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Distinctly Different Interactions of Anesthetic and Nonimmobilizer with
Transmembrane Channel Peptides
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ABSTRACT Although it plays no clinical role in general anesthesia, gramicidin A, a transmembrane channel peptide,
provides an excellent model for studying the specific interaction between volatile anesthetics and membrane proteins at the
molecular level. We show here that a pair of structurally similar volatile anesthetic and nonimmobilizer (nonanesthetic),
1-chloro-1,2,2-trifluorocyclobutane (F3) and 1,2-dichlorohexafluorocyclobutane (F6), respectively, interacts differently with
the transmembrane peptide. With 400 uM gramicidin A in a vesicle suspension of 60 mM phosphatidylcholine-phosphati-
dylglycerol (PC/PG), the intermolecular cross-relaxation rate constants between '°F of F3 and 'H in the chemical shift regions
for the indole and backbone amide protons were 0.0106 + 0.0007 (n = 12) and 0.0105 + 0.0014 (n = 8) s ', respectively.
No cross-relaxation was measurable between '°F of F6 and protons in these regions. Sodium transport study showed that
with 75 uM gramicidin A in a vesicle suspension of 66 mM PC/PG, F3 increased the 2*Na apparent efflux rate constant from
149.7 = 7.2 of control (n = 3)to 191.7 = 12.2 s~ ' (n = 3), and the apparent influx rate constant from 182.1 + 15.4 t0 222.8 +
21.7 s7' (n = 3). In contrast, F6 had no effects on either influx or efflux rate. It is concluded that the ability of general
anesthetics to interact with amphipathic residues near the peptide-lipid-water interface and the inability of nonimmobilizer to
do the same may represent some characteristics of anesthetic-protein interaction that are of importance to general
anesthesia.

INTRODUCTION

The century-long quest for the mechanisms of general arp-Leu™*-L-Trp*>-NHCH,CH,OH) offers at least the follow-
esthesia remains a clinical and scientific challenge (Frankig four advantages, which are unavailable in many other
and Lieb, 1994). To date, the vast majority of investigationssystems: 1) high achievable nuclear magnetic resonance
at the molecular level are indirect in nature, inferring mech-(NMR) spectral resolution of the peptide permits absolute
anisms based on the observed effects of general anesthetiggentification of individual amino acid residues along the
Not enough attention has been paid to the direct interactioransmembrane channel (Arseniev et al., 1985; Cross, 1994;
at the molecular level between an anesthetic molecule andiinton, 1996), thus allowing direct quantitation of the site-
central nervous system site. In particular, when transmemspecific interaction between anesthetics and the channel
brane proteins are under consideration, little is known abo%eptide; 2) a Spectroscopica”y resolved protein-“pid inter-
the nature of the sites of such interactions (Eckenhoff anglace allows testing of popular hypotheses relating to the
Johansson, 1997). protein-lipid interaction; 3) an environment that is unique to
Sensitivity to general anesthetics has been used as one gfembrane proteins but not to soluble proteins can be un-
the important criteria for identifying proteins that are pos-ampiguously defined at the interfacial region, where pro-
sibly involvgd in general anesthesia. A superfamily _of li- tein, lipid, and water come into contact; and 4) because
gand-gated ion channels (Franks and Lieb, 1996), which argramicidin forms a functional channel with resolved three-
h|g_hly se.nsm.ve to .gen.eral anesthetics, has been the subjeginensional structures, it provides a unique system for
of intensive investigations. At the current stage, howeveryetermining the structural and functional consequences of
these ligand-gated channels are too complex to allow fof, | cihetic interaction.
structural analysis. A simplified membrane protein model ™ 1y, se of structurally similar pairs of general anesthetics

may therefore prove useful in the study of the unifying and nonimmobilizers (originally referred to as “nonanes-

nature of anesthetic-protein interaction that may be generg, etics”) has attracted much attention in recent years (Kob-

alized fo_r more complicated systems. . ... lin et al.,, 1994; Tang et al., 1997; lonescu et al., 1994,
As a simplified model, the well-characterized gramicidin  _. i . i .
1 12 3 5 Raines, 1996; Forman and Raines, 1998; North and Cafiso,
A channel (HCO:-Val*-Gly?L-Ala®p-Leu-L-Ala®-p- . . .
6 7 8 9 0 11 12 13 1997). Although each anesthetic or nonimmaobilizer cannot
Val®-L-val-p-ValP-L-Trp®p-Leu'®-L-Trp* -p-Leut%-L-Trp*>- . ;
verify the relevance of a molecular site to general anesthe-
sia, many nonimmobilizers as a group, in comparison with
their anesthetic pairs, may help to identify the characteris-
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1,2,2-trifluorocyclobutane (F3) and isoflurane, preferen-with pH adjusted to 6.5. For each NMR experiment, 2 ml of vesicle
tially distribute to regions with easy access to the aqueouguspension was placed in a gas-tight, 10-mm-diameter, high-precision

P - o NMR tube (Wilmad Glass Co., Buena, NJ), withl1.5 ml vapor space
phase, whereas the StrUCtura”y similar nonlmmOblllzers%;\bove the suspension. F3 or F6 was added to a final concentration of 2 mM

such as 1,2-dichlorohexafluorocyclobutane (F6) and 2,3j, e vesicle suspension.

dichlorooctofluorobutane (F8), dwell in the lipid core of the  For MIT measurements, large unilamellar vesicles (LUVs) were pre-
membrane. We have suggested that such a different distrpared to ensure sufficiedNa signal from inside the vesicles. The extru-
bution of anesthetics and nonimmobilizers may ultimatelysion method (Mayer et al., 1986) was employed using a LiposoFast

affect their affinity for other membrane constituents artiC_extrusion device (Avestin, Ottawa, Cananda) with polycarbonate filters of
Yy P defined pore sizes. The size and homogeneity of the LUV population were

ularly transmembrane proteins. o _confirmed by light scattering, using a Coulter N4SD particle size analyzer
In the present study, we analyzed the specific interactioncoulter Electronics, Hialeah, FL). For a typical sample, the total lipid

of F3 and F6 with gramicidin A, using intermolecular trun- concentration was 66 mM. The solutions inside and outside the vesicles

cated driven nuclear Overhauser effects (TNOEs) (Xu angontained 100 mM NaCl and were buffered with 10 mMHPO,/HsPO,

Tang, 1997). The functional consequences of sodium trand? & PH of 82. . A
A special procedure was followed to incorporate gramicidin A into

port across the gram|C|d'n A channel after Interacting W'thLUV, so that no contamination exists from even a trace amount of organic

F3 or F6 were also investigated, using the magnetizatioRolvents, which are often general anesthetics. Briefly, PC and PG in a 4:1

inversion transfer (MIT) experiments (Hinton et al., 1994). molar ratio were first mixed in chloroform and then dried to a thin film
under a stream of Ngas. Residual chloroform was further removed by
high vacuum. After hydration with a buffer with a precalculated*Na

MATERIALS AND METHODS concentration, aliquots of gramicidin A stock solution (25 mM in TFE)
were added to reach the desired gramicidin-to-lipid ratio. The mixture was
Materials then incubated at 50°C for 3 h. Thereafter, the mixture was rapidly frozen

) ) ) in CO,/acetone, lyophilized overnight at50°C, and vacuumed at room
L-a-Phosphatidyicholine (PC) antta-phosphatidylglycerol (PG) (€99~  temperature for an additional 24 h. The completely dried samples were then
sodium salt) were purchased from Avanti Polar Lipids (Alabaster, AL). rehydrated without shaking for 2-3 h before the LUV extrusion. The final
Gramicidin A was purchased from Calbiochem (La Jolla, CA). Other .,ncentrations of gramicidin A ranged from 0 to &8/
chemicals, including tripolyphosphate (PPP) and DyEir preparation of The 2°Na chemical shift reagent, M®yPPRy], was prepared as previ-
*Na shift reagent), 2,2,2-trifluoroethanol (TFE), 2,2-dimethyl-2-silapen- ously described (Gupta and Gupta, 1982; Chu et al., 1984) and used for the
tane-5-sulfonic acid (DSS), NaCl, and MO, were obtained from T experiments. The concentration of the shift reagent outside the vesi-
Sigma (St. Louis, MO). BO was purchased from Cambridge Isotope cjes was 3.9 mM. For each MIT experiment, 0.6 ml LUV suspension was
Laboratories (Andover, MA). F3 and F6 (Fig. 1) were purchased from PCR ;e in a high-precision 5-mm NMR tube, which had 1.9-ml vapor space
(Gainesville, FL). All compounds were used without further purification. 4p5ve the suspension. F3 and F6 were titrated into the LUV suspension to

a total concentration in suspension of 6.9 and 6.3 mM, respectively.
N Because the ratio of molar solubility of F3 in lipid and in wateri8000

Sample preparation (Tang et al., 1997), it can be estimated that for 6.9 mM overall concen-
tration of F3 in a 66 mM lipid vesicle suspension, there arex210 ©

moles of F3 per mole of water or, equivalently, 1.5 mM F3 in the aqueous
@gase. This concentration is clinically relevant (Kendig et al., 1994).

To obtain high-resolutiotH-NMR spectra of gramicidin A for spectral
identification of different residues, gramicidin A was incorporated into
sodium dodecyl sulfate (SDS) micelles by the same procedure as describ
previously (Tang et al., 1999). The procedure ensures the formation of the
head-to-heag6.3 dimers that are believed to be identical to the channel
structure found in the lipid bilayers. For the TNOE experiments, sonicatedNMR measurements
vesicles of PC and PG in a 4:1 mole ratio, prepared as described previously
(Xu and Tang, 1997), was used. The mean vesicle diameter was 130—16he MIT and TNOE experiments were conducted at 25°C and 37°C,
nm. To incorporate gramicidin A channel into the vesicles, aliquots of 50respectively, using an Otsuka-Chemagnetics (Fort Collins, CO) CMXW-
mM gramicidin solution in TFE were added, and the vesicle suspensiof00SLI spectrometer equipped with a four-nucleus probe (J S Research,
was incubated at 50°C for 3 h. Thereafter, the samples were cooled to roofdoston, MA). The resonance frequencies féNa and*°F are 106.1 and
temperature and dialyzed in three exchanges against 4 liters of buffer fo377.4 MHz, respectively. To determine tfid resonance frequencies of
6 h. Complete removal of TFE was confirmed B NMR. The final gramicidin A in PC/PG vesicles, a sample with a 1:33 peptide-to-lipid ratio
gramicidin concentration was 4Q€M in 60 mM total lipid concentration, ~ was prepared and used for magic angle spinning (VASNMR mea-
surements. A selective excitation with a 2.25-ms, 820-mG square pulse was
centered at 10 ppm to increase the detection sensitivity of the indole and
backbone amide protons and to minimize the water signal (Le Guerneve
H Cl F Cl and Seigneuret, 1996).
The intermoleculat®F-{*H} TNOE was measured betweé?F of F3 or
H F F F F6 and'H of gramicidin in selected frequency regions. In the TNOE pulse
sequence, B*H)-Pyo.(*°F)-Acq(*°F)-Tx, a selected group of protons was
saturated by a highly frequency-selective adiabatic pulse trai(tHP,
H F F F which consisted of low-power, 90-ms, hyperbolic secant-shaped inversion
pulses (Silver et al., 1984; Noggle and Schirmer, 1971) interleaved with
H F F Cl 10-ms delays. The total saturation tinig,was varied among 11 predeter-
mined valuest,= 0, 0.5, 1, 2, 3,4, 5, 6, 8, 10, and 14 s, the order of which
F3 F6 was randomized in the experiments. After saturation, a 90° excitation pulse
was applied td°F, followed by**F data acquisition. The nominal 90° pulse
FIGURE 1 Chemical structures of the anesthetic 1-chloro-1,2,2-trifluo-length for *°F was 25us. For all*°F spectra, 16 scans were summed in
rocyclobutane (F3) and the structurally similar nonimmobilizer 1,2-dichlo- 8192 complex points, with a recycle delay Bf to ensure full relaxation
rohexafluorocyclobutane (F6). of the*®F magnetization after each excitation. To minimize any unforeseen
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effects ofT, relaxation, thelT; was varied such thdg + T = constant= RESULTS
20 s, which was~6-8 times theT, of *°F in the lipid vesicle suspension.

The MIT pulse sequence (Hinton et al., 1994) consisted of threeSpecific interaction between anesthetic (or nonimmobilizer)
nonselective 90° pulses, P(9@)-P(90).-t,-P(90)-Acq. In the presence of  mpolecules and gramicidin A can be quantified by intermo-
3.9 mM DyPPR to separate th&*Na signals from the inside and outside lecular truncated driven NOE (Navon et al., 1996; Xu and

of the vesicles{Na,, and**Na,,,, respectively), the transmitter frequency . . .
was placed on the resonance®@fia,,, The nominal 90° pulse was Js. Tang, 1997). Site selection can be achieved by narrow-band

The durationt, was precisely set to the reciprocal of twice the chemical adiabfitic saturation of a particular group of protons \_’VithOUt
shift difference betweerf®Na,, and >*Na,,. The mixing timet, was  affecting others. To demonstrate that such selections are
incremented from 0.015 to 500 ms;30 mixing times were used for each feasible for gramicidin A, high-resolutioﬁH spectra of
experiment. Typically, the repetition delay between two acquisitions Wasgramicidin A in SDS micelles were used. Fig. 2 shows a
400 ms; the spectral width was 4 kHz; and 512 complex points were tack plot of tra in th . fb .kb ) d indol
collected and zero-filled once before Fourier transformation. S a? plot of spectra In " € regions 0 _ac one and In (_)e
amide protons. The vertical arrows indicate the frequencies
of the selective saturation by the hyperbolic secant-shaped
Statistical analysis pulse train. Clearly, with careful adjustment of pH to avoid
The method for processing the TNOE data has been elaborated previousﬁyase_catalyzed excharjge Wlth water (Arsemev etal., 1985;
(Xu and Tang, 1997). Briefly, for onlespin andN equivalentSspins (e.qg., inton, 1996)' saturation is well localized to the protons

| = 1°F andS = *H), the NOE,n, measured by thespin while theSspins ~ Selected. Although highH resolution is easily achievable in

are saturated for a period &f is given by SDS, intermolecular NOE build-up is more favorable in a
lipid bilayer environment. In the channel conformation,
o <2N_1 U|5i> gramicidin A forms head-to-heg8t6.3 helical dimers (Ar-
M) =17 ys s seniev et al., 1985). Recent investigations in lipids (Wein-
ntd =" = (1—er) (1)
Y pl\
where (So,4(t)) and p’ (= 1/T,4.9 are the time-averaged intermolecular V7
cross-relaxation rate constant and the direct dipolar relaxation rate con- G2
stant, respectively; the subscripts denote the associated spins; the super- indole \&15 EA
script O indicates the thermal equilibrium state; apdenotes the gyro- I 13 1 A5 wo V6 F L14
magnetic ratio. Thus, by measurit@) and calculatingy, as a function of 15 11 A3 V2 | wit l V8 L12 L10
S saturation time t(), (2o, and p,,* can be determined by nonlinear 9 | | W13
regression, using Eq. 1. \ | /
For the MIT experiments, one considers the modified Solomon equa-
tions for the magnetization insidé) (and outside § the vesicles:
d ! [ —1 | S 2 +
= _ — + k
9 . S ) S I 3
G- TS -kStk 3) *
whereT, and T} are the longitudinal relaxation times bfand S, respec- +
tively, andk; andk, are the apparent unidirectional influx and efflux rates,
respectively. Using the thermal equilibrium relationskify, = kS,, it is *
straightforward to solve Egs. 2 and 3 under the specific initial conditions,

which depend on whethéror Sis selectively inverted.
If Smagnetization is inverted, we have (assuniipg= T}, which is true +
for 2°Na,, and**Na,,,)

e<"T1><ke+kie<k+ke>t)] )

S-Sk
Thus, by measuringandSas a function of inversion recovery time (with
|, andS, being measured experimentally from the fully relaxed spedtra),
k., andT, can be determined simultaneously by nonlinear regression, usinFIGURE 2 High-resolutiortH spectra of gramicidin A channel in SDS
Egs. 4 and 5. micelles, demonstrating the excellent selective saturation of individual

Parameters from nonlinear regression are expressed as “the best egtroton groups by the hyperbolic secant-shaped pulse trains. Arrows above
mates = standard errors of estimates” (Glantz and Slinker, 1990). Toeach spectrum indicate the frequency at which the selective saturation is
determine the effects of F3 and F6 on a given parametet dfatistics are ~ centered. To emphasize the narrow selectivity, the frequency axis is plotted
calculated as the ratio of the difference between the best estimates of that units of Hz relative to the water resonance at 401.102 MHz. Thus the
parameter to the standard error of the differencep ¥alue of <0.05 is frequency of W15 indole amide proton is at 10.10 ppm, and that of A3 and
considered statistically significant. A5 backbone amide proton is at 9.42 ppm.

250 2000 1750 1500
Hz
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stein et al., 1979; Killian et al., 1994; Cross, 1994, 1997;nonspecific saturation through lipids or through intramolec-
Ketchem et al., 1997; Mobashery et al., 1997) showed thatlar *°F-{*H} NOE. The best proof of this is that the same
the channel has the same secondary structure in lipid bilayexperiments in the absence of gramicidin showed no ob-
ers as in SDS micelles. Given the narr& chemical shift ~ servable changes in F3 intensitypen symbolin Fig. 3).
range, it can be assumed that the chemical shifts for most The distinction between F3 and F6 was also apparent in
protons in the gramicidin A channel in SDS does not differtheir ability to affect the function of the gramicidin A
greatly from those in lipid vesicles. This is particularly true channel. Fig. 4 shows two stack plots®da NMR spectra

for the indole N-H protons, as we have observed a distincof MIT experiments. In the absence of gramicidin A, the
indole N-H peak in high-resolution MA%H NMR spectra  unfacilitated sodium transport was too slow on the NMR
of gramicidin channels in PC/PG lipid bilayers. As reportedtime scale to affect thé*Na,, signal when the outside
by others (Le Guerneve and Seigneuret, 1996), the peak f$Na,,,, was returning to the thermal equilibrium state after
at the same chemical shift range as shown in Fig. 2 for thés inversion fight). In the presence of gramicidin A, how-
indole N-H protons and is absent in pure lipid sampleever, the intensity profile of th&®Na,, signal is modulated
without gramicidin. Using the same adiabatic pulse train forby the relaxation of*Na,,, (left) due to transport of the
site selection in a series of intermolecutdf-{*H} TNOE inverted magnetization. Representatfia,, signal pro-
experiments, we measured selective cross-relaxation ratéiees under the control condition and in the presence of F3
between'°F of F3 or F6 andH of gramicidin A in PC/PG  and F6 are plotted in Fig. 5. As shown, F3 at physiological
vesicles (Fig. 3). In the absence of gramicidin A, selectiveconcentrations produced a significant incregse (0.05) in
saturation at 8.79 and 10.03 ppm, which would correspondhe unidirectional rates d¥Na transport across the grami-
to resonance of the backbone and indole N-H protonsgidin A channels, whereas a similar concentration of F6 had
respectively, produced no NOE in either F3 or F6. After thelittle effect on the transport.

addition of 400uM gramicidin A, the anesthetic F3 gave
rise to a(>o) of 0.0105+ 0.0014 s* (n = 8) and 0.0106+
0.0007 0 = 12) with backbone and indole amide protons,
respectively. The nonimmobilizer F6, again, showed noProdigious evidence suggests that general anesthetics exert
measurable cross-relaxation with either the indole or theheir primary action by interacting with excitable membrane
backbone amide protons. It should be pointed out thaproteins (Franks and Lieb, 1994, 1996; Mihic et al., 1997).
although the intermolecular NOE is small, as would beThe characteristics of such interactions, however, remain
expected, the NOE in F3 is not due to artifacts such asinidentified. Despite its structural simplicity and apparent
lack of clinical relevance to general anesthesia, gramicidin
A channel showed different functional responses to F3 and
F6 in our MIT experiments. The parallelism between phar-

DISCUSSION

05r ° ] macological profiles of these agents and their effects on
., ° a . N sodium transport suggests that the characteristics of anes-
00 ; oot t . . thetic-protein interaction found in this simplified system can
U T s T T T T T T~ - A

potentially be generalized. For example, in lipid bilayers, it
has been shown (Tang et al., 1997; Xu and Tang, 1997;
North and Cafiso, 1997) that the anesthetics are in rapid
exchange among all submacromolecular environments, with
certain preference for the amphipathic lipid-water interface
(Tang et al., 1997; Xu and Tang, 1997; Yoshino et al.,
1998). Nonimmobilizers, in contrast, partition deep into the
lipid core. This distinction may result from different distri-
butions of partial atomic charges in the anesthetic and
+ nonimmobilizer molecules. The structures in Fig. 1 illus-
trate a general tendency commonly found in anesthetics and
(’) 5 1’0 15 honimmobilizers, that is, general anesthetics often possess
T (sec) permanent or inducible displacement of partial charges,
FIGURE 3 Truncated drived®F-{*H} NOE selected in the backbone whereas nonimmobilizers are likely to be apolar (Trudell et
amide proton region at 8.79 ppri]( M, ¢) and the indole N-H proton al’ 1998). Thus the four hydrogen atoms (more .e'eCtrOpos'
region at 10.03 ppm, @, A) to *°F in F3 (J, W, O, @) or F6 (¢, A). itive) and four halogen atoms (more electronegative) on two
Open and filled symbols are measurements in the absence and presences@iparate sides of F3 molecule make F3 more adaptable to
gramicidin, respectively. With 40GM gramicidin A, (o) between F3and  the membrane interface, where a large dipolar potential
the backbone and indole amide protons was 0.0t@%0014 ( = 8) and exists. It has been suggested that modulation of the mem-

0.0106+ 0.0007 6 = 12), respectively. Solid lines are best fit to the data b dinol tential b theti ith larizabl
using Eq. 1. The dashed line is a visual guide indicating no NOE build-up rane dipole potential by anesthetics with polarizable or

in either F3 in the absence of gramicidin or in F6 in the presence ofperrf"ar.]ent dipole moments may play- a significant role in
gramicidin. Error bars show the standard error of the mean. the action of general anesthetics (Cafiso, 1998).

-0.5}

n (%)

-2.0
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FIGURE 4 Stack plots of®Na* magnetization inversion transfer (MIT) spectra in the preseled® &nd absencei@ht) of gramicidin channels. Intra-
and extravesiculat®Na* signals are separated by 3.9 mM DyRP&®sodium shift reagent. The inset at the upper left corner shows the detailed changes
in the intensity profile o*Na*,, due to N& transport.

The difference in submacromolecular distribution of an- Interaction with tryptophan residues in the gramicidin
esthetics and nonimmobilizers is likely to control their channel may prove to be nontrivial. The critical roles of
ability to interact with the transmembrane channel peptidetryptophan in the gramicidin channel function are at least
As we have shown previously with the channel surface maptwofold. First, each of the indole rings is uniquely oriented,
there are four amphipathic domains at each end of thevith its N-H bond directed toward the bilayer surface (Hu et
gramicidin A channel (Xu et al., 1998). These domains areal., 1993). Such orientation favors hydrogen bonding to the
attributable mainly to four tryptophan residues in eachhydrophilic interface, presumably to water molecules that
gramicidin molecule. Themr-electron distributions in the either are at the membrane surface or penetrate into the
indole rings may interact with the electropositive moiety of amphiphilic domain along the lipid-peptide interface. Sec-
the anesthetic molecules by mechanisms similar to the cabnd, the side chains of the tryptophan residues are extended
ion-7 type of interaction (Cubero et al., 1998). Indeed, ourparallel to the bilayer surface and are likely to be hydrogen-
TNOE results in this study (Fig. 3) show that the anesthetidonded to the lipid molecules (Meulendijks et al., 1989;
F3 interacts specifically with the tryptophan side chains,Scarlata, 1991). These extended tryptophan side chains an-
whereas the nonimmobilizer F6 showed no measurable inehor the channel in the bilayer and orient the channel with
teraction in this region. In separate 2D NOESY experimentsespect to the surface. The tryptophan hydrogen bonding
with gramicidin A in SDS (Tang et al., 1999), we have and indole electric dipole moments have been shown (Hu
found the same tendency under high-resolution conditionsand Cross, 1995) to stabilize cations in the binding sites near
The NOESY spectra revealed that whereas both F3 and Rfie channel entrance and substantially reduce the potential
caused changes in chemical shift of the backbone N-Henergy barrier at the bilayer center. It has also been shown
resonance of Valdeep inside the bilayer, only F3, but not that the dynamics of the indole rings cause significant
F6, produced significant changes in the interfacial trypto-fluctuations in the energy of stabilization at the binding site,
phan indole N-H proton resonance. resulting in a possible mechanism for the rapid control of
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T B as the dimer formation ratd) (of [Gly*]gramicidin A. Al-
i | though the lifetimes of gramicidin and [Glgramicidin are
! 1 ‘ ; ﬁ%—' : different, the formation rate constant of the two should be
similar (Dimer formation rate constast /N2, whereN,, is
] the number of monomers). Using a lipid surface density of
- 0.7 nnt per lipid dimer (Huang et al., 1994) and the gram-
] icidin-to-lipid ratio used by Goulian et al. (1998), we esti-
mated a dimer formation rate constant 0310 * mol*
o control (n=3) 1 s !, based on the measured formation raté @1‘.0..4. mo_l/s.
¢ F6 {n=6) | At steady statefr equals the number of gramicidin dimers
——F3(n=8) | ] (Goulian et al., 1998). Therefore, far~ 8-10 s (Goulian
et al., 1998),~20-25% of gramicidin molecules (i.e=16
M monomers in our case) form ion-conducting channels at
any given time (i.e.,~8 uM functional channel dimers).
Thus, for a rate constant 6f200 s * measured by our MIT
02 I experiments, the absolute reaction rate constant through a
0 0.1 0.2 0.3 single channel can be estimated to k&° = k[Na']J/
T (sec) [channel] = 3.2 X 10° s™1. According to the absolute
reaction rate theory2*s = k(kT/h)exp(—AG”/RT), where
FIGURE 5 The signal intensity profiles 3fNa;, are plotted as a func-  AG™ is the free energy of activation associated with the
tion of 2N, . inversion recovery times. Solid lines are best fit to the data transport, andk is the probability that a sodium ion will
using Eq. 4. Al 75uM gramicidin A in 66 mM PC/PG large unilamellar 54y /ance through the channel, rather than exiting from the
vesicles, 6.9 mM F3 increased tR&a apparent influx rate constar, ) .
from 182.1+ 15.4 of control t0 222.8- 2.7 * (n = 3, p < 0.05), and  SaMe side of the channel, after reaching the top of\&é
the apparent efflux rate constakt, from 149.7+ 7.2 to 191.7+ 12.2s* barrier. Because the gramicidin A channel acts as a sym-
(n = 3, p < 0.001). A similar concentration of F6 (6.3 mM) did not metrical electrical image barrier (Hinton et al., 1994), it
significantly affect the sodium transport, wikh= 176.9+ 17.8s* (n = follows thatk = 0.5. Thus the rate constants measured by
6,p > 05) andk, = 162.2+ 8.9 5™ (n = 6,p > 0.2). Error bars show 0\ T experiments correspond taAG” of ~34 kd/mol,
the standard error of the mean. L o . . .
which is within the range reported in the literature (Hinton
et al., 1994).
Microscopically, sodium transport is believed to involve
the channel conductance (Hu and Cross, 1995). Thus, baséide distinct steps (Andersen, 1983; Buster et al., 1988): 1)
on our TNOE results (Fig. 3), it is conceivable that becausaliffusion through the aqueous phase to the channel entrance,
of their amphipathic properties and their preferential distri-2) association with the channel entrance (binding), 3) trans-
bution to the interfacial region, anesthetics, but not nonim{ocation through the channel (in a single file), 4) dissocia-
mobilizers, can target the tryptophan side chains and alteion from the channel, and 5) diffusion away from the
their functional association with the peptide-lipid-water channel. Patch-clamp measurements, with sensitivity high
interface. enough to monitor single-channel events, suggest that the
Our MIT experiments of sodium transport across grami-transport is diffusion-limited (Andersen, 1983), with the
cidin channel provide direct evidence in support of thisaqueous convergence conductance being the most signifi-
argument. The transport rates determined by the MIiTcant factor in determining the permeability characteristics of
method are consistent with the simple diffusion model dethe gramicidin A channel. Thus one possible interpretation
scribed by the Goldman-Hodgkin-Katz equation. For 10of the anesthetic and nonimmobilizer effects on transport is
mM intra- and extravesicular [K], 100 mM intravesicular that anesthetics, but not nonimmobilizers, can facilitate
[Na*], and 127 mM extravesicular [N (because of the tryptophan (particularly indole ring) interaction with the
shift reagent), the zero-current potential can be estimated timterfacial water to stabilize the sodium binding at the
be 4.7 mV, provided that the permeability ratio of Ko  channel entrance, thereby increasing the unidirectional
Na* in gramicidin A channels is-3.5 (Myers and Haydon, transport rates (Fig. 5). A similar increase in ion transport
1972; Urban et al., 1980). At this potential, Ussing’s flux- was also found for a wide range of general anesthetics,
ratio criterion (Ussing, 1949) predicts that tketo-k, ratio  including halothane, enflurane, methoxyflurane, and etha-
should be 1.2. Our results under the control condition are imol (Hunt and Veiro, 1986).
excellent agreement with this prediction (Fig. Bk, ~ Infrared spectroscopic studies (Buchet et al., 1985) have
182/150= 1.21). shown that volatile anesthetics can disrupt the hydrogen
The rate constants andk, measured in the MIT exper- bonds at the center of the lipid membrane, where the car-
iments can also be used to estimate the absolute reactidoonyls are involved in the head-to-head dimerization of the
rate constant for a single-ion transport across a single grangramicidin channel. These results have been taken to sup-
icidin A channel. Goulian et al. (1998) measured the dimerport an earlier finding (Bradley et al., 1981) that anesthetics
lifetime (7) of gramicidin A and [Gly]gramicidin A, as well  at physiological concentrations can reduce the lifetime of
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