
ABBREVIATIONS: AChR, acetylcholine receptor; NCB, noncompetitive blocker; C6SL, 2-[N-methyl-N-(2,2,6,6,-tetramethylpiperidmnooxy)]ethyl-4-
hexyloxybenzoate; C6SLMeI, the quatemary methyl iodide analog of C6SL; PCP, phencyclidene; MOPS, 3-(N-morpholino)propanesulfonic acid;
EGTA, ethylene gIycoI-bis(�I-aminoethyl ether)-N,N,N,’N’-tetraacetic acid.

634

0026.895X/88/060634-09102.00/O

Copyright (C by The American Society for Pharmacology and Experimental Therapeutics

All rights of reproduction in any form reserved.

MOLECULAR PHARMACOLOGY, 33:634-642

Noncompetitive Inhibitors Reach Their Binding Site in the
Acetyicholine Receptor by Two Different Paths

MICHAEL BLANTON, ELIZABETH MCCARDY, TIM GALLAHER, and HOWARD H. WANG

Department of Biology, Natural Sciences II, University of California, Santa Cruz, California 95064

Received June 1 6, 1987; Accepted March 1 1 , 1988

SUMMARY
Electron spin resonance was used to contrast the accessibility
of tertiary and quatemary local anesthetics to their high affinity
binding site in the desensitized acetylcholmne receptor (AChR).
The time dependence of agonist addition on the association of
spin-labeled local anesthetics with the nicotinic AChR-ennched
membranes from Torpedo cailfornica was studied. Premncubation

of AChR-ennched membranes with agonist for more than a few
minutes before the addition of C6SLMeI, a quatemary amine
local anesthetic, resulted in substantial reduction in the initial

association of the label with the receptor. The time-dependent
reduction in the initial association of the label with the receptor
is modeled by an exponential function having a rate constant of
approximately 0.2 min1 . In contrast, agonist preincubation did
not produce a comparable decrease in the association of C6SL,
a tertiary amine analog, with the AChR. These findings show
that whereas the affinity of either anesthetic for the AChR is
dependent on the presence of agonist, for C6SLMeI the timing

of agonist addition is an important factor in determining the rate
of anesthetic association with the receptor. Our results are

concerned with the desensitized receptor at an early phase,
when the average open-channel time limits the anesthetic binding
to the receptor.

We interpret our results by a model in which the cationic local
anesthetic reaches its high affinity binding site in the receptor by
an aqueous path that is accessible only when the channel is
open. On the other hand, anesthetic in its uncharged form is not
restricted only to the aqueous path of access. An additional path,
probably through the lipid bilayer, allows uncharged forms of
anesthetics to reach the high affinity binding site in the AChR
even when the aqueous path is closed. During the “open state”
of the receptor both cationic and uncharged anesthetics have
access to the high affinity site through the aqueous path. How-
ever, after this open state, the channel opens only intermittently.
The rapidly decreasing open time results in the time-dependent
reduction in the binding of cationic anesthetics. This model is
consistent with the open channel hypothesis of anesthetic bind-
ing to the AChR immediately after agonist stimulation; however,
our model also includes an additional hydrophobic path of access
for uncharged and reversibly charged anesthetics.

The AChR is a chemically gated postsynaptic ion channel.

Each channel is an asymmetric pentameric protein having a

subunit stoichiometry of a2fl”y#{244}.The amino acid sequence for

each subunit is known from the nucleotide sequence of the

cloned gene (cf. Refs. 1-3). All subunits are transmembrane

integral proteins that are believed to form the wall of the

membrane channel. Morphological studies by electron micros-

copy have shown that the subunits form a protein complex

having a 80 A diameter, 140 A length, and a central pore of

about 8 A (1). It is also established that binding of agonist

molecules to a subunits (4, 5) results in opening of the channel

to allow transmembrane cation transport. Mechanisms of the

gating process are not known although it is no doubt mediated

by a protein conformational change. Under experimental con-

ditions, persistent presence of agonist has been shown to result

in receptor desensitization in which agonist binding affinity is

potentiated with concurrent decrease in ion conductance (6, 7).

The desensitized receptor also exhibits an increased binding

affinity for NCB such as local anesthetics (8-11).

Local anesthetics and a number of other related compounds

are known to bind to the AChR at a site distinct from the

agonist site, and they inhibit ion conductance; the compounds

are known collectively as NCB (12, 13). Electrophysiological

evidence from single-channel studies (14, 15) suggests that

NCB block channel function during the open state of the

channel. The open channel block provides a model that is

consistent with the belief that local anesthetics enter the chan-

nel mouth to the NCB site located in the ion channel. Results

from photoaffinity labeling experiments also support the hy-

pothesis that the NCB site is located in the pore of the channel

(16, 17) although there have been some discrepancies in labeling

patterns (1). In addition to the voltage-dependent anesthetic

effects and the action of anesthetics on the open channel state

of the receptor, (18, 19), Koblin and Lester (20) also reported
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that the effects of the more hydrophobic local anesthetics are

voltage-dependent and have potencies that parallel their hy-

drophobicity. Similar observations of these dual anesthetic

actions have also been reported (17, 21, 22). These reports

demonstrate that the open channel model is not a sufficient

model of local anesthetic action.

In this report, we examined the binding of two spin-labeled

local anesthetics to native AChR membranes. We will restrict

our attention primarily to the high affinity binding of the

anesthetics. By correlating the differences in anesthetic prop-

erties with differences in binding of the anesthetic to AChR,

we can infer functional properties of the AChR. The spin-

labeled local anesthetics C6SL and C6SLMeI (Fig. 1) are potent

local anesthetics in blocking sodium currents in squid axons

(23, 24) and in blocking rubidium flux across reconstituted and

native AChR membranes (25). The spin-labeled local anes-

thetics have been shown to bind AChR at high affinity in native

and reconstituted AChR membranes, with Kd values in the

micromolar range (11, 26). The compound C6SLMeI has been

shown to compete with PCP for the NCB site and to induce

receptor desensitization (1 1). These two local anesthetics are

homologous except that C6SLMeI is permanently charged

whereas C6SL has a pH-dependent charge. Both anesthetics

are amphiphiles with nitroxide reporter group attached to the

polar head. These compounds are ideally suited for detecting

binding ofanesthetics (26) and are not probes ofliquid mobility.

C6SL in its uncharged state is highly hydrophobic and can

penetrate membranes effectively.

Methods

Preparation of receptor-rich native AChR-membranes. Elec-
troplax tissue was dissected from the live Torpedo californica. The

tissue was cut into 1-inch cubes, washed with dialysis buffer (100 mM

NaCl, 10 mM MOPS, 0.1 mM EDTA, and 0.02% sodium azide, pH 7.4),

and quick frozen in liquid nitrogen. A total of 600 g of a slightly thawed

electroplax tissue was further chopped with a knife, then homogenized

in a Waring blender (3 x 30 sec) with 500 ml of homogenization buffer

(10 mM NaPO4, 5 mM EGTA, 0.02% sodium azide, 10 mM iodoaceta-

mide, and 0.1 mM phenylmethylsulfonyl fluoride, pH 7.5). The homog-

enate was centrifuged in a Sorvall GSA rotor at 5000 rpm for 10 mm,

and the supernatant wes filtered through four layers of cheesecloth.
The pellets were combined with 200 ml of homogenization buffer and

homogenized with a high-speed Virtis homogenizer at a setting of 70%
for 3 x 30 sec. This homogenate was centrifuged at 5000 rpm for 10
mm. The supernatants were filtered through four layers of cheesecloth
and the combined supernatants were centrifuged in the Sorvall GSA
rotor at 12,500 rpm for 4.5 hr.

The crude membrane pellet was then resuspended to a volume of
approximately 40 ml with dialysis buffer and brought to 32% sucrose

0 CH3
/=m\ � � +

A) CH (CH ) 0 COCH CH N-H Cl

t;4
0

0 CH3

B) CH3(CH2)50-�J_�ocH�cH2r�J._cH3 I

N

Fig. 1. Chemical structure of the spin-labeled local anesthetics C6SL (A)
and its methyliodide analog C6SLMeI (B).

(w/w) and 400 mM NaCl with 60% sucrose and 4 M NaCI. Approxi-

mately 12 ml of the preparation were layered onto 20 ml of a 43-35%

continuous sucrose gradient. This was centrifuged in a Ti 50.2 rotor at
35,000 rpm for 100 mm at 4” . The diffuse receptor band at 37% sucrose

was then removed using a Hamilton syringe. The sucrose was removed

by diluting with several volumes of dialysis buffer, pH 7.4, centrifuging,
and then resuspending the pellet in approximately 35 ml of dialysis

buffer, pH 7.4. The protein concentration of the enriched membrane

suspension was 2-10 mg/ml as measured by the method of Lowry et al.

(27). Specific activities of receptor preparations were determined by

measuring the specific binding of ‘2�I-a-bungarotoxin to receptors on
DEAE-cellulose filters (28). Specific activities for the receptor is about

1 nmol of a-toxin binding sites/mg of protein.

Preparation of membrane samples of ESR spectroscopy. A
suspension of enriched AChR membranes containing 2 mg of protein

was incubated in a conical 1.5-ml polypropylene tube at room temper-

ature. Aqueous solutions of either spin-labeled C6SL or C6SLMeI (Fig.

1) with or without aqueous solutions of PCP, agonist (carbamylcholine
or acetylcholine), or antagonists were incubated together in various

combinations and at different addition times. When appropriate, 1 mM
carbamylcholine was used at the optimal concentration at which recep-

tom are maximally stimulated (25, 29). Upon addition of the final
solution, which in most cases were the spin-labeled anesthetics, samples

were centrifuged at 20,000 rpm for 20 mm. Most of the supernatant
was removed and the pellet was resuspended in the remaining buffer.

The samples in the form of thick suspensions were placed in 100-�.sl

calibrated capillaries to record ESR spectra. The elapsed time between
addition of the final solution and completion of the recording was under

30mm.

ESR procedures. ESR spectra were recorded with a Varian E-3

spectrometer interfaced to a PDP 1 1/10 computer. The scan range was
130 gauss, with 100-KHz modulation frequency, 32-mW power, 1-gauss
modulation amplitude, and 0.1-sec filter time constant. Six thousand

data points across the 130 gauss scan range were sampled 300 times at

each point, digitized, averaged, and stored. The scan time for one

spectrum was 6 mm; when necessary, multiple copies of noisy spectra
were recorded and averaged. Data analysis was done using BASIC and

FORTRAN software and plotted on a Hewlett/Packard x-y plotter.
The temperature of the sample was regulated at 15” with a flow of

nitrogen gas.
In order to compare mobility differences between individual ESR

spectra, the spectra were normalized to a constant area under the

absorbance curve and hence a constant number of spin labels per

spectrum. A population of spin labels that are freely mobile will exhibit

a spectrum characterized by a narrow linewidth and a greater low field
peak amplitude, whereas a spectrum of spin labels with reduced mobil-
ity will exhibit a broader linewidth and decreased amplitude.

To resolve the specific receptor-bound component, spectral subtrac-

tion of the nonspecific component from the composite spectra was

performed. The nonspecific component was defined at the spectra
produced in the presence of either spin-labeled anesthetic but in the

absence of cholinergic ligands. The difference spectra represent the
strongly immobilized receptor component. The relative contribution of

the difference spectra to the composite spectra can then be determined

by double integration of the spectra. Detailed procedures used in

spectral subtraction were previously published (30).

Results

Spin-labeled local anesthetic bind the AChR mem-

branes. The spin-labeled local anesthetics CGSL and

C6SLMeI in the presence of biological membranes gave repro-

ducible results as we have previously reported ( 1 1). In free

solution these labels yield a characteristically sharp three-line

spectrum. In the presence of lipid bilayers, these labels yield

broader spectra representing moderate immobilization of an-

esthetic spin labels intercalated into the bilayer. In native and
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reconstituted AChR membranes, these anesthetic labels exhibit

composite spectra, which can be resolved into their individual

components. These component spectra represent various pop-

ulations of spin-labeled anesthetics in the membrane prepara-

tion as described previously (11, 26, 30). Resting AChR mem-

branes, in the presence of C6SLMeI, give rise to a composite

spectrum consisting of a moderately immobilized lipid-inter-

calated component and a negligibly small solution component

(Fig. 2B). Addition of agonist (1 mM carbamylcholine) to such

preparations results in the appearance of a highly immobilized

spectral component (Fig. 2A), which was previously identified

as the binding of anesthetic labels to AChR at the NCB site

(1 1). This result may be interpreted in several ways as follows:

1) in the presence of agonists the desensitized receptor has an

increasing binding affinity for anesthetic; 2) the addition of

agonists made the NCB site accessible to anesthetics; or 3) the

agonist stimulates both the accessibility and the increased

binding affinity of the NCB site for local anesthetics.

C6SLMeI binding is time dependent. In the course of
these experiments we discovered that the sequence and timing

of the addition of C6SLMeI and agonists to the AChR prepa-

ration are significant factors in the binding of CGSLMeI to the

NCB site. In the control experiment the addition of carbamyl-

choline after or at the same time as C6SLMeI gave the highly

immobilized component (Fig. 3A). However, addition of

C6SLMeI after carbamylcholine resulted in decreased

C6SLMeI binding to the NCB site in time-dependent manner.

The amounts of anesthetics bound to the receptor is dependent

on the agonist preincubation time.

Addition of CGSLMeI to the AChR preparation 1 mm after

adding carbamylcholine gave ESR spectra having a highly

immobilized component (Fig. 3B), which was not significantly

different from the control (Fig. 3A). However, increasing ago-

fist preincubation times significantly reduced the highly im-

mobilized ESR component (Fig. 3, C-E). Comparison between

these “late” carbamylcholine spectra (Fig. 3E) with the zero-

carbamylcholine spectrum (Fig. 3F) showed a great similarity.

The reduction in the binding of CGSLMeI to the AChR as

inferred by the decrease in the highly immobilized ESR com-

ponent (Fig. 4) is represented by a double exponential (y =

85e�” � 15e�2t) with k1 and k2 being 0.19 and 0.03 mirf’,

respectively. In this expression, y equals the per cent anesthetic

bound relative to the control, and t is the duration of agonist

preincubation. In addition, it was also shown that even after

extensive agonist preincubation time (30 mm), C6SLMeI as-

sociation returned to maximum with increased anesthetic in-

cubation time over 60 mm. These findings suggest that the rate

of anesthetic association to the NCB site is significantly faster

during and immediately after addition of agonist, whereas the

anesthetic binding rate is slowed after longer periods of agonist

stimulation (i.e., longer than a few minutes). These results

suggest that binding of C6SLMeI to the NCB site is not simply

due to increased binding affinity of the desensitized receptor;

at least in this case it can also be ascribed to the accessibility

ofthe NCB site (i.e., increased kinetics in reaching equilibrium)

during and immediately after stimulation of the receptor by

agonist. The double exponential suggests the presence of two

populations of AChR, with the majority (85%) of receptors

having a faster response to agonist stimulation. The smaller

population (15%) may represent inactive receptors as previ-

ously noted (8). We have also represented the decrease in

CGSLMeI binding by a single-exponential decay with a rate

constant of 0.19 min�. This model fits the initial reduction in

C6SLMeI binding (Fig. 4), suggesting an exponential decrease

in accessibility of C6SLMeI to the NCB site. Although the two

exponential model gave the better fit, we attach no great

significance to the presence of the smaller population in our

interpretation. We interpret the decrease in C6SLMeI binding

in the majority of the receptors as resulting from a rapid drop

in the average open time of the receptor channels that are

Fig. 2. Effect of carbamylcholine on the
ESR spectra of C6SLMeI or C6SL bound
to AChR-enriched membranes at pH 7.5.
Note the highly immobilized component as
indicated by arrows. AChR-enriched mem-
branes (2.0 �sM a-toxin sites) were incu-
bated in the presence of C6SLMeI at a
molar ratio of 3:1 C6SLMeI:AChR (A and
B), C6SL at a molar ratio of 5:1 C6SL:AChR
(C and D), in the absence of cholinergic
ligands (B and D), and in the presence of 1
mM carbamylcholine (A and C).
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Fig. 3. Effect of agonist preincubation time on
the strongly immobilized C6SLMeI ESR com-
ponent. Note the decrease of the highly im-
mobilized component (arrow) from the spectra
A to F. AChR-enriched membranes (1 .5 �M �-
toxin sites) were incubated with a molar ratio
of 3:1 C6SLMeI:AChR in the presence of 1 m�
carbamylcholine. A, The spin-labeled local an-
esthetic C6SLMeI and 1 m� carbamylcholine
were added simultaneously. (B-E), AChR-en-
riched membranes were preincubated with 1
mM carbamylcholine for 2 mm (B), 5 mm (C),
1 6.5 mm (D), or 26 mm (E) before the addition
of C6SLMeI. F, AChR-enriched membranes
were incubated with C6SLMeI in the absence
of carbamylcholine.

intermittently open. Our method does not measure changes in

kinetics during the transient open state (i.e., changes during

the first minute), but we examine changes in the desensitized

receptor.

C6SLMeI is a permanently charged, quaternary amine local

anesthetic, which suggests an aqueous path of access. During

the open state and when the average open time is long, the

anesthetic is rapidly accessible to the AChR, as predicted by

the open channel model of anesthetic action. As the average

time becomes shorter, the access becomes limited; eventually,

the binding of C6SLMeI to the late desensitized AChR requires

prolonged anesthetic incubation of over 60 mm.

Binding of C6SL to the AChR is pH dependent. To
further characterize the binding of anesthetic to AChR we used

C6SL, a tertiary amine analog of CGSLMeI. C6SL has a pK of

7.3 and is thus positively charged at low pH. AChR in the

presence of C6SL and carbamylcholine showed a highly im-

mobilized component in the ESR spectrum for samples at low

pH, but not for samples at high pH (see Fig. 5A; a similar result

for reconstituted membranes was previously described by us in

Ref. 30). At pH 6, C6SL is more than 90% charged and the

spectrum showed a highly immobilized component that resem-

bled that obtained in the presence of C6SLMeI. However, at

pH 10, with almost all CGSL in the uncharged state, the highly

immobilized component is not significantly present. These pH-

dependent effects can be explained in two ways, 1) the changes

in pH altered the AChR and its ability to bind anesthetics, or

2) the binding of anesthetics to AChR requires that the anes-

thetic be positively charged. Control experiments using the

permanently charged C6SLMeI at pH 6 and 10 showed no

comparable difference in their ESR spectra (compare Fig. 5, A

and B). This result supports the latter interpretation and

demonstrates that the highly immobilized component in the

ESR spectrum represents binding of positively charged local

anesthetics to the NCB site in the AChR. We have used two

extreme pH values to demonstrate that the immobilization of

the spin-labeled anesthetics is charge dependent. However,

although the binding is not greatly altered by the pH as shown

by the above control experiment, we do not mean to imply that

the receptor is insensitive to pH. We have previously found

that the agonist-induced �Rb flux shows a maximum at pH

7.5-8, and about 57% of the maximum flux remains at pH 6.5

(see Ref. 25). All our experiments are carried out at pH 7.4

unless otherwise specified.

Binding of C6SL to the AChR is not time dependent.
In the following experiments we used both pH 6.4 and 7.4 buffer

solutions as the incubating medium; the results were not sig-

nificantly different at either pH. Addition of agonists to AChR

in the presence of C6SL resulted in the presence of the highly

immobilized component in the ESR spectrum. However, unlike

results obtained from C6SLMeI studies, C6SL binding is not

time dependent; an immobilized component in the ESR spec-

trum is present regardless of agonist preincubation time (Fig.

6, A-C). Addition of C6SL at 0, 1, 5, 15, 20, and 30 mm after

agonist was added to the AChR did not decrease the amplitude

of the bound component (Fig. 4). In the control experiment,

AChR preparation in the presence ofC6SL but without agonists

gave an ESR spectrum showing no significant amount of the

immobilized component (Fig. 6D).

C6SL showed no decrease in binding when the agonist was

added to the AChR before the anesthetic. The binding is only

dependent on the presence of agonists and the availability of

charged anesthetics at the binding site. The results show that

the tertiary amine C6SL achieves equilibrium binding to the

NCB site rapidly in the desensitized receptor in which the

channel openings are infrequent. We interpret the results to

mean that, in addition to open channels, another path of access

to the NCB site is available to C6SL. We believe that both

C6SL and C6SLMeI follow the rapid changes in binding kinet-

ics demonstrated previously for the initial transient opening of

the receptor (8, 10) although our method does not measure

kinetics on such short time scales. However, on the time scale

of minutes our result does demonstrate the dramatic difference

between quaternary and tertiary amine anesthetics in their
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Fig. 4. Effect of agonist preincubation on the strongly immobilized C6SL
ESR component (A) and C6SLMeI component (#{149}).The solid line repre-

sents the double exponential fit (y = 85e�,t + 15e�’), in which k1 =

0.19 min’ and k2 = 0.03 min’; the dashed line is a single exponential
fit. The nonspecific spectral component defined as the C6SLMeI or C6SL
spectra produced in the absence of agonist (i.e., such as Fig. 3F or 60)
was subtracted from spectra shown in Fig. 3, A-E for C6SLMeI and
shown in Fig. 6, A-C for C6SL. The difference spectrum represents the
spectral component of the highly immobilized, AChR-bound anesthetic
population. The double integral value for the difference spectra obtained
from spectra produced under different agonist preincubation times are
represented as the fraction of the 100% (control) value. The 1 00% value
is defined by the difference spectrum obtained from experiments in which
agonist and anesthetics were added simultaneously (i.e., Fig. 3A or Fig.
6A). For C6SLMeI agonist preincubation times of 1 , 2 (3B), 3, 5 (3C), 7,
10, 15, 16.5 (30), 20, 26 (3E), and 30 mm, the fraction of anesthetic
bound to the control value was 99, 61 , 50, 38, 33, 29, 14.7, 22, 12.7,
10.8, and 9.1 % respectively. For C6SL preincubation times of 1 , 5, 15,
20, and 30 mm resulted in 100% anesthetic bound in each case.

rates of binding to the AChR in the desensitized receptor. The

primary difference in the physical property of C6SL and

C6SLMeI is that C6SLMeI is permanently charged and C6SL

(pK < 8) is partially uncharged at neutral pH. The presence of

a population of uncharged anesthetics would thus permit C6SL

to reach its binding site through a hydrophobic path.

C6SL and PCP compete for the NCB site. The differ-
ences in the time-dependent binding between C6SL and the

quaternary amine C6SLMeI could be due to binding of these

anesthetics at different sites. We therefore would like to estab-

lish the identity of these binding sites. C6SLMeI has been

shown to compete for the PCP binding site in the AChR (11).

Thus we examined the effect of PCP on C6SL binding. AChR

incubated in the presence of C6SL and agonists showed the

bound component as described earlier (Fig. 6). With addition

of PCP, the bound component was decreased in a dose-depend-

ent fashion (Fig. 7B and inset). We further examined the effect

of C6SL on PCP binding by competitive radioligand assays.

The inhibition of [3HJPCP binding by C6SL gave a K of 3.2

�tM for C6SL binding to AChR.’ The Hill plot had a slope of

-1.26 and gave a K, of 3.5 �zM. These results are consistent

with the interpretation that C6SL and PCP compete for the

same site, as was demonstrated previously for C6SLMeI (11).

Discussion and Conclusion

The spin-labeled C6SL and C6SLMeI are both potent local

anesthetics as established by voltage-clamped studies of squid

giant axons (24). In enriched AChR membranes, binding of

C6SLMeI was shown to increase the binding affinity of AChR

for agonists (1 1). Both C6SL and C6SLMeI also block rubidium

flux in reconstituted and in native AChR vesicles (25). The

concentration ofspin-labeled local anesthetics required to block

rubidium flux by 80% was the same concentration required to

demonstrate the appearance of the highly immobilized compo-

nent in the ESR spectrum of reconstituted AChR membranes

(25). The highly immobilized ESR component was also shown

to arise from a PCP-titratable population of bound C6SLMeI

in the AChR (11). These are sufficient conditions to define the

spin-labeled local anesthetics used in this study as NCB of

AChR; furthermore, the highly immobilized component ob-

served in the ESR spectra may be attributed to anesthetic

binding at the NCB site.

The location of NCB binding site is not unequivocally estab-

lished; however, electrophysiological evidence (14, 15, 17, 20-

22, 31, 32) strongly suggest a location in the ion channels.

Results from studies using photoaffinity labels (16, 17) are also

consistent with a NCB binding site on the inside wall of the

channel. Studies using the spin label C6SLMeI in native AChR

membranes and the paramagnetic ion ferricyanide suggested a

local anesthetic binding site that is protected from the bulk

aqueous phase (11). Although a location for the NCB site other

than somewhere inside the channel has not been ruled defi-

nitely out, the weight of the evidence and the simplicity of

explanation strongly favor a NCB binding site associated with

the ion channel.

Presence ofthe NCB site inside the ion channel would require

charged anesthetics such as C6SLMeI to enter through the

channel mouth. The time dependency that we have observed

for C6SLMeI suggests that this local anesthetic is readily

accessible to the binding site during the initial few minutes

after agonist stimulation, after which access follows an increas-

ingly longer time course. There are two ways to model the

process. 1) The C6SLMeI binds only to open channels and

establishes an equilibrium with NCB sites during the open

phase of activated channels. However, the duration of the open

state is less than 100 msec, much shorter than the time that

C6SLMeI is accessible to the binding site. Furthermore, a

required assumption in this model is that the NCB site is in its

high affinity state during the open state phase so that equilib-

rium binding can be established (see Diagram 1). 2) The

C6SLMeI binds to channels rapidly in their early desensitiza-

tion phase (D1) and open state. This model assumes that the

NCB site is accessible during D, period via intermittently open

I Methods were published in Ref. 1 1 ; detailed data are to be published else-

where.
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Fig. 5. Effect of pH on spectral shape. AChR-ennched
membranes (ranged between 1 and 2 nmnol/mg of protein)
were incubated at the indicated pH with spin labels at an
AChR to label ratio of 1:3. Supematant was discharged
after centrifugation. A, ESR spectrum of C6SL at pH 6.0
(solid line) and pH 10 (dotted line). B, ESR spectrum of
C6SLMeI at pH 6.0 (solid line) and pH 10 (dotted line).

Fig. 6. Effect of agonist preincubation time
on the strongly immobilized C6SL spectral
component. AChR-ennched membranes
(1 .5 �M a-toxin sites) were incubated with
C6SL at a molar ratio of 5:1 C6SL:AChR, in
the presence of 1 mM acetylcholine (1 m�
carbamylcholine gave identical results). A-
C, AChR-enriched membranes were incu-
bated with 1 mM acetylcholine at times of 0
(A), 1 (B), or 15 mm (C) before the addition
of C6SL. (0), AChR-ennched membranes
were incubated with C6SL in the absence of
cholinergic ligands.

channels. As the average open time of the channel is decreased

during D1, accessibility to the NCB site becomes limiting.

Consequently, binding of charged local anesthetic is decreased.

As the channel reaches the late desensitized phase (D2) the

accessibility to the NCB site is substantially reduced (see

Diagram 2). The second model, which we favor, is supported

by the time dependence of C6SLMeI binding. In this model the

channel in the D1 state opens intermittently and binds anes-

thetics at high affinity, but the average open time decreases

rapidly during this period. The channel in the D2 state opens
at a greatly reduced frequency and would thus bind charge

anesthetics at a very slow rate. The two mechanisms are

summarized by Diagrams 1 and 2 in which A is the anesthetic,

R is the resting state, 0 is the open activated state, and D1 and

D2 are the early and late desensitized states.

R;:� 0 �D1�D2

11.
OA

R;::�:O;:± D1� D2

11’ 11. A:�,

OA-t�D1A-*D2A

Comparison of our findings with results from other tech-

niques should be taken with caution. We define binding by the

immobilization of spin-labeled anesthetics, which provides a

different criterion of binding than do other methods. Further-

more, our procedures are not intended to measure receptor

changes on the rapid time scale; we are primarily concerned

with the difference in binding of C6SL and C6SLMeI to the

AChR in its high affinity state. Another caution in evaluating

experiments using other tertiary amine anesthetics is the need

to establish the pK., of the anesthetic. A tertiary amino anes-

thetic with a high pK5 may have very few uncharged species at

neutral pH; consequently, such an anesthetic may behave more

like C6SLMeI. We predict that tertiary amine NCB with pK,,

near neutrality would behave like C6SL.

The binding site for local anesthetics undoubtedly has a

negatively charged component. C6SL with a pK below 8 is

(1) reversibly charged depending on the pH of the medium. At pH
10 most of the C6SL are uncharged and, at the concentrations

used in our experiments, did not exhibit significant binding. In

comparison, at pH 6, the binding of C6SL to the AChR is

(2) clearly present. It is therefore possible to conclude that the

positive charge of the local anesthetics is required in order to
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bind at the NCB site under concentration conditions used in

our experiments. The effective pH in the ion channel and the

effective pK of C6SL determine the available cationic species

of C6SL for binding and are the primary reason for the some-

what higher Kd value measured for C6SL when contrasted with

that of the permanently charged C6SLMeI. On the other hand,

the relatively low effective pK of C6SL, which gives rise to a

large fraction of uncharged species at physiological pH, may

account for the high accessibility of C6SL to the NCB site.

Other tertiary amines that are predominantly charged at phys-

iological pH may exhibit lower accessibility.

Both C6SLMeI and C6SL compete with PCP for its binding

site. Because PCP is believed to bind to a single class of sites

on the AChR (8-11), our results suggest that C6SL and

C6SLMeI both bind to the same site to exhibit the highly

immobilized ESR component. Because the suggestion is that

both C6SL and C6SLMeI interact with the same site on the

AChR, the differences in the ability of the respective anes-

thetics to interact with the AChR suggest a difference in

accessibility rather than in affinity. Unlike C6SLMeI, which

has access to the NCB site for a limited time period immediately

Fig. 7. Dissociation of the strongly immobi-
lized C6SL ESR component by addition of
PCP. AChR-enriched membranes were in-
cubated with C6SL and AChR at a molar
ratio of 5:1 in the presence of 1 mM carba-
mylcholine. After 15 mm of incubation, PCP
was added at concentrations: (A) control, (B)
250 �zM, (C) no agonist. Note that at 250 zM

PCP the strongly immobilized component is
no longer observable. Additk�nal concentra-
tions of PCP were also used to examine the
inhibition of the strongly immobilized C6SL
binding to AChR (see inset). The per cent
bound is determined from the strongly im-
mobilized component in the ESR spectra in
a similar way as described in Fig. 4. The
100% value is defined by the difference spec-
trum obtained from experiments in which ag-
onist and anesthetics were added simulta-
neously in the absence of PCP (i.e., Fig. 7A).
At 250 �M PCP, there is no significant binding
of C6SL to the AChR (i.e., Fig. 7B).

after agonist stimulation, C6SL is not comparably restricted in

its access to the AChR. It is clear that C6SL is able to gain

access readily to the receptor in the desensitized state. In other

words the tertiary amine local anesthetic, which can exist in

both charged and uncharged states, is readily accessible to the

high affinity NCB site when the channel is “closed” or in the

D2 state. C6SL did not show the same binding to the AChR in
the resting state (in the absence of agonists). This result is

most likely due to the low binding affmity at the NCB site in

the resting state of the receptor. We did not investigate the

binding at high concentrations of C6SL and thus have no

results regarding the affinity of the resting site.

The binding of C6SLMeI is in accordance with the model in

which the high affinity NCB site is reached through the open

channel or by means of a restricted path available during the

early desensitized state. C6SL, on the other hand, has no

comparable restrictions on its ability to reach the high affinity

NCB site. Because the only significant difference between

C6SL and C6SLMeI is that C6SL exists as an equilibrium of

charged and uncharged species, we base our explanation on

these anesthetic properties. Two models are proposed to explain
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the experimental results. 1) A charged gate in the channel

mouth presumably restricts the entry of the permanently

charged quaternary amine local anesthetic to the NCB site in

the desensitized receptor. Conversely the charged gate poses no

barrier to the access of the uncharged form of the tertiary

amine local anesthetic. After entering the channel the anes-

thetic can then reestablish its charged state, depending on local

solvent polarity and pH, allowing it to bind. 2) The uncharged

form of C6SL can penetrate hydrophobic regions where charged

anesthetics are excluded. Conceivably, uncharged C6SL is able

to diffuse into the lipid bilayer and gain access to the ion

channel through a corridor in the annular lipid surrounding

the receptor (Fig. 8). Depending on the environment in the

channel, it can then reestablish itself in the charged state and

bind to the NCB site. The existence of this hydrophobic path

is consistent with results from patch-clamp studies (31, 32) in

which tertiary amine local anesthetics are effective, but only

with delayed onset when applied intracellularly or outside the

patch electrode. In contrast, permanently charged anesthetics

are only effective when applied to the extracellular side of the

receptor channel (31, 32). Our latter model, which provides an

aqueous path (ion channel) for charged and uncharged local

anesthetics, is consistent with results reported by Oswald et al.

(33). They observed rapid kinetics for PCP binding under open

channel conditions and slower, temperature-dependent kinetics

under closed channel conditions for the tertiary amine PCP.

Furthermore, they observe little change in equilibrium param-

eters between simultaneous addition and prior addition of

agonist; this result is predictable for tertiary amine compounds

from our model. It is also interesting to note that they observed

a pH-dependent change in the equilibrium binding of PCP,

which may be due to a change in PCP ionization. The obser-

In

H�

As �

+1�‘�‘�‘-

Am �

ji ----------

It
= � Ak membrane hydrophobic core

polar headgroup region

Fig. 8. Model to illustrate membrane lipid pathway of anesthetic access
to the AChR. As and As� represent uncharged and charged anesthetics
in solution; Am, Am�, and Am�L represent membrane-intercalated an-
esthetics that are uncharged, charged, and lipid-associated, respectively.
Ah represents uncharged anesthetics penetrating into the hydrophobic
interior of the bilayer. Ac� represents anesthetics in the ion channel. Free
protons in the AChR channel are not shown. The equilibrium between
As� and Ac� is dependent on the open channel as illustrated. When the
receptor is in the open state, uncharged As can also enter the channel
rapidly by diffusion (not shown) through the channel mouth. When the
channel is closed, by the uncharged or reversibly charged anesthetics
are in equilibrium with the channel lumen through a hydrophobic mem-
brane path.

vation by Koblin and Lester (20) suggests that small charged

anesthetics bind to the NCB site by an open channel path,

whereas large hydrophobic anesthetics are able to reach the

NCB site by an additional membrane path that is voltage-

independent.

Our results suggest a primary time window in the range of

minutes (k = 0.19 min�) during which NCB site is accessible

to charged anesthetics. However, the open channel state is

generally in the range of milliseconds (29, 34, 35). This would

necessarily imply that intermittent channel openings must take

place through the early desensitized phase (or a transition state)

of the receptor if charged anesthetics are to enter through the

channel mouth. Channel openings during this period are re-

ported; estimates of the time required for ion flux to each

nonsignificant levels in the Torpedo ranged from seconds to

minutes (29, 34). In the Ekctrophorus the time required is

much slower, in the range of hours (34). However, our results

provide only information on the accessibility of local anes-

thetics to the NCB site in the AChR, which may or may not

correspond to the activation of ion conductance. We do con-

dude that charged anesthetics reach the NCB site by an ago-

nist-dependent path. In contrast, uncharged anesthetics are

able to reach the NCB site by an additional agonist-independ-

ent path that may be hydrophobic in nature. Regardless of the

path of access, high affinity binding of local anesthetics to the

NCB site is agonist- and charge-dependent.
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