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Interaction between a volatile anesthetic, methoxyflurane, and dipalmitoylphosphatidylcholine (DPPC) vesicle mere- 
Inane was analyzed by nuclear Overhauser effect (NOE) difference spectroscopy and two-dimensional nuclear 
Overhauser spectroscopy (NOESY). The NOE difference spectra were obtained by selectively irradiating methoxy 
protons (hydrophobie end) of the anesthetic: a negative nudear Overhauser effect of -2.94% was observed with the 
choline methyl protons of DPPC. The NOESY spectra revealed a cross-peak between the anesthetic methoxy protons 
and the choline methyl protons. A dipole-dipole intm,action exists between the hydrophobic end of the anesthetic and 
the hydrophilic head group of DPPC. No other cross-peaks were observed. The anesthetic orients itself at the 
membrane/water interlace by interacting with the hydrophilie surface of the DPPC membrane, leaving the byd~'ophilic 
end of the anesthetic molecule in the aqueous phase. The preferred residence site of dipolar volatile anesthetics is the 
membrane / water interface. 

Anesthetics depress the temperature of order-dis- 
order phase transition of lipi~ membranes (see, for 
instance, reviews [1-3]). Because the transition between 
the solid-gel and liquid-crystal phases is the property 
expressed by the hydrocarbon-chain conformation of 
phospholipid molecules, direct interaction between 
anesthetic molecules end lipid core is often assumed. 

Yokono et al. [4] demonstrated, however, by IH- 
NMR that anesthetic-induced isothermal phase transi- 
tion occurred in two stages. At lower anesthetic con- 
centrations, protons at the hydrophilic head mobilized. 
The acyl proton mobility increased when the anesthetic 
concentration was increased. In contrast, thermal phase 
transition was characterized by a simultaneous increase 
in mobility of head and lipid tail protons. From the 
chemical shift spectra of tH-NMR, Kaneshina et al. [5] 
demonstrated that methoxyflurane solvate at the micel- 
iar surface, where hydrophilic end of the anesthetic 
molecule did not lose contact with the aqueous phase. 

The nuclear Overhauser effect (NOE), when com- 
bined with difference spectroscopy or two-dimensional 
approach, provides a powerful method for structure 
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determinations [6]. The dipole cross-relaxation, respon- 
sible for the nuclear Overhauser effect, depends on 
spatial proximity and relative motions of the interacting 
sets of nuclei. The two-dimensional nuclear Overhauser 
spectroscopy furnishes direct information on the ex- 
istence of the nuclear Overhauser effect between two 
nuclei. 

Methoxyflurane has the following structure. 

Ci F H 
I I I 

H - - C - - C - - O - - C - - H  
I I I 

C! F H 

Its protons are conveniently located at both ends of the 
rod-like molecules. The single proton (S-proton) at the 
left side represents the hydrophilic end of the molecule 
and the three methoxy protons (M-proton) at the right 
side represent the hydrophobic end of the molecule. 

To determine the site of interaction between volatile 
anesthetics and lipid membranes, this study used 1H- 
NMR nuclear Overhauser differences spectroscopy and 
two-dimensional nuclear Overhauser spectroscopy 
(NOESY). 

Single-shelled vesicles were prepared by dispersing 10 
mM DPPC (Sigma) in 2H20 (99.92% pure, CEA, 
France) by sonication with a Heatsystems Ultrasonics 
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W-385A (Farmingdale, NY) at 50°C. The obtained 
liposome was centrifuged at 1000 x g for 15 min to 
remove titanium particles dispersed from the sonicator 
tip. Methoxyflurane (a gift from Dynabot, Osaka, Japan) 
2.0/~i was added to 1.0 ml of the liposome, and tetra- 
methylsib,~ae (TMS) was the internal reference. The 
mole ratio between the anesthetic and DPPC was 1.7. 
The NMR tube was flame-closed after addition of the 
anesthetic. 

tH-NMR nuclear Overhauser difference spectra and 
two-dimensional nuclear Overhauser spectra were ob- 
tained by a JEOL GX400 NMR Spectrometer (Tokyo) 
at 37 ° C. The pulse sequence in two-dimensional nuclear 
Overhauser spectroscopy was [90 °-it-90 °-rm-90 o 
acquisition (t2)],, where the mixing time (rm) was 150 
ms. For two-dimensional nuclear Overhauser spectra of 
DPPC/methoxyflurane mixture, 16 free induction de- 
cays were acquired for each of 256 increments in tt. The 
256 x 1024 data-point matrix was zero tilted and Four- 
ier transformed to a 1024 x 1024 data-point 2D spec- 
trum. A sine-bell squared weighing function was used in 
both tt and t 2 domains. 

The nuclear Overhauser difference spectra were ob- 
tained by irradiating the anesthetic's methoxy protons 
(3.67 ppm) during the pulse delay of 2 s and subtracting 
the off-resonance irradiated spectra. The nuclear Over- 
hauser effects were analyzed on the choline methyl 
protons and the lipid tail methylene and methyl protons 
of DPPC. The data-points of each spectrum were Four- 
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Fig. l. 400 MHz 1H-NMR spectra of dipalmitoylphosphatidylcholine 
vesicle membrane in the presence of methoxyflurane with tetramethyl- 
silane as the reference. The peak assignment is based on the previous 
study [4]. S-proton and M-proton indicate, respectively, the single 
proton of the hydrophilic end and the methoxy protons of the 
hydrophobic end of the methoxyflurant molecule. A: One-dimen- 
sional NOE difference spectrum. B: Conventional chemical shift 

spectrum. 
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Fig. 2. Two-dimensional nucle~,r Overhauser effect (NOESY) spec- 
trum. Mixing time 150 ms. The dashed lines indicate the cross-peak 
between the choline methyl protons of DPPC and hydrophobic 

methoxy protons of methoxyflurane. 

ier transformed after 16 accumulations at 4096. 
The conventional chemical-shift spectrum of DPPC- 

methoxyflurane mixture is shown in Fig. 1 with the 
peak assignments. Because of the presence of methc- 
xyflurane, the membrane was in the liquid-crystal phase 
[4]. Fig. i also shows the nuclear Overhauser difference 
spectrum of the methoxy protons of methoxyflurane in 
the lipid/anesthetic mixture. The choline methyl pro- 
tons showed negative nuclear Overhauser effect of 

- 2.94%. 
The two-dimensional nuclear Overhauser spectrum, is 

shown in Fig. 2. A clear cross-peak is observed between 
the choline methyl protons and the methoxy protons of 
the anesthetic. No other cross-peaks were found be- 
tween the anesthetic protons and DPPC methylene or 
methyl protons. 

The excellent correlation established between the 
anesthetic potency and oil/water partition coefficient 
and the anesthetic effects on the depression of the main 
phase-transition temperature of phospholipid mem- 
branes tend to give the impression that anesthetics 
interact directly with the lipid tails of phospholipid 
bilayers. The often overlooked fact is that the oil/water 
partition coefficient correlates to the anesthetic potency 
only when dipolar molecules, such as ofive oil and 
1-octanol, are used for the oil phase [7]. The correlation 
deteriorates when apolar solvents, such as alkanes, are 
used for the oil phase. The present results demonstrate 
that the main interaction site of the clinically used 
volatile anesthetics is the membrane/water interface 
rather than lipid core. 

The dipole cross-r~laxation depends on the spatial 
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arrapgement and the relative motions of the interacting 
set of nuclei, and leads to the nuclear Overhauser effect 
[6]. The present result that the cross-peak was found 
only between the hydrophobic methoxy protons of 
methoxyflurane and the choline methyl protons of 
DPPC in the two-dimensional nuclear Overhauser spec- 
troscopy is a direct proof of interracial action of volatile 
anesthetics. Because no cross-peaks were observed be- 
tween the hydrophilic single proton of methoxyflurane 
and any of the hydrophilic or hydrophobic protons of 
DPPC, the hydrophilic end of the anesthetics stays in 
the aqueous phase without interacting with the mem- 
brane molecules. 

The negative nuclear Overhanser effect of - 2 . 94~ ,  
observed betw,~en the anesthetic methoxy protons and 
the choline methyl protons, indicates t00~" c >> 1, i.e., the 
correlation time of the methoxy proton ,_'s long. A di- 
pole-dipole interaction apparently exists between the 
hydrophobic end of the anesthetic and the hydrophilic 
head of DPPC. The motion of the methoxy protons of 
the anesthetic is slow, in the order of the vesicle tum- 
bling. 

The wedge-like structure of methoxyfiurane, the 
methoxy-proton side being the sharp end, suggests easi- 
ness of the hydrophobic end in penetrating into the 
membrane core. The present result agrees perfectly with 
the 1H-NMR data by Kaneshina et al. [5] in surfactant 
micelles where the anesthetic-micelle interaction was 
interracial. 

We are not implying, however, that dipolar anesthet- 
ics do not solvate into the membrane core, the dielectric 
constant of which was reported to be 1.9 [8]. On the 

contrary, we have shown that volatile anesthetics are 
freely miscible with decane (dielectric constant 1.9) 
[9,10]. The interfacial location of anesthetic molecules 
means that the probability of finding anesthetic mole- 
cules is highest at the interface. 
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