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ABSTRACT New lines of evidence suggest that volatile anesthetics interact specifically with proteins. Direct binding
analysis, however, has been largely limited to soluble proteins. In this study, specific interaction was investigated between
isoflurane, a clinically important volatile anesthetic, and membrane-bound nicotinic acetylcholine receptors (nAChRs) from
Torpedo electroplax, using '°F nuclear magnetic resonance spectroscopy and gas chromatography. The receptors were
reconstituted into 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid vesicles. After correcting for nonspecific partition-
ing into the lipid, the equilibrium dissociation constant, K, of isoflurane binding to nAChR at 15°C was found to be 0.36 =+
0.03 mM. This value is within the clinically relevant concentration range of the agent. Based on the receptor concentrations
in the vesicle suspension assayed by the bicinchoninic acid method and the fraction of bound isoflurane, X,,, determined by
gas chromatography, an estimate of an average of 9-10 specifically bound isoflurane molecules can be made for each
receptor, or two for each subunit. Upon binding, the transverse relaxation time constant (T,) of '°F resonance of isoflurane
is decreased by nearly three orders of magnitude, indicating a dramatic reduction in the mobility of specifically bound
isoflurane. Kinetic analysis reveals that the off rate of binding, k_,, is 1.7 X 10* s~'. The on rate, k. ,, can thus be calculated
to be ~4.8 X 10" M~ ' s, suggesting a nearly diffusion-limited association. This is in contrast to anesthetic binding to a
soluble protein, bovine serum albumin (BSA), where k_ , and k_, are at least an order of magnitude slower. It is concluded
that the presence of lipids may be critical for the correct evaluation of binding kinetics between volatile anesthetics and
neuronal receptors.

INTRODUCTION

There is a growing consensus that general anesthetics inteassociated with receptor function and desensitization do not
act with neuronal proteins (Eckenhoff and Johansson, 199%lter the binding domain for halothane. Moreover, while
Franks and Lieb, 1994). Electrophysiological studies havg“C]halothane incorporation demonstrates little subunit se-
indicated that a superfamily of neurotransmitter-gated iorectivity, the labeling pattern withir-subunits (presumably
channels, including the nicotinic acetylcholine receptorsalso within other subunits) suggests that most binding oc-
(nAChRs),y-aminobutyric acig (GABA,) receptors, gly- curs at the four putative transmembrane segments, MI—
cine receptors, and 5-hydroxytryptamine (5-ffifeceptors, MIV. Whether halothane penetrates between transmem-
is particularly sensitive to general anesthetics (Franks antirane sequences to produce significant labeling of the
Lieb, 1996). Site-directed mutagenesis has implicated theutative pore-lining MIl segments remains unclear. The
existence of an inhibitory site within the aqueous pore ofkinetics of binding of volatile anesthetics to transmembrane
nAChR (Forman et al., 1995) and a potentiating site at theroteins are largely unknown.
extracellular interfacial regions of transmembrane domains Using *°F nuclear magnetic resonance (NMR) spectros-
2 and 3 (MII-MIII) on the glycine and GABA receptors copy and gas chromatography (GC), we analyzed the bind-
(Mihic et al., 1997). Although these studies clearly indicateing kinetics of isoflurane, currently the most important
the involvement of these critical residues in anesthetic acelinical anesthetic, to nACh receptors that were purified and
tion, it remains unknown whether direct anesthetic bindingreconstituted in 1,2-dioleoydrglycero-3-phosphocholine
to the receptor is involved in the anesthetic action. (DOPC) membranes. Based on a two-site exchange model
Indeed, experimental results on binding between volatildbhetween nonspecific and specific binding, chemical shift
anesthetics and membrane proteins are scarce. Photoaffiniyd transverse relaxation time,J measurements were used
labeling of [“C]halothane, a clinically important inhala- to determine the equilibrium dissociation constdgy, and
tional anesthetic, to nativBorpedomembranes and isolated the dissociation rate constalt, ,, of isoflurane binding to
nAChR (Eckenhoff, 1996b) suggests that halothane bindingAChR.
to nAChR is saturable and that the conformational changes
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suspended in 600 ml buffer A (pH 7.4), containing 100 mM NaCl, 10 mM &) as a function of the total isoflurane concentration will yield a straight
3-(N-morpholino)propanesulfonic acid (MOPS), 0.1 mM EDTA, and line, with an x-intercept of-K. It should be noted that this chemical shift
0.02% sodium azide. All chemicals were obtained from Sigma Chemicalmethod for the determination &%, does not require prior knowledge of X

Co. (St. Louis, MO) and used without further purification. The nAChR-rich  The bindingK, can also be determined by transverse relaxation time
membrane suspension was stirred foh in the presence of 1% (w/v) (T,) measurements based on the rapid exchange model given by the
cholate to solubilize the receptors. The mixture was centrifuged aftfollowing equation (Dubois and Evers, 1992; Xu et al., 1996):

256,000 g for 30 min, and the supernatant layer was collected. The

solubilized receptors were divided into two equal portions, and each was 1 1\ T+ 7
gently stirred fo 2 h with 50 ml AffiGel-10 (Bio-Rad Laboratories, 2p = ?2 - ﬂ = W
Hercules, CA) that was freshly derivatized with bromoacetylcholine bro-

mide (Research Biochemical International, Natick, MA). The receptor-yhere [A}, is the total isoflurane concentration at whith is measured,

containing AffiGel-10 was then packed into a 2.5-cm-diameter glass colqq K, is given by the negative intercept on theaxis. A modified
umn and washed at a rate of 100 ml/h with 1% cholate in buffer A for 2 h, carr-purcell-Meiboom-Gill (CPMG) spin-echo method (Meiboom and

followed by 0.003% DOPC (Avanti Polar Lipids, Alabaster, AL) and 0.5% gj|, 1958) was used, in whicii, was measured by incrementing the
cholate in buffer A for an additional period of 2 h. The nAChRs were then ,ymper of 180° pulses in a pulse train and acquiring a series of free
eluted with buffer A containing 20 mM carbamyicholine chloride, 0.003% inqyction decays at the end of each pulse train. After Fourier transforma-
DOPC, and 0.5% cholate. The protein-rich fractions were pooled andjon, the spectral intensities (measured as area integration under the peaks)
dialyzed for 12 h against six changes of 6 liters of buffer A. The membrangyere fitted to an exponential decay function with respect to the time after
suspension was then concentrated to a few milliliters using Centriprep-5¢e initial 90° pulse. ParalleT, measurements were made in paired
(Amicon Inc., Bevery, MA) and stored at70°C until use. Immediately  samples of the same DOPC concentrations and vesicle size, but with or
before NMR experiments, the reconstituted nAChR-rich membrane sUSyithout nAChR. The samples without the receptors were used to determine
pension was subjected to six cycles of a freeze-thaw process alternatinng’ the T, in the absence of receptor binding.
between liquid nitrogen and room temperature to adjust the vesicle size. T4 getermine the binding kinetic¥, was also measured as a function
After the precipitation of large vesicle aggregates, the protein content in thgy spin-echo time,,, The modified CPMG method overcame the hard-
homogeneous vesicle suspension was determined by the bicinchoninic acjghre [imitation at very short,, values, so that measurements can be made
method. at 180°-180° interpulse delays as short asus0

AllNMR experiments were conducted using a Chemagnetics CMXW- |t has been shown (Allerhand and Gutowsky, 1965; Dubois and Evers,

400SLI spectrometer (Fort Collins, CO), operating at 377.168 MHZ%er 1992; Xu et al., 1996) that in the presence of receptor bindings Given
resonance. Each NMR sample consisted of a freshly thawe@/B®PC b

vesicle suspension in a 5-mm-diameter high-precision NMR tube (Wilmad
Glass Co., Buena, NJ) with a total volume of 250(i.e., a vapor space 1 1-X, X
: - _ 2
of 1750 u). NMR samples were prepared in pairs of the same DOPC— = —— + T T + TXp(1 — Xp)(8w)*f(7ep) (5)
concentrations and vesicle sizes, but with and without nAChR. The tem-' 2 2f 20T Tp
perature was maintained at ;L5 C so that the receptor samples could behere T, is the T, of isoflurane in the receptor-bound stay —
stable throughout the experiments. Isoflurane was added to the NM . . ) . ;
) ) - ) ) . m(8,—5), Ty is the lifetime of isoflurane in the bound state, d(dly) is a
samples with a microsyringe (Hamilton) in steps ranging from 0.03 to 0.2 ;
L . - ._hyperbolic tangent:

wul. The equilibrium isoflurane concentrations in the membrane suspension
were determined experimentally by NMR, with reference to one of two 27 T
external standards containing 0.50 mM and 2.19 mM trifluroacetic acid f(Tc ) =1- <'b tan )
(TFA) in 5- and 10-mm NMR tubes, respectively. The 10-mm standard P Tep 2,
was used coaxially with the 5-mm sample tube during concentration ) )
calibration. The external TFA resonance also served as a frequency refefVe measured Xby using GC (Xu et al., 1996), and determingd from
ence for chemical shift measurements. chemical shift measurements (Eq. 1). Nonlinear regression of measured

If & and & are theF resonance frequencies of isoflurane in DOPC 1/T2as afunction of ., (Egs. 5 and 6) will yield the best estimatesTof,
vesicle suspension with and without nAChR, respectively, &nis the  andm,. The off-rate constant of binding, ,, equals 1, by definition, and
limiting resonance frequency for a hypothetical situation in which all the on-rate constank, ;, can be calculated bly_,/Kq. _ _
isoflurane molecules were bound to nAChR, then, for a rapid exchange Al fitting parameters from linear and nonlinear regression will be
model between free and bound isoflurane, the mole fraction of isoflurandeported as “best estimate standard error of estimate” (Glantz, 1992).
bound to nAChR, ¥, is given by (Xu et al., 1996)

0 — & RESULTS
b f

(Al + Ky (4

(6)

Three separately prepared batches of reconstituted nAChR-
rich membranes were used for repeated measurements. The

From the definition ofK,, it can be shown that h - = -
receptor concentrations, as determined by the bicinchoninic

[Rlo (8 — &)[Rlo acid method for the homogenous nAChR-rich vesicle sus-
[Alo = X, Ka=—"%5= 5 @ pensions, were 5.8, 10.7, and 140, respectively. Re-
ceptors reconstituted as described above have been shown
or previously to retain all of their functional properties (Ellena
1 1 et al., 1983; Chak and Karlin, 1992), including specific
= (Ao + Kg) (3) activity for toxin binding and ion flux properties. Figure 1

_ - _ \
8=5 (8~ &Rl plots the reciprocal of the frequency change for the triflu-

where [A}, and [R}, are the total anesthetic and receptor concentrations Ofomethyl (-CF) and difluoromethyl (-CHE) resonance as
respectively. Thus, in a two-site free exchange model, expressifg-1/( a function of isoflurane concentration. Notice the difference

Biophysical Journal 78(2) 746-751



748 Xu et al.

0.20 + + + . . + +—0.04 TABLE 1 Measured and calculated X, and 6, — &; (—CHF,)
; for 2.5 mM isoflurane
Lo - nAChR DOPC & — & (Hz) X 8, — & (Hz) X
0.15} 1008 __ (uM) (mMm) (NMR) (GC) (Eg. 1) (Eg. 1)
T % 5.8 15 30 — — 0.023
T = 14 1.7 65 0.050 1300 —
= 0.10 10.02 «©
| “w
S =
0.05} 10.01 2-ms intervals, and those in Fig.Rwere acquired after 1,
20, 30, 40, 50, 60, and 70 refocus pulses in 0.01-ms inter-
i vals. Spectral line broadening due to the presence of recep-
0.00 }

0 tors is apparent by comparing spectra in FigsAnd B.
The T, at eachr., value was determined by fitting the
spectral intensities, such as those in Fig. 2, to an exponential
FIGURE 1 Determination of the dissociation constaqy, by measure- ~ decay function with respect to the spin-echo time. In the
ments of NMR resonant frequencies as a function of isoflurane concentrareceptor-free lipid vesicle suspensions, Tevalues of the
tion. Data at concentrations lower than 1.5 mM are fitted by linear Ieast-_c|:3 and -CHF resonance were found to be330 ms and
squares regression based on a two-site exchange model (Eq. 3). : :
Extrapolation of the linear fit to the axis yields—K,. O, -CF; resonance, . 1f(|) ms, reSpeCtlveW' an_d were Iﬂdepe?]dentq'gj and ;
the lefty axis; (], -CHF, resonance, the right axis. isoflurane concentration. Figure 3 shows the dependence o
-CF; T, on isoflurane concentration in the presence of
_ _ 10.7.uM nAChR. At low isoflurane concentrations, tig
in the scales of the twy-axes, reflecting a larger frequency dependence fulfills the linear relationship predicted by Eq.
change due to the higher sensitivity of the -GHiésonance 4. This relationship, however, is violated at higher isoflu-
squares fits to the data at isoflurane concentrations lowean 0 mm shows the best fit to the data using the saturation
than 1.5 mM. Linear extrapolation to theaxis (Eq. 3) equation & + bx/(c + X)], yielding a = 1.81 + 0.13 ms,
yields aK, 0f 0.38 = 0.06 mM (mean* SE) fromthe -Ck |, — 7 15+ .18 ms, anct = 0.22 = 0.13 mM. The first
resonance and 0.34 0.01 mM from the 'CHE resonance.  gerjyative of the fitting curve with respect to concentration
The average of the twc_) gives kg, of 0.36 —_0'03 mM at 0 mM defines the slope for the linear extrapolation,
(mean= SD). At higher isoflurane concentrations, the dataresulting in aK, of 0.35 = 0.28 mM from the negative
deviated from the linear relationship predicted by Eq. 3’intercept on th& axis. -
indicating a certain degree of saturation at the receptor Fiqure 4 depicts tlhe T4 ~ 1/r., dependence of the
binding sites. At the nearly saturating concentration of 2.5 g P _HTep dEP
mM. the -CHE resonance of isoflurane shifted by 30 and 65-CHF2 resonance for 2.5 mM isoflurane in the presence of
' 2 ysoan 5.8 and 14.0uM nAChR. The solid lines show the three-
Hz in samples with 5.8 and 1AM nAChR, respectively. ) ) '

For the latter, th&, was determined by six independent GC parameter (i-€.7, Tap, aNddy, — &) nonh_near regression
measurements to be 0.05 0.03 (mean* SEM, n = 6). using Eq. 5. TheX, and 6, — &; values listed in Table 1
Using Eq. 1 and — & = 65 Hz, it can be esti’mated that Were used as the initial estimates. The regression was rap-
. f y . .

8, — & ~ 1300 Hz. Because of strong partitioning of 'Y converged to give @, — & value of 1329+ 183 Hz
isoflurane in lipids, which are used as the conty)mea- ~ and 1368+ 238 Hz for the samples with 5,8M and 14.0
surements by GC in samples with lower nAChR concentra#M NAChR, respectively. Both values are in excellent
tions were difficult. However, if one assumes tiagt— & agreement with the result 6f1300 Hz obtained from the
for the same resonance does not vary with receptor conce#idependent GC and chemical shift measurements (Table
trations, therX,, for the sample with 5.8M nAChR can be 1). The best estimates for, and T, are, respectively,
estimated to b6.023 by using Eq. 1. The results are summa-24.6 * 5.6 (mean* SE) and 29.3* 5.1 us in the presence
rized in Table 1. of 5.8 uM nAChR, and 62.0+ 7.7 and 32.1f 6.7 us in the

Fig. 2 shows stack plots of representatifE spectra, Presence of 14.aM nAChR. Note that althougff, values
acquired with the modified CPMG pulse sequence fromfor the two samples differ greatly because of the difference
samples without4) and with 5.8uM nAChR (B). The r, in receptor concentration, thg and T,,, values are essen-
for Fig. 2, A andB was 2 ms and 0.01 ms, respectively, astially the same within the experimental error, indicating the
indicated by the labels next to the firstatton) spectrum in  robustness of the approach. Table 2 compares the averaged
each stack. The subsequent spectra in the stack plots akietic and binding constants of isoflurane binding to
acquired at the multiples of,,, Thus, spectra in Fig. 2  nAChR and to a soluble protein, bovine serum albumin
were acquired after 1, 2, 3, 4, 5, 6, and 7 refocus pulses i(BSA) (Xu et al., 1996).

0 05 1 15 2 25 3
Isoffurane Concentration (mM)
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FIGURE 2 Representative stack plots’8F-NMR spectra of isoflurane acquired in the absemeafid presenced) of nAChR in DOPC vesicles. The
first (lowes) spectrum in each stack was acquired after a single refocusing pulse at the spin-echortjyee tdbeled. The subsequent spectra in the stack
were acquired after multiple refocusing pulses in equal intervatg pNotice the significant line broadening due to the presence of nAChR.

DISCUSSION ence of the receptors in the lipids. The observed association

and dissociation constants, therefore, provide direct mea-

A practical challenge faced in studies of volatile anesthetit:sUres of specific binding that occurs either directly on the
interaction with membrane proteins is to distinguish specific

int i ith th tein f ific int . receptors themselves, or at particular domains created at the
I (:]ra; lon wi di € IF.)”.) delnThrorE. r;]onspe_c.l Ic.n erzg:Ik?FT interface between the receptor and the lipids.

with the surrounding lipids. The high sensitivity to n The K, of specific binding determined in Fig. 1 is within
exhibited by both the resonant frequencies @pdalues of

the isof] S°F-NMR all ¢ titati sis of the clinical concentration range for isoflurane and compa-
1€ Isotflurane=- allows for quantitative analysis ol ap\e 15 the value of 0.18 0.04 mM for halothane binding
binding kinetics that can be directly attributed to the pres-

F AR T T T T T
4 T ™ . . 900 - o [RAI14pM ]
; : o [R]5.8puM ]
800 [ 3
3l — c ]
700 - 7
g 2f _ \‘% 600 | .
& £ ]
- ~ 500 [ 3
1t . [ ]
400 | 4
: . o s ]
i r ° ]
0 L ! \ N 300 | -
0 0.5 1 15 2 r ]
200 st ] ]
Isoflurane Concentration (mM) 1000 10000 100000
-1
FIGURE 3 Determination of the dissociation constaKg, by *°F T, 1/Tcp (s)

measurements of the -GFesonance as a function of isoflurane concen-

tration. Ther,, was set at 25us. The error bars show the standard error FIGURE 4 Dependence of T on 1f, is used to determing, andT,,,
associated with the exponential fitting of individug) curves. The solid  The error bars show the standard errors of mean of multiple measurements
line at a concentration greater than 0 mM shows the nonlinear regressiotin = 2-5) at each given,. Where there are no error bars, the experiments
using a saturation functiona[+ bx(c + X)]. The value of the first  were performed only once at those points. The solid lines are best fit to the
derivative of the regression curve at 0 mM was used as the slope for lineattata, using Eq. 5. The rate constants from the fitting are summarized in
extrapolation inKy determination, according to Eq. 4. Table 2.
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TABLE 2 Comparison of isoflurane binding constants to anesthetic binding to membrane-associated proteins. For
nAChR and BSA soluble proteins in large quantities, tigmethod is reliable

Kg (MM) 7, (us) Top(us) koi(sH Kiy (M ts™h (Dubois and Evers, 1992; Xu et al., 1996) as long as the
nAChR  0.36 58.2 308 1% 10 24.8% 107 difference between T}, and 1T, is much smaller than the
BSA* 1.3 281 4400 3.6< 10° 27%10° exchange rate (i.e., in the rapid exchange regime). However,

with membrane-associated proteins where high protein con-
centration is difficult to attain, thd, method is critically
dependent on th€&, values at low isoflurane concentrations,
to NAChR obtained by photoaffinity labeling (Eckenhoff, at which the measurements are less accurate and are time
1996b). Although the, method forK, determination (Eq. consuming. Sample stability is also of some concern when
4) yielded a similaK4 value by linear extrapolation at very T, data acquisition becomes too long. The apparent early
low isoflurane concentrations (Fig. 3), the method showed ®&aturation (Fig. 4) due to a biased weighting of the narrower
lower apparent saturation concentration than the chemicapectral component (I4;) limits the use ofT, values at
shift method. At first glance, this is rather unexpectedhigher isoflurane concentrations féty determination. In
because thd@, method is supposed to be more sensitive tocontrast, even at very low anesthetic concentrations, chem-
isoflurane concentration, given the significant differenceical shift can be measured rapidly and accurately. Another
betweenT,,, and T,;. The linear relationships predicted by advantage of using the method of Eq. 3 is tKgtcan be
both the chemical shift (Eq. 3) ank, (Eq. 4) methods are determined solely by chemical shifts, independeniXgf
derived from a two-site rapid exchange model. Whether ahus, it is preferable to use the chemical shift method of Eq.
given exchange rate can be considered to be rapid dependsrather than the JSmethod of Eq. 4, foK, determination
on the method of measurements. For isoflurane binding tof anesthetic binding to membrane proteins.
nAChR, we estimated that the exchange rate is on the order From X, and initial receptor concentrations (Table 1), it
of 10* to 1 s~ * based on they, value. This rate is much can be estimated that there are on average 9-10 specifically
greater than the limiting chemical shift difference0®>  bound isoflurane molecules per nACh receptor. Assuming
s 1, see Table 1) between the bound and free states, btiat the binding of isoflurane to nAChR resembles that of
comparable to the difference betweei,}/and 1T, (~10°  halothane in that subunit selectivity is asbent (Eckenhoff,
s 1 see Table 2). Therefore, the rapid exchange condition i$996b), then, for a pentameric channel structure of nAChR,
fulfilled for the chemical shift method but only marginally each subunit on average has at most one specific binding
for the T, method. It should be noted that in the extreme ofsite for two isoflurane molecules or two specific binding
rapid exchange, thE, relaxation process is governed by the sites for one isoflurane molecule each. It is interesting to
fast-relaxation component because the exchange allows albte that mutagenesis studies (Mihic et al., 1997) have
spins to experience the environment causing the fast relaxdentified as few as two amino acid residues in glycine or
ation. The measured, is then an average of twb, com-  the GABA, receptor subunit that are essential for the re-
ponents weighted by,. At the other extreme when the ceptor’s sensitivity to general anesthetics. Given the photo-
exchange is slow, one would observe two distinct relaxatiodabeling finding (Eckenhoff, 1996b) that most halothane
components, or biexponential decay. In such a cdse, binding to nAChR is in transmembrane domains, it is con-
measurement would be dominated by the slow-relaxatiomeivable that the saturable isoflurane binding identified in
(i.e., sharp) component. For isoflurane binding to nAChRthis study also occurs within transmembrane domains.
measured in this study, we have an intermediate situation in Although at any given time the majority of isoflurane
which exchange is sufficient to average two relaxationmolecules are unbound, the presence of nAChR in the
components into a single exponential decay, but insufficienmembrane greatly broadens the line width of the isoflurane
to completely remove the dominance of the sharp spectraksonance (compare stack plots in Fig.A2and B). This
component in thd, measurements. Thus, unless the isoflu-indicates that significant immobilization occurs to the
rane concentration is significantly smaller th&p the mea- bound isoflurane molecules. The exchange between the
suredT, is biased by the narrower spectral component in thédbound and free states is fast enough to result in a partial
intermediate exchange regime. The apparent early saturaveraging effect. Th&, values observed depend, again, on
tion shown in Fig. 3 as compared to Fig. 1 reflects thehow rapidly T, is measured relative to the characteristic
deviation from the rapid exchange model, in addition to thetime of the exchange process. As shown in Fig. 4, the
possible saturation at a receptor site. In contrast, because tdependence of T, on 1/, can be well characterized by the
exchange rate is much greater than the limiting frequencgxchange model of Egs. 5 and 6. The nonlinear regression in
difference, the deviation from the linear relationship in Fig. Fig. 3 shows thaf,,, the T, of -CHF, resonance of bound
1 reflects the true saturation at the receptor binding sitessoflurane, is~30 ws, compared to 10,000s for theT, of
(i.e., X, becomes invariant at high isoflurane concentrations)the same resonance in receptor-free lipid vesicle suspen-
There are other practical concerns that favor the chemicaions. The reduction i, by nearly three orders of magni-
shift method over thé, method forKy determination of tude suggests that the sites for binding must be rather

*Taken from Xu et al. (1996).
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