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ABSTRACT
Infrared difference spectroscopy has been used to examine the
structural effects of local anesthetic (LA) binding to the nicotinic
acetylcholine receptor (nAChR). Several LAs induce subtle
changes in the vibrational spectrum of the nAChR over a range
of concentrations consistent with their reported nAChR-binding
affinities. At concentrations of the desensitizing LAs prilocaine
and lidocaine consistent with their binding to the ion channel
pore, the vibrational changes suggest the stabilization of an
intermediate conformation that shares structural features in
common with both the resting and desensitized states. Higher
concentrations of prilocaine and lidocaine, as well as the LA
dibucaine, lead to additional binding to the neurotransmitter-
binding site, the formation of physical interactions (most nota-

bly cation-tyrosine interactions) between LAs and neurotrans-
mitter-binding-site residues, and the subsequent formation of a
presumed desensitized nAChR. Although concentrations of the
LA tetracaine consistent with binding to the ion channel pore
elicit a reversed pattern of spectral changes suggestive of a
resting state-like nAChR, higher concentrations also lead to
neurotransmitter site binding and desensitization. Our results
suggest that LAs stabilize multiple conformations of the nAChR
by binding to at least two conformationally sensitive LA-binding
sites. The spectra also reveal subtle differences in the strengths
of the physical interactions that occur between LAs and bind-
ing-site residues. These differences correlate with LA potency
at the nAChR.

Classical pharmacology has identified the sites of action for
numerous agonists and antagonists on specific integral mem-
brane receptors and has led to hypotheses regarding the
molecular details of membrane receptor-drug interactions.
Although site-directed mutagenesis has proven to be an ef-
fective method for testing these hypotheses by allowing the
functional role of individual amino acid side chains to be
assessed, the application of physical methods that can probe
membrane receptor structure and conformational change at
atomic resolution is required for a comprehensive under-
standing of drug action.

In the absence of high-resolution structural information,
infrared difference spectroscopy has led to significant insight
into the structural basis of integral membrane protein func-
tion and could, in principle, be used to probe structural as-
pects of membrane receptor-drug interactions. The infrared
difference technique is capable both of detecting and eluci-
dating subtle changes in structure that occur in individual
amino acid residues upon protein conformational change but,
for technical reasons, has been restricted mainly to studies of
light-activated membrane proteins such as bacteriorhodop-
sin and the photosynthetic reaction center (Braiman and

Rothschild, 1988). Recently, the difference technique was
modified for probing changes in structure that occur upon
agonist binding to the nicotinic acetylcholine receptor
(nAChR) from Torpedo (Baenziger et al., 1992, 1993). Here,
we use this novel approach to investigate the mechanisms of
local anesthetic (LA) action at the nAChR.

An important goal of this initial work was to investigate
the utility of the difference technique for probing structural
aspects of drug action at integral membrane receptors. The
work focused on LA-nAChR interactions because the nAChR
is a neurotransmitter-gated ion channel that is relatively
well characterized in terms of its structure and function
(Stroud et al., 1990; Galzi et al., 1991). The mechanisms of
LA action at the nAChR are also relatively well understood,
although not at the structural level. The current model sug-
gests that most LAs bind to a noncompetitive blocker (NCB)
site located within the ion channel pore, where they both
block the conductance of cations across the membrane and
stabilize a conformation that binds acetylcholine with high
affinity (Krodel et al., 1979; Cohen et al., 1986). This high-
affinity conformation is presumed to be analogous to the
agonist-induced desensitized state (Boyd and Cohen, 1984).
In contrast, other LAs compete for binding at the same NCB
site but either have no effect or stabilize a conformation that
binds acetylcholine with low affinity (Boyd and Cohen, 1984).
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Some LAs also modulate nAChR conformation by binding to
the neurotransmitter and/or low-affinity sites on the nAChR
(Heidmann et al., 1983).

We show here that the infrared difference technique can
detect subtle LA-induced changes in the vibrational spec-
trum of the nAChR over concentration ranges consistent with
known LA–nAChR-binding affinities. The data suggest that
LA binding to the NCB site stabilizes a conformation of the
nAChR that is structurally distinct from the conformation
stabilized by LA binding to the neurotransmitter-binding
site. The difference spectra also shed light on the nature of
the physical interactions that occur between LAs and bind-
ing-site residues.

Materials and Methods
Sample Preparation. The nAChR from Torpedo californica was

affinity-purified and reconstituted into a membrane composed of egg
phosphatidylcholine/dioleoylphosphatidic acid/cholesterol in a lipid
molar ratio of 3:1:1 (McCarthy and Moore, 1992). Aliquots containing
250 mg of nAChR protein were deposited on the surface of a germa-
nium internal reflection element. In each case, the excess buffer was
evaporated with a gentle stream of N2 gas. The nAChR film then was
rehydrated with excess buffer (250 mM NaCl, 5 mM KCl, 2 mM
MgCl2, 3 mM CaCl2, and 20 mM Tris, pH 7.0) and placed in a
thermostatically controlled attenuated total reflectance cell.

Carbamylcholine (Carb) Difference Spectra. All infrared
spectra were acquired using the attenuated total reflectance tech-
nique (see schematic in Fig. 1A) on an FTS-40 spectrometer (Bio-
Rad, Cambridge, MA) equipped with a DTGS detector (Ryan et al.,
1996). Spectra were recorded at 8 cm21 resolution using 512 scans
each. This took roughly 7 min per spectrum. In general, two consec-
utive spectra were recorded while flowing buffer past the nAChR
film surface (Fig. 1A, buffer i). The flowing solution was then
switched to an identical buffer containing 50 mM agonist Carb (Fig.
1A, buffer ii), and a spectrum was recorded of the desensitized state.
The difference between the two resting-state spectra (both in the
absence of Carb; control spectra) and the consecutive resting-state
and desensitized-state (presence of Carb) spectra were calculated

and stored, and the flowing solution was switched back to buffer
without Carb. After a 20-min washing period to remove Carb from
the film and convert the nAChR back into the resting conformation,
the process was repeated many times.

The effects of LAs on the structures of those residues involved in
ligand binding and desensitization were monitored by recording
typical Carb difference spectra as described above but while contin-
uously exposing the nAChR to a given concentration of LA (the LA
was included in both the plus and minus Carb buffers; i.e., buffers i
and ii in Fig. 1A). For each LA concentration, Carb difference spectra
were recorded from a minimum of two different nAChR films (usu-
ally four or more) obtained from at least two separate reconstitu-
tions. The presented difference spectra each represent the average of
between 30 and 90 individual differences. LA-induced spectral
changes were identified by superimposing normalized difference
spectra on the computer. Spectra were normalized by comparing the
intensity of bands that have been attributed to nAChR-bound Carb
(denoted with asterisks in Fig. 2A) including those centered near
1720, 1480, and 1340 cm21. Because of the complexity of both the
Carb difference spectra and the LA-induced spectral changes, the
nature of the LA dose-response relationships was not examined
graphically.

Results
The averaged difference between infrared spectra of the

nAChR recorded while sequentially flowing buffer either
with or without the agonist Carb past the nAChR film sur-
face (see schematic in Fig. 1A) is referred to as a Carb
difference spectrum and exhibits a highly reproducible pat-
tern of positive and negative bands (Fig. 2, top trace in A–C).
These positive and negative bands provide a spectral map of
the structural changes that occur upon Carb binding to the
nAChR (Baenziger et al., 1992, 1993). In particular, the dif-
ference bands represent vibrational changes associated with
both the resting-to-desensitized conformational change and
the formation of physical interactions, such as hydrogen
bonds, cation-p electron interactions, etc., between Carb and
neurotransmitter-binding site residues. Positive bands are

Fig. 1. A, schematic diagram of the
attenuated total reflectance cell used
for the acquisition of Carb difference
spectra. For details see Materials and
Methods. B, schematic representation
of the conformational changes that
are probed here using difference spec-
troscopy. i, A typical Carb difference
experiment probes the conformational
change between the resting and Carb-
induced desensitized state. ii, Carb
difference spectra recorded in the con-
tinuous presence of a LA probe the
structural changes that occur upon
Carb binding, except that the LA can
stabilize an alternate conformation of
the nAChR. For simplicity, scheme ii
shows that the LA stabilizes a desen-
sitized nAChR by binding exclusively
to the NCB site within the ion channel
pore. LAs may also bind to the neuro-
transmitter and/or low-affinity sites
on the nAChR (see text). C, compari-
son of the structures of some simple
LAs with acetylcholine and Carb.
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also observed in the Carb difference spectrum that reflect the
vibrations of Carb bound specifically to the nAChR (Fig 2A,
asterisks). A schematic diagram of the structural changes
that are probed in a typical Carb difference spectrum is
shown in Fig. 1B (scheme i). Note that in this report we refer
to the difference between spectra of the nAChR recorded in
the presence and absence of Carb as a Carb difference spec-
trum regardless of whether the nAChR undergoes the rest-
ing-to-desensitized conformational transition (see below).

The difference between infrared spectra of the nAChR re-
corded in the presence and absence of a LA similarly should
exhibit spectral features that are indicative of LA-induced
structural change. In some cases, however, these features are
masked by relatively large intensity changes that result from
the LA partitioning into, and causing the expansion of, the
nAChR film on the surface of the germanium internal reflec-
tion element (data not shown). An alternative approach for
monitoring LA-induced conformational change is to record
typical Carb difference spectra while maintaining the nAChR
in the continuous presence of a given concentration of LA.
Variations in the pattern of bands observed in difference
spectra recorded under these conditions should reflect LA-
induced changes in the structure of those residues that are
involved in the binding of Carb and subsequent desensitiza-
tion. As LAs modulate the equilibrium between the resting
and desensitized states and, in turn, influence the affinity of
the nAChR for Carb, such spectral variations should provide
insight into the structural basis of LA action at the nAChR.
A schematic diagram of the conformational changes probed
in a Carb difference spectrum recorded in the continuous
presence of a LA is shown in Fig. 1B (scheme ii). For simplic-
ity, this scheme assumes that the LA stabilizes a desensi-
tized nAChR by binding exclusively to the NCB site. LAs also
bind to the neurotransmitter and/or low-affinity sites as dis-
cussed below.

Desensitizing LAs. Carb difference spectra recorded in
the presence of increasing concentrations of the desensitizing
LAs dibucaine, prilocaine, and lidocaine exhibit variations in
the intensity of a number of positive and negative difference
bands (Fig. 2). These band-intensity variations occur over
concentrations consistent with the known binding affinities
of the LAs for the NCB- and/or neurotransmitter-binding
sites and likely reflect structural changes that result specif-
ically from LA binding to the nAChR (Table 1). The most
notable variations include a marked decrease in the intensity
of five positive bands centered near 1663 (see Fig. 3A), 1655,
1547, 1430, and 1059 cm21. Three of these five bands occur in
either the amide I (1600–1700 cm21) or amide II (1520–1580
cm21) region and likely reflect a change in the conformation
of the polypeptide backbone. The difference bands near 1430
and 1059 cm21 likely reflect a change in the structure and/or
environment surrounding individual amino acid side chains.
Because all three LAs stabilize a desensitized nAChR, they
should eliminate bands in the Carb difference spectrum that

The short, dashed lines mark the five bands that are indicative of the
resting-to-desensitized conformational change (see text). The long,
dashed lines illustrate the negative bands in the Carb difference spectra
that reflect Carb-induced displacement of either dibucaine, prilocaine, or
lidocaine from the nAChR. Asterisks in A (top trace) denote the vibrations
of nAChR bound Carb (Baenziger et al., 1993). The bar represents a
change in intensity in the difference spectra of 0.0001 absorbance units
(a.u.).

Fig. 2. Selected Carb difference spectra recorded in the presence of the
noted concentrations of the LAs dibucaine (A), prilocaine (B), and lido-
caine (C). The bottom trace in each is the absorbance spectrum recorded
from a 50 mM solution of the respective LA (the buffer has been subtracted).
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result from the resting-to-desensitized conformational
change itself (see scheme ii of Fig. 1B). The loss of intensity
at each of these five frequencies could, therefore, reflect the
formation of a desensitized nAChR. This possibility is sup-
ported by the observation of similar band intensity changes
in difference spectra recorded from the nAChR reconstituted
into egg phosphatidylcholine membranes, where the nAChR
does not undergo agonist-induced conformational change
(Ryan et al., 1996). In addition, the LA tetracaine, which
stabilizes a resting-like conformation, leads to an increase as
opposed to a decrease in intensity at each of these five fre-
quencies (Fig. 3A). Note that weak protein vibrations under-
lying the 1720 cm21 Carb vibration appear to be absent at
most LA concentrations and could reflect changes in struc-
ture associated with the resting-to-desensitized conforma-
tional transition, although a rigorous analysis requires an
agonist that does not absorb in this region.

The loss of band intensity indicative of the formation of a
desensitized nAChR occurs for all three LAs concomitant
with the appearance of negative bands at frequencies that
match the vibrational frequencies of the LAs themselves.
These negative features are clearly evident in Carb differ-
ence spectra recorded in the presence of dibucaine (Fig. 2A),
but are only detected upon superimposition of the difference
spectra recorded in the presence and absence of either prilo-
caine or lidocaine because of the extremely weak intrinsic
absorbance intensity of the latter two LAs (not shown). The
appearance of negative LA bands suggests that the addition
of Carb leads to the displacement of each LA from the nAChR
membrane film. The LAs are not likely displaced from the
NCB site because Carb does not bind to this site at 50 mM
concentrations. The affinities of all three LAs for the NCB
site are also increased in the presence of Carb (Blanchard et
al., 1979; Krodel et al., 1979). Control difference spectra
recorded from a-bungarotoxin-treated nAChR membranes
indicate that the majority of the negative LA intensity is
neither a result of direct Carb/LA competition at a previously
unidentified site distinct from either the neurotransmitter
and/or NCB sites nor of a nonspecific Carb-induced displace-
ment of the LAs from the lipid bilayer (data not shown). The
negative LA vibrations therefore must reflect the competitive
displacement of LAs from the neurotransmitter-binding site

by Carb. This interpretation is consistent with the known
binding of all three LAs to the neurotransmitter-binding site
over the studied ranges of LA concentrations (Table 1).

The LAs also have subtle effects on the intensity and
possibly the frequency of difference bands that cannot be
attributed to either the displacement of LAs from the nAChR
or an effect on the equilibrium between the resting and
desensitized states. In particular, dibucaine leads to a
marked reduction in the intensity of the negative and posi-
tive difference bands located near 1620 and 1516 cm21, re-
spectively. Lidocaine has a lesser effect on the intensity of
both bands whereas prilocaine has no influence on the inten-
sity near 1620 cm21 but elicits a slight reduction in the
intensity of the band centered near 1516 cm21. Note that
neither the presence of tetracaine nor reconstitution of the
nAChR into egg phosphatidylcholine membranes, both of
which influence the conformational status of the nAChR,
have marked effects on the intensity of either band (Fig. 4B;
Ryan et al., 1996).

Vibrational bands in the Carb difference spectrum that are
not due to either the resting-to-desensitized conformational
change or the vibrations of nAChR-bound Carb must reflect
the formation of physical interactions between Carb and
neurotransmitter-binding site residues. The negative band
near 1620 cm21 has not yet been assigned to a particular
amino acid side chain vibration (Baenziger and Chew, 1997).
The 1516 cm21 band, however, is highly characteristic of a
ring-stretching vibration of tyrosine and likely reflects an
increase in vibrational intensity associated with the forma-
tion of cation-tyrosine interactions between Carb and the
nAChR (see Discussion). The LA-induced decrease in inten-
sity of the 1516 cm21 difference band suggests that LAs form
similar cation-tyrosine interactions with the nAChR before
the addition of Carb. In addition, the variable effects of the
three LAs on the intensity of these two bands could indicate
subtle differences in the ability of the LAs to mimic the
binding of Carb to the neurotransmitter-binding site.

The concomitant appearance of spectral changes that are
suggestive of the stabilization of a desensitized nAChR, the
Carb-induced displacement of LAs from the neurotransmit-
ter-binding site, and the formation of Carb-like physical in-
teractions between LAs and neurotransmitter-binding site

TABLE 1
Comparison of both the binding affinities and conformational effects of the studied LAs at the NCB- and neurotransmitter-binding sites as
determined by biochemical methods and infrared difference spectroscopy

Local Anesthetic

Literature FTIR Data

NCB site Neurotransmitter site NCB site Neurotransmitter site

C50
a Effect C50

b Effecte Cmax
c Effect Cmax

c Effect

mM mM mM mM

Dibucaine 80 D 56 N.D. N.D. N.D. 200 D
Lidocaine 2,500 (2,000)d D 1,100 N.D. 3,000 I ;10,000 D
Prilocaine 300 (4,000)d D 4,500 N.D. 4,000 I 10,000 D
Tetracaine 1.5 R 800 N.D. 10 I* 1,000 D

a C50 represents the concentration of LA, in the absence of Carb, required to either reduce the specific binding of [3H]perhydrohistrionicotoxin to the nAChR (dibucaine,
lidocaine, and tetracaine) (Blanchard et al., 1979) or the concentration required to cause half the maximal observed increase in the binding of a fluorescent acetylcholine
analog to the neurotransmitter-binding site (prilocaine) (Cohen et al., 1974).

b C50 represents the concentration of LA required to reduce the initial rate of [a-125I]bungarotoxin (dibucaine, lidocaine, and tetracaine) or [3H]a-toxin (prilocaine) by 50%
(Blanchard et al., 1979; Weber and Changeux, 1974).

c Cmax represents the concentration of LA required to produce maximal changes in band intensity in the Carb difference spectra. D and R refer to the desensitized and
resting conformations, respectively. The LAs dibucaine, prilocaine, and lidocaine are proposed to stabilize a conformation intermediate (I) between the R and D states upon
binding to the NCB site that differs from the intermediate state (I*) stabilized by tetracaine (see text).

d Values presented in parentheses represent the reported concentration of LA required to cause a maximal increase in fluorescent agonist binding to the neurotransmitter-
binding site (Cohen et al., 1974).

e N.D., no data.
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residues imply that the main “desensitizing” effects of each
LA occur as a consequence of binding to the neurotransmitter
site. This interpretation contrasts with most models, which
suggest that LAs stabilize a desensitized nAChR by binding
to the NCB site, and questions whether the binding of LAs to
the NCB site modulates the conformational equilibria of the
nAChR. A close examination of the concentration dependen-
cies of the spectral variations observed in the presence of
prilocaine and lidocaine, however, reveals that there are
structural changes that occur exclusively as a result of LA
binding to the NCB site. Prilocaine and lidocaine at concen-
trations of 4 mM and 3 mM, respectively, elicit close to

maximal changes in the intensity of the two conformationally
sensitive bands near 1663 and 1059 cm21, whereas the bands
near 1655 and 1430 cm21 are relatively unaffected (Fig. 4A).
These LA concentrations essentially are equivalent to those
at which prilocaine and lidocaine bind to the NCB site and
lead to maximal effects on acetylcholine analog-binding af-
finity at the neurotransmitter-binding site (see Fig. 9 in
Cohen et al., 1974). Although the overlapping affinities of
prilocaine and lidocaine for the NCB- and neurotransmitter-
binding sites prevent an unequivocal interpretation of the
data, it appears that the binding of LAs to the NCB site
causes those residues that vibrate near 1663 and 1059 cm21

to adopt a structure similar to that found in the “desensi-
tized” state whereas those residues that vibrate near 1655
and 1430 cm21 retain a resting-like structure. LA binding to
the NCB site may, therefore, stabilize a conformation that is
a structural intermediate between the resting and what we
have tentatively referred to as the desensitized state.

Tetracaine Binding to the NCB and Neurotransmit-
ter Sites. The structural consequences of LA binding exclu-
sively to the NCB- and neurotransmitter-binding sites were
investigated further by recording Carb difference spectra in
the presence of increasing concentrations of the LA tetra-
caine. Tetracaine has a more than 100-fold stronger affinity
for the NCB site than the neurotransmitter-binding site. The
binding of tetracaine to the NCB site stabilizes a conforma-
tion of the nAChR that binds acetylcholine with low as op-
posed to a high affinity. Tetracaine thus appears to shift the
equilibrium between the resting and desensitized conforma-
tions toward the resting state (Boyd and Cohen, 1984). Note
that within native membranes and in the absence of agonist,
roughly 20% of the nAChR is found in the desensitized state.

Carb difference spectra recorded in the presence of up to 50
mM concentrations of tetracaine, where binding is restricted
to the NCB site, exhibit changes in the intensity of the
previously noted conformationally sensitive bands centered
near 1663, 1655, 1547, 1430, and 1059 cm21, although, as
expected, there is an increase as opposed to a decrease in the
intensity of each band (Fig. 3A). Significantly, there is a
relatively large increase in band intensity near 1663 and
1059 cm21 compared with the intensity changes near 1655
and 1430 cm21 (Figs. 3A and 4B). The binding of tetracaine
to the NCB site thus appears to cause those residues that
vibrate near 1663 and 1059 cm21 to shift from a desensitized
to a resting-like conformation whereas those residues that
vibrate near 1655 and 1430 cm21 mainly retain a desensi-
tized-like structure. The binding of all three LAs to the NCB
site thus appears to affect mainly those structures that vi-
brate near 1663 and 1059 cm21. Because tetracaine, prilo-
caine, and lidocaine allosterically influence acetylcholine-
binding affinity by binding to the NCB site, it can be
concluded that the changes in structure reflected by the two
bands near 1663 and 1059 cm21 lead to changes in acetyl-
choline-binding affinity, even though they may not constitute
the formation of either a fully “desensitized” or sensitized
nAChR (see Discussion). Note that there are no bands indic-
ative of the Carb-induced displacement of tetracaine from the
neurotransmitter-binding site at these concentrations. These
low tetracaine concentrations also have minimal, if any, ef-
fects on the difference bands near 1620 and 1516 cm21.

In contrast, higher concentrations that result in the addi-
tional binding of tetracaine to the neurotransmitter-binding

Fig. 3. Selected Carb difference spectra recorded in the presence of the
noted concentrations of the LA tetracaine at concentrations consistent
with its binding to either the NCB site within the ion channel pore (A) or
both the neurotransmitter and NCB sites (B). Short, dashed lines identify
spectral variations reflective of the resting-to-desensitized conforma-
tional change. Long, dashed lines identify negative bands reflecting the
Carb-induced displacement of tetracaine from the nAChR. The bottom
trace in both A and B is an absorbance spectrum recorded from a 50 mM
tetracaine solution. The bar represents a change in intensity in the
difference spectra of 0.0001 absorbance units (a.u.).
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site lead to a marked loss of intensity near 1663, 1655, 1547,
1430, and 1059 cm21, suggestive of a shift back toward a
desensitized nAChR (Figs. 3B and 4B). The decreases in
intensity of all five bands occur with similar concentration
dependencies, suggesting that the structural effects result
from tetracaine action at a single class of sites. The spectra
also exhibit negative bands indicative of the Carb-induced
displacement of tetracaine from the neurotransmitter-bind-
ing site as well as a decrease in intensity of the two noted
bands near 1620 and 1516 cm21, suggestive of the formation
of direct physical interactions between tetracaine and neuro-
transmitter-binding site residues. These data show that de-
sensitization can occur exclusively as a result of LA binding
to the neurotransmitter-binding site. This finding is consis-
tent with and explains the previously reported increase in
acetylcholine-binding affinity that is observed at tetracaine
concentrations higher than those necessary to saturate the
NCB site (Boyd and Cohen, 1984). The conformational effects
of tetracaine at the neurotransmitter-binding site overcome
any changes in nAChR conformational equilibria that result
from tetracaine binding to the NCB site.

Discussion
Previous studies have shown that the positive and negative

bands that are observed in the difference between infrared
spectra recorded in the presence and absence of Carb reflect
structural changes that occur specifically upon the binding of
Carb to the nAChR and subsequent desensitization (Baen-
ziger et al., 1992, 1993). We show here that LAs elicit
changes in the intensity of these positive and negative dif-

ference bands at concentrations consistent with the known
binding affinities of LAs for the NCB- and/or neurotransmit-
ter-binding sites (Table 1). The close correlation between the
concentration dependencies of the spectral variations and the
reported pharmacological properties of LAs at the nAChR
provides compelling evidence that the detected spectral vari-
ations reflect changes in structure that result specifically
from LA binding to the nAChR.

The Carb difference spectra show that dibucaine, prilo-
caine, lidocaine, and tetracaine all bind to the neurotrans-
mitter site and that neurotransmitter-site binding leads to a
conformational change in the nAChR. This conformational
change is characterized by a loss of intensity in the difference
spectrum at five frequencies centered near 1663, 1655, 1547,
1430, and 1059 cm21. The similarity of the spectral varia-
tions elicited by each LA suggests that each stabilizes a
similar conformation of the nAChR by binding to the neuro-
transmitter-binding site. Because the LA-induced conforma-
tional change results from a mimicking of Carb binding to
this site (see below), the loss of intensity at these five fre-
quencies likely reflects the formation of a desensitized con-
formation equivalent to that stabilized by prolonged expo-
sure to Carb. This interpretation is consistent with the
observation of similar band intensity changes in Carb differ-
ence spectra recorded from the nAChR reconstituted into egg
phosphatidylcholine membranes where the nAChR is not
capable of undergoing agonist-induced desensitization (Mc-
Carthy and Moore, 1992; Ryan et al., 1996).

The Carb difference spectra also show that LA binding to
the NCB site leads to conformational changes in the nAChR

Fig. 4. Comparison of selected Carb
difference spectra recorded in the ab-
sence (solid line in A and B) and pres-
ence of (A) 4 mM (- - -) and 10 mM
(– z –) prilocaine and (B) 10 mM (- - -)
and 1 mM (– z –) tetracaine. A multi-
ple-point baseline correction was per-
formed on all spectra to reduce small
baseline fluctuations and thus allow
for superimposition of spectra. Note
that the baseline corrections do not
affect the intensity or the frequency of
the individual bands (compare spectra
presented here with those presented
in Figs. 2 and 3 that are not baseline-
corrected). The negative band near
1605 cm21 in B reflects the loss in
tetracaine vibrational intensity due to
the Carb-induced displacement of tet-
racaine from the neurotransmitter-
binding site.
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but that these changes are characterized mainly by varia-
tions in band intensity centered near 1663 and 1059 cm21.
Prilocaine and lidocaine both lead to a loss of intensity in the
difference spectra at 1663 and 1059 cm21. In contrast, tetra-
caine mainly leads to an increase in intensity of both differ-
ence bands. The opposing spectral effects of prilocaine/lido-
caine and tetracaine are consistent with the opposing
allosteric effects of these LAs on acetylcholine-binding affin-
ity at the neurotransmitter-binding site. The binding of ei-
ther prilocaine or lidocaine to the NCB site leads to an
increase in binding affinity for acetylcholine whereas the
binding of tetracaine leads to a decrease (Cohen et al., 1974;
Boyd and Cohen, 1984). Significantly, because prilocaine,
lidocaine, and tetracaine mainly influence the intensity of
only two of the five difference bands that are indicative of
agonist-induced desensitization, it can be concluded that LA
binding to the NCB site leads to the formation of conforma-
tions that are structurally intermediate between the resting
and desensitized states. These intermediate conformations
have altered affinities for acetylcholine, even though they do
not represent the formation of either a fully desensitized or
sensitized nAChR.

The intermediate conformations of the nAChR stabilized
by LA binding to the NCB site cannot yet be related to the
various fast and slow desensitized states that have been
identified previously using acetylcholine kinetic-binding
studies (Weiland et al., 1977; Heidmann and Changeux,
1979a,b; Boyd and Cohen, 1980a,b). Regardless, it is clear
that LAs stabilize multiple conformations of the nAChR by
binding to the NCB and neurotransmitter sites. The confor-
mation of the nAChR that is stabilized by a particular LA at
a given concentration thus is dependent on the relative af-
finities of the LA for the neurotransmitter- and NCB-binding
sites and either the complementary or competing conforma-
tional effects that result from LA binding to each of these two
sites. Note that our data highlight the importance of neuro-
transmitter-site binding in terms of the mechanism of LA
action at the nAChR. Tetracaine stabilizes a desensitized
conformation by binding to the neurotransmitter site even
though simultaneous binding to the NCB site favors the
formation of a resting-like intermediate state. Desensitiza-
tion can occur exclusively as a result of neurotransmitter-site
binding and can dominate over conformational effects that
result from binding to the NCB site.

In addition, some LAs such as chlorpromazine and trime-
thisoquin bind to saturable low-affinity allosteric sites on the
nAChR thought to be located near the lipid-protein interface
(Heidmann et al., 1983). Although such low-affinity sites
have not been demonstrated for dibucaine, prilocaine, and
lidocaine, these LAs could bind to such low-affinity sites
leading to some of the vibrational changes observed here in
the difference spectra. However, despite large differences in
the potencies of the three LAs, there is a close correlation
between the concentrations of the LAs required to elicit the
observed vibrational changes and the reported nAChR-bind-
ing affinities. This suggests that the structural changes re-
sult from interactions at the NCB- and neurotransmitter-
binding sites. Consistent with this interpretation, all of the
vibrational changes attributed to LA binding to the neuro-
transmitter site occur concomitant with the appearance of
spectral features indicative of Carb-induced displacement of
the LAs from the neurotransmitter site. The vibrational

changes attributed to a conformational change resulting from
tetracaine binding to the NCB site occur at micromolar con-
centrations that are well below those expected for binding to
low-affinity nAChR sites. Preliminary difference spectra re-
corded in the presence of the LA proadifen also exhibit spec-
tral variations similar to those observed in the presence of
dibucaine, lidocaine, and prilocaine, but at concentrations at
which binding to the low-affinity sites should be minimal
(unpublished observations). Although subtle structural ef-
fects of LA binding to low-affinity binding sites are possible,
the observed spectral changes likely arise as a consequence of
LA binding to either the NCB- or neurotransmitter-binding
sites.

LA-induced changes in the Carb difference spectra suggest
details regarding the nature of the physical interactions that
occur between the LAs and nAChR-binding site residues. The
relatively high concentrations of dibucaine, prilocaine, lido-
caine, and tetracaine that result in binding to the neuro-
transmitter site lead to a reduction in the intensity of the two
difference bands near 1620 and 1516 cm21. The vibration
near 1516 cm21 is highly characteristic of a tyrosine ring-
stretching vibration. Several tyrosine residues are found in
the neurotransmitter-binding site and perform a critical role
in agonist binding likely via the formation of cation-tyrosine
p electron interactions (Dennis et al., 1988; Dougherty and
Stauffer, 1990; Cohen et al., 1991; Tomaselli et al., 1991;
Aylwin and White, 1994; Sine et al., 1994). Carb-tyrosine
interactions are critical for gating the nAChR ion channel.
Carb difference spectra recorded in the absence of LAs using
the Carb analog, tetramethylammonium, exhibit a 1516-
cm21 band of intensity comparable to that observed in Carb
difference spectra (data not shown), indicating that the vi-
bration is specific to interactions with the cationic ammo-
nium group of Carb (unpublished observations). A substan-
tial portion of the 1516-cm21 intensity in Carb difference
spectra recorded in the absence of a LA therefore is likely due
to an increase in tyrosine vibrational intensity that results
from the formation of cation-p electron interactions. The
ability of some LAs to substantially reduce the intensity of
this vibration upon binding to the neurotransmitter-binding
site suggests that LAs mimic the cation-tyrosine interactions
that perform a key role in agonist action at the nAChR.

Neither prilocaine nor lidocaine has as dramatic an effect
on the intensity of the two vibrations near 1620 and 1516
cm21 as do dibucaine and tetracaine. The binding of both
prilocaine and lidocaine to the neurotransmitter-binding site
is also much weaker than the binding of dibucaine and tet-
racaine (Table 1). Prilocaine and lidocaine differ structurally
from the other two LAs in that they have only one instead of
three atoms between the charged nitrogen and the carbonyl
carbon (Fig. 1C). The reduced distance between the nitrogen
and ester carbonyl could prevent binding to the neurotrans-
mitter-binding site in a manner that allows both prilocaine
and lidocaine to interact simultaneously at both the cationic
and esterophilic agonist subsites (Michelson and Zeimal,
1973). Alternatively, the reduced number of carbon atoms
also could bring the bulky aromatic groups of the LAs closer
to the charged nitrogen and thus prevent tight binding of the
LAs to the cationic-binding subsite. Although more detailed
studies are required both to assign the two vibrations to
specific amino acids and to interpret the LA-induced changes
in intensity, the variable influence of the LAs likely reflect
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subtle differences in how the LAs bind to the neurotransmit-
ter site as a consequence of their slightly different chemical
structures.

The binding of LAs to the neurotransmitter site and mim-
icry of agonist-induced desensitization likely is governed by
the ammonium cation. All LAs that we have studied both
possess a positively charged nitrogen moiety (Fig. 1C) and
appear to stabilize the same conformation of the nAChR by
forming interactions between the charged nitrogen- and neu-
rotransmitter-binding site tyrosine residues. In contrast, LA
action at the NCB site likely is governed by the hydrophobic
substituents on the LAs. Acetylcholine and Carb, which lack
large hydrophobic substituents, bind to the NCB site with
extremely weak affinity whereas the interactions of neutral
general anesthetics within the ion channel pore are governed
by hydrophobicity (Forman et al., 1995). Note that a greater
structural diversity is found in the hydrophobic moieties of
the various LAs than is found with the charged nitrogen
substituents (Fig. 1C). Structural differences in the hydro-
phobic substituents may be responsible for the contrasting
conformational effects of lidocaine/prilocaine and tetracaine
at the NCB site.

The ability to probe both the physical interactions that
occur between LAs and amino acid side chains and the con-
formational states of the nAChR using a structure-based
approach represents a step toward defining the molecular
details of LA action at the nAChR. Further technical ad-
vancements should lead to kinetic infrared studies of acetyl-
choline binding to the various conformational states and thus
allow us to relate the conformations defined here to those
identified previously using acetylcholine kinetic-binding
studies. The use of mutagenesis should also lead to the iden-
tification of those regions of the nAChR that are involved in
the specific conformational changes and the specific residues
that are involved in direct physical interactions with the
bound LAs.

References
Arias HR (1996) Luminal and non-luminal non-competitive inhibitor binding sites on

the nicotinic acetylcholine receptor. Mol Membr Biol 13:1–17.
Aylwin ML and White MM (1994) Ligand-receptor interactions in the nicotinic

acetylcholine receptor probed using multiple substitutions at conserved tyrosines
on the alpha subunit. FEBS Lett 349:99–103.

Baenziger JE and Chew JP (1997) Desensitization of the nicotinic acetylcholine
receptor mainly involves a structural change in the solvent-accessible regions of
the polypeptide backbone. Biochemistry 36:3617–3624.

Baenziger JE, Miller KW and Rothschild KJ (1992) Incorporation of the nicotinic
acetylcholine receptor into biologically active planar multilamellar films: Charac-
terization by fluorescence and FTIR difference spectroscopy. Biophys J 61:983–
999.

Baenziger JE, Miller KW and Rothschild KJ (1993) Fourier transform infrared
difference spectroscopy of the nicotinic acetylcholine receptor: Evidence for specific
protein structural changes upon desensitization. Biochemistry 32:5448–5454.

Blanchard SG, Elliot J and Raferty MA (1979) Interaction of local anesthetics with
Torpedo californica membrane-bound acetylcholine receptor. Biochemistry 18:
5880–5885.

Braiman MS and Rothschild KJ (1988) Fourier transform infrared techniques for
probing membrane protein structure. Annu Rev Biophys Chem 17:541–570.

Boyd ND and Cohen JB (1980a) Kinetics of binding of [3H]acetylcholine and [3H]car-
bamylcholine to Torpedo postsynaptic membranes: Slow conformational transi-
tions of the cholinergic receptor. Biochemistry 19:5344–5353.

Boyd ND and Cohen JB (1980b) Kinetics of binding of [3H]acetylcholine to Torpedo
postsynaptic membranes: Association and dissociation rate constants by rapid
mixing and ultrafiltration. Biochemistry 19:5353–5358.

Boyd ND and Cohen JB (1984) Desensitization of membrane-bound Torpedo acetyl-
choline receptor by amine noncompetitive antagonists and aliphatic alcohols:
Studies of [3H]acetylcholine binding and 22Na1 ion fluxes. Biochemistry 23:4023–
4033.

Cohen JB, Correll LA, Dreyer EB, Kuisk IR, Medynski DC and Strand NP (1986)
Interactions of local anesthetics with Torpedo nicotinic acetylcholine receptors, in
Molecular and Cellular Mechanisms of Anesthetics (Roth SH and Miller KW eds)
pp 111–124, Plenum, New York.

Cohen JB, Sharp SD and Liu WS (1991) Structure of the agonist-binding site of the
nicotinic acetylcholine receptor. [3H]Acetylcholine mustard identifies residues in
the cation-binding subsite. J Biol Chem 266:23354–23364.

Cohen JB, Weber M and Changeux J-P (1974) Effects of local anesthetics and
calcium on the interaction of cholinergic ligands with the nicotinic receptor protein
from Torpedo marmorata. Mol Pharmacol 10:904–932.

Dennis M, Giraudat J, Kotzyba-Hibert F, Goeldner M, Hirth C, Chang JY, Lazure C,
Chretien M and Changeux J-P (1988) Amino acids of the Torpedo marmorata
acetylcholine receptor alpha subunit labeled by a photoaffinity ligand for the
acetylcholine binding site. Biochemistry 27:2346–2357.

Dougherty DA and Stauffer DA (1990) Acetylcholine binding by a synthetic receptor:
Implications for biological recognition. Science (Wash DC) 250:1558–1560.

Forman SA, Miller KW and Yellen G (1995) A discrete site for general anesthetics on
a postsynaptic receptor. Mol Pharmacol 48:574–581.

Galzi J-L, Revah F, Bessis A and Changeux J-P (1991) Functional architecture of the
nicotinic acetylcholine receptor: From electric organ to brain. Annu Rev Pharmacol
31:37–72.

Heidmann T and Changeux J-P (1979a) Fast kinetic studies on the interaction of a
fluorescent agonist with the membrane-bound acetylcholine receptor from Torpedo
marmorata. Eur J Biochem 94:255–279.

Heidmann T and Changeux J-P (1979b) Fast kinetic studies on the allosteric inter-
actions between acetylcholine receptor and local anesthetic binding sites. Eur
J Biochem 94:281–296.

Heidmann T, Oswald RE and Changeux JP (1983) Multiple sites of action for
non-competitive blockers on acetylcholine receptor rich membrane fragments from
Torpedo marmorata. Biochemistry 22:3112–3127.

Krodel EK, Beckman RA and Cohen JB (1979) Identification of a local anesthetic
binding site in nicotinic post-synaptic membranes isolated from Torpedo marmo-
rata electric tissue. Mol Pharmacol 15:294–312.

McCarthy MP and Moore MA (1992) Effects of lipids and detergents on the confor-
mation of the nicotinic acetylcholine receptor from Torpedo californica. J Biol
Chem 267:7655–7663.

Michelson MJ and Zeimal EV (1973) Acetylcholine: An Approach to the Molecular
Mechanism of Action, Pergamon Press, New York.

Ryan SE, Demers CN, Chew JP and Baenziger JE (1996) Structural effects of neutral
and anionic lipids on the nicotinic acetylcholine receptor. J Biol Chem 271:24590–
24597.

Sine SM, Quiram P, Papanikolaou F, Kreienkamp HJ and Taylor P (1994) Conserved
tyrosines in the alpha subunit of the nicotinic acetylcholine receptor stabilize
quaternary ammonium groups of agonists and curariform antagonists. J Biol
Chem 269:8808–8816.

Stroud RM, McCarthy MP and Shuster M (1990) Nicotinic acetylcholine receptor
superfamily of ligand-gated ion channels. Biochemistry 29:11009–11023.

Tomaselli GF, McLaughlin JT, Jurman ME, Hawrot E and Yellen G (1991) Muta-
tions affecting agonist sensitivity of the nicotinic acetylcholine receptor. Biophys J
60:721–727.

Weber M and Changeux J-P (1974) Binding of Naja nigricollis [3H]@-toxin to mem-
brane fragments from Electrophorus and Torpedo electric organs. Mol Pharmacol
10:35–40.

Weiland G, Georgia B, Lappi S, Chignell CF and Taylor P (1977) Kinetics of agonist-
mediated transitions in state of the cholinergic receptor. J Biol Chem 252:7648–
7656.

Send reprint requests to: Dr. John E. Baenziger, Department of Biochem-
istry, Microbiology, and Immunology, University of Ottawa, 451 Smyth Road
Ottawa, Canada, K1H 8M5. E-mail: jebaenz@uottawa.ca

A Structure-Based Approach to nAChR Pharmacology 355


