximately the same interfacial attraction as
interfacial activity. For an otherwise semiflexiblex(, = 1-hexyne, but two sites of chain stiffness.

0.45) chain, an increase in linear rigidity,(, = 0.15) at
any one of the segments is predicted to cause a reduction in S
intrinsic potency, the effect increasing roughly additively Segment distributions

with the number of sites of increased linear stiffness. BYat present, there is no experimental method by which the

contrast, a chain with a single rigid bendy(y = 1) IS |qtery) pressure profile can be measured. So it would be

pred@ted to lhave S|gq|f|cantly mcreaseq potency, alqugr\‘/aluable to find other, more readily measurable properties,
additional stiff bends in the molecule yield smaller incre-

, the changes in which are at least qualitatively related to
ments in potency. changes in the pressure distribution. The depth-dependent
probability distribution of solute segmentg2), i.e., the
likelihood of finding a segment of the solute at a given
membrane depth, independent of the location of the seg-
ment along the solute chain, might be expected to serve as
such a property since it can, in principle, be measured, and
is obtained from the statistical mechanical approach used to
calculate the lateral pressure profiles. For small, strongly
interfacially active solutes, such as short 1-alkanols, the
predicted large increase in pressures near the aqueous in-
terface is certainly related to the fact that the segments of
the solute are localized in the region where the pressures
increase, and this is consistent with the difference in spatial
distributions of some anesthetics and nonimmobilizers
(North and Cafiso, 1997; Tang et al., 1997; Chipot et al.,
1997). However, this correlation does not hold in a com-
parison of molecules of similar interfacial activity, but of
different stiffness, as shown by comparison of the results in
Figs. 1 and 6. In Fig. &, plots of y(2) are reported over a
o 1‘ é é ranlge of chai(n lengths, for solut€s, i).e., v&/ithfn%interfa-

- cial activity ( = 0,1 = 1, ..., n) and of the same

number of rigid bonds flexibility as the lipid acyl chains¢ = 0.45). For very short
FIGURE 4 Intrinsic potencyS, of five-segment solutes without interfa-  Chain solutes, which are predicted to have small positive
cial attraction but with nonuniform internal stiffness. The three internal intrinsic potencies, the segment probability distribution is
segments are progressively replaced by stiffer bonds; either rod@ke ( nearly uniform, but with increasing chain length, the distri-
© = 0.15,8, o = 0.0) orrigidly bent &, » > 1). Results for both one and 5 )tjon hecomes strongly skewed toward the center of the
two rigid bonds represent, in each case, averages over the different possihle . . . . .
spatial arrangements of the rigid bonds. Results are presented for Ilayer’ consistent with neutron dlffraCt!On experiments of
values of the head group repulsion;/ksT = 0.0 (solid lineg and White et al. (1981) on hexane. Comparison of these results
Un/ksT = 0.4 dashed linek Lines are drawn only as a guide to the eye. With the chain length dependence of the intrinsic potency,
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6 — f‘ ) é = é clt S FIGURE 6 Spatial probability distributiog(z) of segments of solutes
with no interfacial activity § = 0,i = 1, ... ,n) for varying chain length
“€mot’kgT (n) and stiffness ). Bilayer depthz(A) indicates the distance from the

bilayer midplane (in either direction, since the bilayer is symmetra). (

FIGURE 5 Effect of interfacial activity of unsaturated segments on the Semiflexible chains¢ = 0.45) of lengtn = 1 (L), 2 (O), 4 (+), 6 (),
calculated intrinsic potencyS of six-segment solutes (as models of 10 (%), and 14 ). (b) Fixed alkane chain length = 8, for varying chain

hexynes ortranshexenes). @) S is plotted as a function of-e¢, the  Stiffnessiw = 0.45 (), 0.30 (), and 0.15 {,).
magnitude of the interfacial attractive energy per unsaturated segment, in
units of kgT. (b) Same data as ina), but plotted as a function of the

magnitude of the interfacial attractive energy per molecute,,, = .. . . .
—2n,¢, (in units ofkg T) wheren,, is the number of unsaturated bonds (and ness of the solute is increased at fixed chain length. In Fig.

thus 4, is the number of unsaturated segments) in the moleayle: 1~ 6 b, the spatial distribution is plotted as a function of
(solid lineg: 1-hexyne §, f, f, f}, (0); 2-hexyne §, s, f, f}, (O); 3-hexyne  increasing chain stiffness, for = 8 segment solutes. The
{f, S'h S, f},d(_+ )- ”uf: 2 (short das}?ed '(;’?9513}“?"3"‘)’”% S, ﬁ 2 (d X)increase in stiffness is predicted to have a small effect on the
{1543 :XSE}’ ('yg;ef] '5’33}(]0(n)9” i;shsgingqefshef;tr(lﬁeiiSe:}a(g)”e probability distribution, if any, causing a shift from the
Predictions for the fully saturated hexarief f, f}, (®), are included for ~ INterior toward the aqueous interface. However, the in-
purposes of comparison. In the above list, the flexibility of the four interior Creased stiffness is predicted to cause a loss in intrinsic
bonds are indicated by(stiff, » = 0.15) orf (semiflexible,w = 0.45). For  potency, as seen in a comparison of Figadndb. Results
all calculationsung/ksT = 0.0. for alkanes of other chain lengths are similar.
In Fig. 7 a, the segment probability distributiof(z) is

plotted for a range of chain lengths for 1-alkand<(, ),
one might conclude that potency is lost when the segmerite., for semiflexible solutese{ = 0.45) with one end
distribution shifts strongly toward the membrane interior. attracted to the interface(= —10,¢ = 0,i = 2, ...,n).
However, different conclusions are reached when the stiffincreasing the chain length of semiflexible 1-alkanols is
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s the framework of an indirect mechanism of anesthesia,
apparent potencies are much more commonly used to ex-
press experimental results, so it may be useful to re-express
the predictions in terms of apparent potencies to facilitate
comparison with experiment.

1 The Meyer-Overton correlation, extended to account for
y differences in intrinsic potency, can be expresse8 gs=
constant, where the oil (bilayer) concentration is given by

i * * *
7] Co = Ko/wa - Ko/gCg
and thus

Cy = (SKyg) (2)

for inhalation anesthetics, with a single constant of propor-
tionality (for given bilayer composition). From Eq. 2, the
change incg, and thus the change in the apparent potency,
can be determined within a homologous series of com-
pounds that differ only in chain length. For solutes such as
alkanes and many alkane derivativés,, varies roughly
exponentially with chain length; singe— 2 represents the
number of interior segments, then

L1 H O,

0.3F

Kolg =~ KO/\Ichl)/_g2 (3)

whereK, is the partition coefficient for solutes with —

2 = 0 interior segments, ankl,,; > 1 is the multiplicative
increase inK,,, per added interior segment. As a rough
guide, A4 =~ 3 for CH, segments, while for Cfsegments
FIGURE 7 Spatial probability distribution() of segments of 1-al- A, ~ 2 (Eger et al., 1999a). Within a homologous series,

kag°'§ ﬁél = ;;OBKFTi o O'hiz( ;)2;(-’_- -oM) f%f Vj‘_rying Cf]'cain Ier?gtbh[o the gas-phase concentration of an anesthetic with 2
and stiffnessd). Bilayer dept indicates the distance from the bilayer ; H * H H
interior segmentscy, relative to that of a solute with no

midplane. &) Alkanols (semiflexible chainsp = 0.45) of lengthn = 4 . . % . . .
(+), 6 (x), 10 (1), and 14 7). (b) Fixed 1-alkanol chain length = 8, for  INterior segments;g(0), is obtained from Egs. 2 and 3:

varying chain stiffnessw = 0.45 (), 0.30 ©), and 0.15 {). Ioglo[c}}/c’;(O)] - _(n . 2)|0910)\o/g . Ioglo(S,S)) (4)

The analysis leading to Eq. 4 can also be expressed in terms
predicted to cause a marked shift of the segment distributiodf agueous potencies as
toward the bilayer interior, and is accompanied by a more - _
gradual decrease in intrinsic potency (Figa)LIn Fig. 7b, logifcu/Cu(0)] ~ —(n = 2)l0gickom — 1091o(SS) (5)
plots of §i(2) are presented over a range of chain stiffnesses
for alkanols of lengttn = 8. The increase in stiffness at although for CH groups A, is somewhat larger thak,,
fixed chain length is predicted to result in a less pronounceaf order 3.5 to 4.0. Predictions using Eq. 4 for the depen-
shift in the segment distribution than seen in Figi for an  dence of apparent potency on chain length are plotted in Fig.
increase in length at fixed stiffness, but is accompanied by for the same solutes for which calculations of intrinsic
a much greater drop in potency (to very negative values)potencies are presented in Fig. 1. Clearly, for alkanes,
Unfortunately, from the results presented in Figs. 6 and 7, ieilkanols, and perfluorinated alkanols, an increase in appar-
seems that there is no simple predictive relation between thent potency accompanies a decrease in intrinsic potency
intrinsic potency of a solute and the depth distribution of itswith increasing chain length. These predicted trends are
segments. qualitatively similar to the results summarized recently by
Eger et al. (1999a,b).

Apparent potencies

The approach described above predicts the chain lengt ISCUSSION

dependence of the intrinsic potency for linear molecules ofThe results presented here, based on statistical thermody-
varying interfacial activity and stiffness. Although the in- namic calculations using a mean-field lattice model to de-
trinsic potency is a more fundamental measure of potency iscribe the conformational statistics of acyl chain packing,
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droxyl groups regularly spaced along the chain, are pre-
dicted to act similarly to a collection of shorter 1-alkanol
chains of length roughly equal to half the spacing between
hydroxyl groups on the chain. The intrinsic potency of such
polyhydric alkanols should thus increase with the number of
repeat units, without limit; certainly no cutoff would be
expected. A measurement of the potencies of such mole-
cules would thus distinguish between indirect and direct
binding mechanisms of anesthesia, since no binding site
could possibly accommodate a molecule without limit in
size, the potency of which only increases with size. Al-
though this argument is made in the context of polyhydric
alkanols, it would be expected to hold for other oligomers
with regularly spaced interfacially active segments, such as
polyethers and polyacids, or if the hydroxyl group is at-
tached to the alkane backbone through a short alkyl spacer.
The predicted sensitivity of pressure redistribution to
FIGURE 8 Predicted gas-phase apparent potefjof solutes of length ?ncre_ased solute stiffness implies Fhat roqtlike, interfacially
n (with n — 2 interior segments) relative to the predicted apparent potencyinactive molecules should be nonimmobilizers, whether or
c(0) of a solute of the same type but of length= 2 (i.e., with no interior  not the stiffness is due to perfluorination. However, other
segments) as a function af ¢- 2), the number of interior segments. The molecular manipulations that cause increased chain linear
data are calculated using the approximate relation of Ed. 4, i.e., &ogl iqiity such as the incorporation of chain unsaturation, will
C5(0)], using intrinsic potencies calculated fay/ksT = 0.4. Result_s are likely be accompanied by increased interfacial activity
presented for models of 1-alkanols [ 0.45;¢; = —10kgT; ¢ = O, i g : R
2, ..., N Ay = 3.0, @)], perfluorinated alkanols¢f = 0.15; ¢, which has the opposite effect on the pressure distribution.
—10ksT; & = 0,i = 2, ....,N; Ayg = 2.0, (V)], alkanes p = 0.45; ¢ Unfortunately, an approximate measure of the strength of
0,i =1,..., Ayq = 3.0, @], and perfluorinated alkanes[= 0.15;; the interfacial activity (such as approximate Lennard-Jones
0,1=1 i Aogjg = 2.0, W] parameters for united-atom carbons involved in multiple
bonds) is not presently available, so a simple comparison of
the intrinsic potencies of alkanes and alkynes, for example,
demonstrate that the influence of hydrophobic or amphiphiwill not yet serve as a test of this mechanism. Still, mole-
lic solutes on the bilayer pressure profile depends sensiules having the same total unsaturation (and thus the same
tively on chain length and particularly on the distribution of interfacial attraction) but with different degrees of internal
interfacial activity and stiffness over the length of the solutestiffness are clearly predicted to have different potency. For
chain. The large differences in intrinsic potencies amongXxample, chain molecules with unsaturation located at the
alkanes, alkanols, and their fluorinated counterparts, includterminal methyl groups are more flexible, and thus should
ing the well-known cutoffs in anesthetic potency with in- have higher intrinsic potency, than those with the same
creasing chain length, correlate remarkably well with thedegree of unsaturation located at interior bonds. Thus,
predictions of intrinsic potency based on the influence of thel-hexyne is predicted to have higher intrinsic potency than
resulting changes in the pressure distribution on proteir2- or 3-hexyne.
conformational equilibria. In particular, the differences in

cutoffs for different types of solute chains are qualitativelyOn the plausibility of indirect (bilayer-mediated)

correctly predicted. . .
e : . mechanisms of anesthesia
Intrinsic potencies are predicted for a range of monohy-

dric and polyhydric alkanols for which potencies have notlt has been suggested by various authors (Franks and Lieb,
yet been measured, but which would serve as an excellerd994; Krasowski and Harrison, 1999) that in light of much
test of the pressure profile mechanism. Predicted intrinsiof the research on anesthetic mechanisms over the past few
potencies for monohydric alkanols in which the hydroxyl decades, it is very unlikely that anesthesia proceeds by any
group is placed on an interior chain segment are predicted timdirect, lipid-mediated mechanism. Three classes of argu-
be much greater than for 1-alkanols of the same lengthments are presented. The first concern is the anomalous lack
Alkanols of lengthn with a single hydroxyl group near the of potency of some membrane-soluble molecules, i.e., the
middle of the chain are predicted have roughly twice thesignificant deviations from the Meyer-Overton correlation.
potency of 1-alkanols of chain length n/2; consequently, The results presented here demonstrate that the anomalously
the cutoff for such alkanols is predicted to occur at a lengtHow potency of some membrane-soluble compounds not
n > 20. In general, chains that are regularly tethered to th@nly can be rationalized, but is in fact predicted (as is the
aqueous interface, such as polyhydric alkanols with hy-anomalously high potency of other compounds) in the con-

loglcg*/cg*(0)]
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text of an indirect mechanism based on the lateral pressumote that colligative properties of the bilayer based on
distribution. solvent equilibria, such as freezing point depression, would
A second argument involves the magnitude of the effectsiot be expected to depend on the choice of solute enantio-
of anesthetics on bilayer properties at clinically relevantmer, even though the lipid “solvent” is enantiomerically
concentrations of anesthetics. It is often noted that the morpure. As in bulk systems, colligative properties such as
readily measured bilayer properties (thickness, fluidity, etc.osmotic pressure, Raoult’'s law, and freezing point depres-
are only slightly altered by incorporation of anesthetics, andion depend only on the decrease in chemical potential of
that the changes in these properties can be reproduced bytlze solvent that accompanies addition of a solute impurity
slight increase in temperature, which certainly does nofthat is soluble only in the fluid solvent phase), which, at
cause anesthesia; on the contrary, a decrease in body tefow concentrations, results purely from an increase in trans-
perature can mimic anesthetic effects. The redistribution ofational entropy, independent of the identity of the solute.
lateral pressures is a remarkable counter-example, in termEhat the freezing point depression of the main phase tran-
of both the likely magnitude of the effect on protein equi- sition in a pure lipid bilayer is identical at the same aqueous
libria and the effect of temperature. As discussed in detaitoncentrations of the two isomers of isoflurane (Franks and
elsewhere (Cantor, 1999a,b), the presence of two lipidLieb, 1991) is evidence that the aqueous/bilayer partition
water interfaces, each of which results in a large interfaciatoefficients of the two enantiomers are identical, but has no
tension, requires balancing (positive) lateral forces in thebearing on the plausibility of a lipid-mediated mechanism of
membrane interior, which, being concentrated over a fewgeneral anesthesia.
nanometers, results in lateral pressure densities in the mem-
brane interior that are of enormous magnitude (many hun-

dreds of atmospheres). Thus, a relatively small redistribu!:“EFERH‘JCES

tion of these extremely large stresses is predicted to bgen-Shaul, A. 1995. Molecular theory of chain packing, elasticity and
sufficient to induce a significant shift in protein conforma- lipid-protein interaction in lipid bilayerdn Structure and Dynamics of

. g . _ Membranes. R. Lipowsky and E. Sackmann, eds. Elsevier/North Hol-
tional equilibria. The addition of a solute causes a depth land, Amsterdam. 359401

dependent redistribution of pressures, largely resulting frongen-shaul, A., and W. M. Gelbart. 1994. Statistical thermodynamics of

the nonuniform spatial and orientational distribution of the amphiphile self-assembly: structure and phase transitions in micellar
; : : : solutions.In Micelles, Membranes, Microemulsions, and Monolayers.

S,Olme in the t_)llayer’ whereas a ,Change_ In temper,ature IS W. M. Gelbart, A. Ben-Shaul, and D. Roux, eds. Springer-Verlag, New

likely to result in a small and relatively uniform shift in the  york. 1-104.

pressure distribution. For example, a drop in temperatur@rown, M. F. 1997. Influence of nonlamellar-forming lipids on rhodopsin.

results in a decrease in the repulsions among phosphatidyl-Curr. Topics Membr44:285-356.

choline head groups (Stigter et al. 1992) causing a comcantor, R. S. 1995. The stability of bicontinuous microemulsions: a mo-
' ! lecular theory of the bending elastic properties of monolyaers comprised

p_ensatirig in_uease in lateral pressures Sp'_'ead t_hr(_)UQh thest jonic surfactants and nonionic cosurfactants.Chem. Phys103:
bilayer interior, but not a sharp redistribution within the 4765-4783.
interior. As mentioned in the Introduction, the increase inCantor, R. S. 1996. Theory of lipid monolayers comprised of mixtures of
apparent potencies (when measured through gas-phase Conf_IeX|bIe anhd stiff ?]mphlph”es in athermal solvents: fluid phase coexist-
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