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ABSTRACT: We investigated the molecular mechanisms and the binding site location for the fluorophor
crystal violet (CrV), a noncompetitive antagonist of the nicotinic acetylcholine receptor (AChR). To this
end, radiolabeled competition binding, fluorescence spectroscopy, Schild-type analysis, patch-clamp
recordings, and molecular dynamics approaches were used. The results indicate that (i) CrV interacts
with the desensitizedTorpedoAChR with higher affinity than with the resting state at several temperatures
(5-37°C); (ii) CrV-induced inhibition of the phencyclidine (PCP) analogue [3H]thienylcyclohexylpiperidine
binding to the desensitized or resting AChR is mediated by a steric mechanism; (iii) tetracaine inhibits
CrV binding to the resting AChR, probably by a steric mechanism; (iv) barbiturates modulate CrV binding
to the resting AChR by an allosteric mechanism; (v) CrV itself induces AChR desensitization; (vi) CrV
decreases the peak of macroscopic currents by acting on the resting AChR but without affecting the
desensitization rate from the open state; and (vii) two tertiary amino groups from CrV may bind to the
R1-Glu262 residues (located at position 20′) in the resting state. We conclude that the CrV binding site
overlaps the PCP locus in the resting and desensitized state. The noncompetitive action of CrV may be
explained by an allosteric mechanism in which the binding of CrV to the extracellular mouth of the
resting receptor leads to an inhibition of channel opening. Binding of CrV probably increases desensitization
of the resting channel and stabilizes the desensitized state.

The nicotinic acetylcholine receptor (AChR)1 is the
archetype of the Cys-loop ligand-gated ion channel super-
family found in the nervous system. This receptor super-
family includes types A and Cγ-aminobutyric acid, type 3

5-hydroxytryptamine (serotonin), and glycine receptors
(reviewed in refs1-4). This superfamily is important in
mediating synaptic transmission in the nervous system and
contributes to higher order brain mechanisms such as
memory, learning, perception, cognition, and emotion (re-
viewed in refs 3 and 5). The malfunctioning of these
receptors has been considered as the origin of several
neuropsychiatric disorders (reviewed in refs3 and5).

Agonist-induced activation of AChRs can be inhibited by
compounds referred to as noncompetitive antagonists (NCAs).
NCAs represent a structurally diverse group of compounds
that include exogenous (e.g., local and general anesthetics,
among others) as well as endogenous molecules (e.g.,
neurosteroids, substance P, among others) (reviewed in refs
6-8). The noncompetitive inhibition of the receptor function
likely occurs via several different mechanisms: (i) an open-
channel blocking mechanism (some NCAs may inhibit the
AChR by simply binding within the pore of the ion channel
when the receptor is in the open state, thereby physically
blocking ion permeation); (ii) several allosteric mecha-
nisms: (a) NCAs may inhibit receptor function by prefer-
entially binding to and stabilizing a nonconducting confor-
mational state of the AChR (e.g., resting or desensitized
states), and/or (b) these drugs may increase the AChR
desensitization rate and decrease the probability of channel
opening. These two latter mechanisms may be triggered by
NCA binding to sites that are located apart from the ion
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channel proper, the so-called nonluminal binding sites
(reviewed in ref6). Further, it is also likely that many NCAs
inhibit receptor function by utilizing more than one mech-
anism.

From the results of equilibrium binding experiments it was
observed that [3H]thienylcyclohexylpiperidine ([3H]TCP), a
structural and functional analogue of the hallucinogen and
general anesthetic phencyclidine (PCP) (see ref9), binds to
a single high-affinity locus in the resting as well as in the
desensitized AChR ion channel (10, 11). Figure 1 shows the
molecular structure of these two PCP analogues, as well as
for the fluorophor and NCA crystal violet (CrV). Many
attempts have been made to characterize the PCP locus using
different approaches but without much success (reviewed in
refs 6-8). In this regard, the use of fluorophores to
characterize the PCP locus by using fluorescence spectros-
copy is an alternative approach. Previous fluorescence studies
have shown that the NCA CrV binds to a PCP-sensitive locus
within the AChR with high affinity (12). However, there is
not clear-cut evidence for either the inhibitory mechanism
elicited by CrV on the AChR or the structural characteristics
of its binding site. Thus, we plan to characterize the CrV
binding site as well as to determine its inhibitory mechanism
on the AChR.

There are two objectives of this work. The first objective
is to characterize the CrV binding site in the resting and
desensitized state, and the second objective is to determine
the noncompetitive inhibitory mechanisms for the fluoro-
phore. Regarding our first objective, we studied the location
of CrV binding site by competitive binding experiments
between [3H]TCP and CrV in the resting and desensitized
state. To determine the mechanism of interaction of CrV with
the PCP binding site, Schild plot analyses as well as
thermodynamic experiments were carried out. To further
characterize the CrV locus in the resting state, Schild plot
analyses were performed using tetracaine and different
barbiturates (e.g., amobarbital and pentobarbital). In addition,
molecular modeling was performed to provide a graphical
illustration of putative binding sites. For our second objective,
we performed electrophysiological experiments using patch-
clamp techniques. Finally, we determined that CrV desen-
sitizes the AChR by studying the effect of CrV on the binding
of the fluorescent agonist dansyltrimethylamine (DTMA).

The characterization of the CrV binding site will help to
determine the structural and functional properties of the
AChR ion channel in different conformational states as well
as to determine the structure of the PCP locus. The
characterization of the PCP locus is of significant importance
because it is the target domain for a series of potentially
relevant compounds that includes antidepressants (13),
adamantane derivatives (10), and anabaseine analogues (14).
These compounds could be used therapeutically for the
treatment of depression, Parkinson’s disease, and Alzheimer’s
disease, respectively.

EXPERIMENTAL PROCEDURES

Materials. [Piperidyl-3,4-3H(N)]-(N-(1-(2-thienyl)cyclo-
hexyl)-3,4-piperidine) ([3H]TCP; 45.2 Ci/mmol) was ob-
tained from PerkinElmer Life Sciences, Inc. (Boston, MA)
and stored in ethanol at-20 °C. Carbamylcholine chloride
(CCh), acetylcholine chloride (ACh), suberylcholine dichlo-
ride, proadifen hydrochloride, amobarbital hydrochloride,
pentobarbital hydrochloride, phencyclidine hydrochloride
(PCP), tetracaine hydrochloride, and polyethylenimine were
purchased from Sigma Chemical Co. (St. Louis, MO).
Crystal violet hydrochloride (CrV) was obtained from
Aldrich Chemical Co., Inc. (Milwaukee, WI). [1-(Dimethyl-
amino)naphthalene-5-sulfonamido]ethyltrimethylammonium
perchlorate (dansyltrimethylamine; DTMA) was obtained
from Pierce Chemical Co. (Rockford, IL).R-Bungarotoxin
(R-BTx) was obtained from Molecular Probes (Eugene, OR).
Salts were of analytical grade.

Preparation of AChR NatiVe Membranes. AChR native
membranes were prepared from frozenTorpedo californica
electric organs (Aquatic Research Consultants, San Pedro,
CA) by differential and sucrose density gradient centrifuga-
tion, as described previously (15). Total AChR membrane
protein was determined using the BCA protein assay (Pierce
Chemical Co.). Specific activities of these membrane prepa-
rations were determined by the decrease in DTMA (6.6µM)
fluorescence produced by the titration of suberyldicholine
into receptor suspensions (0.3 mg/mL) in the presence of
100µM PCP. The activities ranged from 0.9 to 1.2 nmol of
suberyldicholine binding sites/mg of total protein (0.45-
0.60 nmol of AChR/mg of protein). The AChR membrane
preparations were stored at-80 °C in 12% sucrose.

Fluorescence Measurements. All fluorescence titrations
were carried out in 3-mm quartz cuvettes using a Flurolog-3
spectroflourimeter (Horiba-Jobin-Yvon, Edison, NJ). Crystal
violet excitation and emission wavelengths were 600 and
645 nm, respectively. To reduce stray-light effects, a 600-
nm narrow band and a 630-nm cutoff filter were placed in
the path of excitation and emission beams, respectively.
Dansyltrimethylamine excitation and emission wavelengths
were 295 and 546 nm, respectively. To reduce stray-light
effects, a 530-nm cutoff filter was placed in the path of the
emission wavelength.

Crystal Violet Binding Affinity in Different Conformational
States of the AChR. To determine the binding affinity of CrV
in the resting and desensitized state, direct titrations of CrV
into AChR membranes (0.3µM) were performed at room
temperature (RT). The membranes were suspended in binding
saline (BS) buffer (50 mM Tris-HCl, 120 mM NaCl, 5 mM
KCl, 2 mM CaCl2, 1 mM MgCl2, pH 7.4), in the absence

FIGURE 1: Molecular structure for the NCAs phencyclidine (PCP),
its structural and functional analogue thienylcyclohexylpiperidine
(TCP), and the fluorescent probe crystal violet (CrV).

Noncompetitive Antagonist of the Nicotinic AChR Biochemistry, Vol. 45, No. 7, 20062015



(resting state) or in the presence of 1 mM carbamylcholine
(CCh) (desensitized state). Nonspecific binding was obtained
in the presence of 100µM PCP. Estimates of theKd values
for CrV were made by fitting the plots of the PCP-sensitive
changes in CrV fluorescence versus free CrV concentration
to a four parameter logistic equation (sigmoid) by means of
the Prism program (GraphPAD Software, San Diego, CA)
using the following equation.

where B is the specifically bound ligand,Bmax is the
maximum binding at equilibrium, [L] is the free ligand
concentration,Kd is the equilibrium dissociation constant,
andnH is the Hill coefficient. Free CrV concentration was
calculated using the Marquardt algorithm (16).

To study the thermodynamic parameters of CrV binding,
the CrV Kd was determined at different temperatures (e.g.,
5, 15, 25, and 37°C) when the receptor is in either the resting
or the desensitized state.

Crystal Violet-Induced [3H]TCP Binding Inhibition.To
determine the effect of CrV on [3H]TCP maximal binding
to theTorpedoAChR, AChR native membranes (0.3µM)
were suspended in BS buffer, with∼7 nM [3H]TCP, in the
presence of 1 mM CCh (desensitized) or 1µM R-BTx
(resting) and preincubated for 30 min at RT.R-Bungarotoxin
is a competitive antagonist that maintains the AChR in the
resting state (17). Nonspecific binding was determined in
the presence of 100µM PCP (desensitized) or 200µM
tetracaine (resting). The total volume was divided into
aliquots, increasing concentrations of CrV (1 nM to 200µM)
were added to each tube, and the mixtures were incubated
for 2 h at RT.AChR-bound [3H]TCP was then separated
from free ligand by a filtration assay using a 48-sample
harvester system (Brandel Inc., Gaithersburg, MD) with
GF/B Whatman filters (obtained from Brandel), previously
soaked with 0.5% polyethylenimine for 30 min. The mem-
brane-containing filters were transferred to scintillation vials
containing 3 mL of Bio-Safe II (Research Product Interna-
tional Corp, Mount Prospect, IL), and the radioactivity was
determined using a Beckman LS 6000IC scintillation counter
(Beckman Coulter, Inc., Fullerton, CA). For the competition
binding experiments described above, the concentration-
response data were curve-fitted by nonlinear least-squares
analysis using the Prism program (GraphPAD Software, San
Diego, CA). The corresponding IC50 values were calculated
using the following equation:

whereθ is the fractional amount of [3H]TCP bound in the
presence of inhibitor at a concentration [L] compared to the
amount of [3H]TCP bound in the absence of inhibitor (total
binding). IC50 is the ligand concentration at whichθ ) 0.5
(50% bound).

Taking into account that the AChR presents one binding
site for TCP in the desensitized (9) or in the resting state
(10), the observed IC50 values from the competition experi-
ments were transformed into inhibition constant (Ki) values
using the Cheng-Prusoff relationship (18):

where [TCP] is the initial concentration of [3H]TCP and
Kd

TCP is the dissociation constant for [3H]TCP [0.83µM in
the resting state (10) and 0.25µM in the desensitized state
(9)].

Schild Plot Analyses. To determine whether CrV inhibits
[3H]TCP binding to the AChR by a steric or an allosteric
mechanism, CrV-induced inhibition of [3H]TCP was mea-
sured at increasing initial concentrations of [3H]TCP +
unlabeled PCP (e.g., 3.1, 6.2, and 9.3µM). We used
unlabeled PCP instead of unlabeled TCP on these experi-
ments because TCP is not commercially available and
because [3H]PCP has the same affinity (0.30( 0.10 µM)
for the TorpedoAChR as that for [3H]TCP (0.25( 0.04
µM) (9). The rationale of this experiment is that, for a higher
initial concentration of an AChR-bound ligand, we will need
a higher concentration of the competitor to produce a total
ligand binding inhibition. This rationale is consistent with
Schild-type analysis (19). From these competition curves,
the apparent IC50 values were calculated. Then, we plotted
the ratio between the IC50 values for CrV determined at
different initial concentrations of PCP under the IC50 control
values (no PCP added) versus the initial PCP concentration
(IC50

PCP/IC50
control versus [PCP]initial) (for more details see ref

11). A linear relationship from this modified Schild plot
indicates a competitive interaction, whereas a nonlinear
relationship suggests an allosteric mechanism of inhibition
(11, 19).

Schild Plot Analyses of Barbiturate- or Tetracaine-Induced
Inhibition of Crystal Violet Binding to the Resting AChR.
The apparentKd for CrV in the presence of different
concentrations of tetracaine or different barbiturates was
measured. In this regard, AChR membranes were suspended
in BS buffer and preincubated with different initial concen-
trations of tetracaine (e.g., 0.5, 0.7, 1, or 2µM), amobarbital
(e.g., 5, 10, or 20µM), or pentobarbital (e.g., 0.2, 0.5, 0.8,
or 1.5 mM), in the absence of CCh (resting). To obtain the
nonspecific binding, 200µM tetracaine or alternatively 100
µM PCP was used. To determine whether CrV inhibits
tetracaine or amobarbital binding to the AChR by a steric
or allosteric mechanism, Schild plot analyses were performed
according to the equation (19):

whereKd and Kd
competitor are the apparent dissociation con-

stants of CrV in the absence or in the presence of a cer-
tain concentration of the competitor (e.g., tetracaine or
amobarbital), and pA2 is the negative logarithm of the
competitor concentration that reduces the apparent affinity
of CrV by a factor of 2 (for more details see ref20). When
Kd

competitor ) Kd then, log[(Kd
competitor/Kd) - 1] ) 0, and

log(pA2) ) -log Ki. In this regard, theKi value can be
graphically calculated as the antilog of thex-intercept (when
y ) 0) from the log[(Kd

competitor/Kd) - 1] versus log[com-
petitor] plot. To determine whether a steric or an allosteric
mechanism elicits the observed displacement, the slope of
the Schild plot was also considered. A slope of one or near
unity is indicative of a steric mechanism, whereas a slope
value far from unity (e.g.,<0.5 or>2) suggests an allosteric-
type of inhibition (19, 20).

Since pentobarbital preincubation increased PCP-sensitive
CrV fluorescence in the resting but activatable state (no

log[(Kd
competitor/Kd) - 1] ) log(pA2) - log Ki (4)

B ) (Bmax[L] nH)/([L] nH + Kd
nH) (1)

θ ) 1/[(l + ([L] nH/IC50)] (2)

Ki ) IC50/{1 + ([TCP]/Kd
TCP)} (3)
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R-BTx), we wanted to determine the mechanism underlying
this CrV binding enhancement. In this regard, AChR
membranes (0.3µM) were preincubated with 1.5 mM
pentobarbital in the absence (resting but activatable) or in
the presence of 1µM R-BTx (resting).

Crystal Violet-Induced AChR Desensitization. To deter-
mine whether CrV induces receptor desensitization, AChR
native membranes were suspended in BS buffer in the
presence of the fluorescent agonist DTMA (∼6 µM) and
incubated for 10 min at RT in the resting but activatable
state (no ligands). Then, CrV was titrated and the DTMA
fluorescence was monitored as explained in the previous
section (see Fluorescence Measurements). The nonspecific
binding was determined in the presence of 1 mM CCh.
Additionally, CrV titration in the resting state was compared
with that for proadifen. Proadifen is a local anesthetic that
desensitizes the AChR (21). A control experiment was also
carried out between CrV and DTMA specific fluorescence
in the desensitized AChR. To this end, AChR membranes
were preincubated with 200µM proadifen. We expected that
CrV would not increase DTMA fluorescence when the AChR
was already in the desensitized state. Corrections for CrV
absorption at excitation and emission wavelengths of DTMA
were performed according to the equation (22):

whereFcorr andFapp are the corrected and apparent fluores-
cence intensities of DTMA, [C] is the concentrations of CrV
used in the fluorescence experiments, [Cex] and [Cem] are
the CrV concentrations used to determine absorption at the
excitation (Aex) and emission (Aem) wavelengths, respectively,
and Lex and Lem, are the path lengths of the cuvette along
the excitation and emission axes, respectively.

Cell Expression of Mouse Muscle AChR.HEK293 (Human
embryonic kidney) cells were transfected with mouseR, â,
δ, andε cDNA subunits using calcium phosphate precipita-
tion at a subunit ratio of 2:1:1:1 forR:â:δ:ε, respectively,
essentially as previously described (23). Cells were used for
single-channel measurements 1 or 2 days after transfection.

Patch-Clamp Recordings.Macroscopic currents were
recorded in the outside-out patch configuration (24). The
pipet solution contained 140 mM KCl, 5 mM EGTA, 5 mM
MgCl2, and 10 mM HEPES, pH 7.3. Extracellular solution
contained 150 mM NaCl, 5.6 mM KCl, 1.8 mM CaCl2, 5
mM MgCl2, and 10 mM HEPES, pH 7.3. The patch was
excised in this configuration and moved into position at the
outflow of a perfusion system (25, 26). The perfusion system
allows for a rapid (0.1-1 ms) exchange of the solution
bathing the patch. A series of applications of 300µM ACh
(200 ms) was first applied to the patch. We then recorded
the responses following different protocols: (+/-) proto-
col: the patch was exposed 2 min to bath solution containing
a specified concentration of CrV and then a 200 ms pulse
of 300 µM ACh was applied; (+/+) protocol: 2-min
exposure to bath solution containing a specified concentration
of CrV followed by a 200 ms pulse of bath solution
containing ACh plus the same concentration of CrV; (-/+)
protocol: 200 ms pulse of bath solution containing 300µM
ACh plus CrV without preincubation. After the different
application protocols drug-free solutions were applied again

to assess loss of channel activity. In some experiments, the
preincubation time with CrV varied between 0 and 12 min
and currents corresponding to the different preincubation
times were recorded from the same patch.

Macroscopic currents were filtered at 5 kHz, digitized at
20 kHz, and stored on the hard disk. Data analysis was
performed using the IgorPro software (WaveMetrics Inc.,
Lake Oswego, OR). The ensemble mean current was
calculated for 10 individual current traces. Mean currents
were fitted by a single-exponential function:

where Io and I∞ are the peak and the steady state current
values, respectively andτd is the decay time constant that
measures the current decay due to desensitization. Current
records were aligned with each other at the point where the
current had risen to 50% of its maximum level. Peak currents
corresponded to the values obtained by extrapolation of the
decay currents to this point. Fractional inhibition of peak
current was calculated as the ratio of the current in the
presence of CrV (ICrV) to the current in the absence of the
drug (Icont). This ratio was plotted as a function of CrV
concentration and the curve was fitted to the Hill equation:

where [CrV] is the concentration of CrV, and IC50 is the
concentration of CrV that produces 50% inhibition of ACh-
activated AChR currents.

Single-channel currents were recorded in the cell-attached
patch configuration essentially as described before (23, 24).
The bath and pipet solutions contained 142 mM KCl, 5.4
mM NaCl, 1.8 mM CaCl2, 1.7 mM MgCl2, and 10 mM
HEPES, pH 7.4. Single channel currents were recorded using
an Axopatch 200 B patch-clamp amplifier (Axon Instru-
ments, Inc., CA), digitized at 5µs intervals with the PCI-
6111E interface (National Instruments, Austin, TX), recorded
to the computer hard disk using the Acquire program
(Bruxton Corporation, Seattle, WA), and detected by the half-
amplitude threshold criterion using the TAC 4.0.10 program
(Bruxton Corporation, Seattle, WA) at a final bandwidth of
10 kHz. Open- and closed-time histograms were plotted using
a logarithmic abscissa and a square root ordinate and fitted
to the sum of exponential functions by maximum likelihood
using the TACFit program (Bruxton Corporation, Seattle,
WA). Clusters of openings corresponding to a single channel
were identified as a series of closely spaced events preceded
and followed by closed intervals greater than a specified
duration (τcrit). This duration was taken as the point of
intersection of the predominant closed component and the
succeeding one in the closed time histogram. For 100µM
ACh, this duration was about 2 ms. Cluster duration
histograms were constructed setting the burst resolution time
to that corresponding toτcrit (13).

Molecular Modeling of the Resting Ion Channel.The full
PDB file for the resting state ofTorpedoAChR (PDB id
2BG9) (27) was edited to produce the five M2R-helices
that line the pore of the ion channel from position 0′ (e.g.,
after the threonine ring) to position 20′ (e.g., the outer or
extracellular ring): Lys242-Glu262 from both R1 subunits,
Lys248-Asp268 from theâ1 subunit, Lys256-Gln276 from theδ

Fcor) Fapp/{10-Aex (Lex/2)[C]/[Cex] × 10-Aem(Lem/2)[C]/[Cem]}
(5)

I(t) ) Io
(-t/τd) + I∞ (6)

ICrV/Icont ) IC50
nH/(IC50

nH + [CrV]nH) (7)
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subunit, and Lys250-Gln270 from theγ subunit. This structure
was displayed in the Biopolymer module of Insight 2005
(Accelrys, San Diego, CA) and CrV was built in the same
module. CrV was positioned in the center of the pore at the
level of the 20′ residues, and the two structures were placed
in the center of a 60× 60 × 60 Å periodic box which was
then filled with 6,580 water molecules. The backbone atoms
of the pore structure were restrained to their original position
with a harmonic force constant of 100 kcal/Å2, and the whole
assembly was optimized to a gradient of 0.1 kcal/Å using
the Discover module of Insight 2005 with the Consistent
Valence Force Field (CVFF). Then the assembly was relaxed
with 25 000 steps of molecular dynamics in the constant
number of atoms, volume, and temperature (NVT ensemble)
at 400 K and a time step of 1 fs using the same backbone
restraints. The entire simulation was repeated with different
starting positions of CrV. First, the CrV was moved to the
middle of the ion pore (close to position 10′) along the central
axis and the simulation was repeated as above. Second, The
CrV at position 10′ was rotated 90° and the simulation was
repeated as above. Finally, the additional assemblies were
reoptimized with the same parameters as above.

RESULTS

Temperature Effect on Crystal Violet Binding. To study
the thermodynamic parameters for the AChR-CrV interac-
tions, we first determined the specific CrV fluorescence by
direct titrations. In this regard, Figure 2 shows the hyperbolic
plots for the total (no competitor added), nonspecific (in the
presence of 100µM PCP), and specific (total- nonspecific)
CrV fluorescence in the desensitized (Figure 2A) and in the
resting (Figure 2B) state. Subsequently, the PCP-sensitive
CrV fluorescence was replotted as a sigmoid curve according

to eq 1. Figure 2C shows the respective sigmoid curves for
the resting and desensitized state. Then, the respectiveKd

values for CrV in different conformational states were
calculated using eqs 2 and 3. The observedKd values were
270 ( 12 nM in the resting state and 80( 4 nM in the
desensitized state (Table 1). A slightly higher value for the
resting state (IC50 ) 0.8( 0.2µM) was obtained using patch-
clamp recordings (Figure 8). This indicates that CrV has
higher affinity for the desensitized state than that for the
resting state. In addition, the observednH values were 1.27
( 0.20 for the desensitized state and 1.32( 0.12 for the
resting state (Table 1). A similarnH value (1.3( 0.2) was
obtained for the resting state using patch-clamp recordings
(Figure 8). AnH value close to one indicates a noncooperative
interaction. This suggests that CrV interacts with only one
high-affinity binding site on each conformational state in
muscle-type AChRs. Our binding affinity and site stoichi-
ometry results were similar to those obtained by Lurtz and
Pedersen (12).

CrV interacts with glass and plastic surfaces, precluding
the determination of the free concentration. Thus, Lurtz and
Pedersen (12) used a centrifugation protocol to separate the
free from the bound CrV. In contrast to that, we directly
titrated CrV into AChR membrane suspensions and deter-
mined the specific CrV fluorescence by subtracting the
nonspecific fluorescence from the total fluorescence as shown
in Figures 2A,B. Although the calculatedKd values for CrV
using this protocol were slightly higher than that obtained
by Lurtz and Pedersen (12), we could distinguish the affinity
difference between the resting and the desensitized states
(Table 1). Since our method does not need any centrifugation
procedure, it is less laborious and time-consuming than the
method of Lurtz and Pedersen.

To thermodynamically characterize the CrV binding site,
the temperature effect on CrV affinity was studied at 5, 15,
25, and 37°C. Figure 2D shows the calculated CrVKd at
different temperatures, in either the resting or desensitized
state. The data indicate that there is no significant effect
produced by temperature changes on CrV affinity. Thus, it
was impossible to obtain the thermodynamic parameters, and
consequently the thermodynamic characterization of the
CrV-AChR interactions could not be achieved. Neverthe-
less, this temperature-independent behavior is in agreement
with previous work showing that the PCP rate constants were
temperature independent as well (28) (reviewed in ref29).
The fact that both CrV and PCP present similar thermody-
namic properties is another piece of evidence suggesting that
these ligands bind to overlapping sites.

FIGURE 2: Crystal violet binding to AChRs in different confor-
mational states. (A, B) Hyperbolic curves are shown for the total
[in the absence of any competitor; (O)], nonspecific [in the presence
of the specific competitor; (0)], and specific [total- nonspecific;
(9)] CrV fluorescence. CrV was directly titrated intoTorpedo
AChR-containing membranes (0.3µM) in the presence of 1 mM
CCh (desensitized) (A) or in the absence of CCh (resting) (B).
Nonspecific binding was determined in the presence of 100µM
PCP (desensitized) or 200µM tetracaine (resting). Each plot is the
average of an experiment in duplicate. (C) PCP-sensitive CrV
fluorescence in the resting (9) and desensitized state (0). Estimates
of theKd andnH values for CrV were determined according to eq
1, and reported in Table 1. (D) Temperature effect on CrV binding
to the AChR in the resting (0) and desensitized state (O). The CrV
Kd was determined at 5, 15, 25, and 37°C, respectively. Shown is
the mean( SD from three separate experiments.

Table 1: Binding Affinity of Crystal Violet, Tetracaine, and
Amobarbital for AChRs in Different Conformational States

ligand
conformational

state Kd
a or Ki

b slope

taken
from
figure

CrV desensitized 80( 4 nMa 1.27( 0.20c 2A
CrV resting 270( 12 nMa 1.32( 0.12c 2A
tetracaine resting 1.9( 0.5µMb 1.17( 0.62d 4B
amobarbital resting 28( 20 µMb 0.90( 0.50d 5B

c These slopes correspond to thenH values.d These values are the
slopes obtained from the respective Schild plots. A slope of one or
near unity would indicate a steric mechanism, whereas a slope value
far from unity (e.g.,<0.5 or >2) would suggest an allosteric-type of
inhibition.
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Schild Plot Analyses for Crystal Violet Binding to the PCP
Site. To localize the CrV binding site, we determined the
CrV-induced inhibition of [3H]TCP binding in the resting
and desensitized state. CrV completely eliminated specific
[3H]TCP binding in a concentration-dependent fashion in
either the desensitized (Figure 3A) or the resting state (Figure
3C). The calculatednH values are not close enough to unity
(0.78 ( 0.06 and 1.40( 0.09, respectively) to assert that
CrV inhibits [3H]TCP binding in a noncooperative manner.
Thus, we cannot rule out that this competition is produced
by a potent allosteric mechanism. In this regard, we
determined whether CrV inhibits [3H]TCP binding in a steric
or allosteric manner by Schild-type analyses. Figure 3A,C
shows the CrV-induced inhibition of [3H]TCP binding at
different initial concentrations of PCP, in the desensitized
and resting state, respectively. At increased initial PCP
concentrations, the plots were shifted to the right. This
indicates that at increased PCP concentrations, higher CrV
amounts are required to inhibit the binding of [3H]TCP +
PCP (see Figure 3A,C). Using the apparent IC50 values (at
increased initial PCP concentrations) obtained from these
figures, we constructed the respective modified Schild plots
for the desensitized (see Figure 3B) and resting AChR (see
Figure 3D). These modified Schild plots show a linear
relationship with goodness-of-fit values (r2) of 0.93 (Figure
3B) and 0.91 (Figure 3D), suggesting that CrV inhibits
[3H]TCP binding by a steric mechanism. Thus, we infer that
the CrV binding site overlaps the PCP locus in the
desensitized state as well as in the resting state.

Schild Plot Analyses in the Resting State. Our previous
results have shown that the tetracaine binding site bridges
both the PCP and the barbiturate sites in the resting state
(10, 11, 30) (reviewed in refs7 and 8). In addition, the
molecular volume for CrV (461 Å3) is larger than that for
PCP (311 Å3) (10). Thus, it is possible that the CrV molecule
may extend deeper in the resting ion channel to reach the

barbiturate locus as well. In this regard, we studied the
interaction of CrV with either the tetracaine or the barbiturate
binding site by determining the apparentKd of CrV in the
presence of different concentrations of tetracaine or barbi-
turates (e.g., amobarbital and pentobarbital). Figures 4A and
5A display the effect of increasing concentrations of tetra-
caine or amobarbital, respectively, on CrV binding. In Figure
4A, it can be seen that at increased tetracaine concentrations
plots shifted to the right, yielding increased apparentKd

values for CrV. The observed apparentKd’s were replotted
according to the Schild equation (eq 4). The Schild plot
(Figure 4B) shows a linear relationship with a slope of 1.17
( 0.62 (Table 1). Although the slope is close to unity,
suggesting that tetracaine interacts with the CrV binding site
in a steric manner, the standard deviation value does not
allow us to rule out a potent allosteric mechanism. The
calculatedKi value for tetracaine was 1.9( 0.5µM (Figure
4B; Table 1). This value is in the same range as that obtained
by tetracaine-induced inhibition of [3H]TCP binding experi-
ments (11). Taking into account these results, the previous
Schild plot analysis for CrV-induced inhibition of [3H]TCP
in the resting state (Figure 3D), and the information that PCP
partially overlaps the tetracaine domain (10, 11) (reviewed
in refs 7 and 8), we suggest that CrV binds the tetracaine
domain by overlapping the PCP locus.

We further studied the change in the apparentKd for CrV
at increasing initial concentrations of amobarbital. In Figure
5A, it can be seen that the plots shifted to the right at
augmented amobarbital concentrations, yielding increased
apparentKd values for CrV. Schild plot results (see Figure
5B) show a linear correlation with a slope of 0.90( 0.50
µM and a Ki of 28 ( 20 µM for amobarbital (Table 1).

FIGURE 3: Crystal violet-induced inhibition of [3H]TCP binding
to desensitized (A) and resting (C) AChRs. AChR-rich membranes
(0.3 µM) were equilibrated with∼7 nM [3H]TCP, in the presence
of 1 mM CCh (desensitized) or 1µM R-BTx (resting), at initial
PCP concentrations of 0 [control (9)], 3.1 (4), 6.2 (O), and 9.3
µM ()). Nonspecific binding was obtained in the presence of 100
µM PCP (desensitized) or 200µM tetracaine (resting). Each plot
is the average of two different experiments. The apparent IC50 values
were calculated by nonlinear least-squares fit according to eq 2.
(B, D) Modified Schild plots for CrV-induced inhibition of [3H]TCP
binding in the desensitized (B) and resting state (D), respectively.
Both plots show a linear relationship withr2 values of 0.93 and
0.91, respectively, suggesting that CrV inhibits [3H]TCP binding
by a steric mechanism in both states.

FIGURE 4: Effect of tetracaine on CrV binding to the restingAChR.
(A) Specific CrV fluorescence in the presence of different
concentrations of tetracaine. CrV was directly titrated intoTorpedo
AChRs (0.3µM) in the resting state (no CCh), in the presence of
different concentrations of tetracaine: 0 [control (9)], 0.5 (0), 0.7
(O), 1 ()), and 2µM (4). Nonspecific binding was obtained in the
presence of 200µM tetracaine or alternatively 100µM PCP. The
apparent IC50 values were calculated by nonlinear least-squares fit
according to eq 2. The apparentKi values were calculated using eq
3. (B) Schild plot for tetracaine-induced inhibition of CrV binding
to resting AChRs was determined according to eq 4. Shown is the
mean( SD from at least three separate experiments. A linear
relationship with a slope of 1.17( 0.62 was observed. TheKi value
for tetracaine was graphically calculated as the antilog of the
x-intercept (wheny ) 0), and summarized in Table 1.
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Although the slope was close to unity, the obtainedKi value
was higher when compared to theKd (3.7 ( 0.7 µM)
obtained by [14C]amobarbital equilibrium binding to the
resting AChR (30). However, given the error estimate, we
cannot conclude that the calculatedKi value is significantly
different from the [14C]amobarbitalKd.

We also studied the effect of a barbiturate analogue that
binds with low affinity to the AChR in the resting state (30).
Thus, we determined the effect of increasing concentrations
of pentobarbital in the millimolar range on CrV binding.
Figure 6A shows the change in PCP-sensitive CrV fluores-
cence at increasing concentrations of pentobarbital. For
comparative purposes, the CrV-specific fluorescence in the
resting and desensitized state, in the absence of pentobarbital,
were also included. As the pentobarbital concentration was
increased, the AChR-bound CrV fluorescence was aug-
mented, reaching levels comparable to those obtained in the
desensitized state. Figure 6B shows the respectiveKd values
calculated from Figure 6A according to eqs 2 and 3, as well
as additionalKd values obtained at different concentrations
of pentobarbital. This plot shows an interesting correlation:
lower CrV Kd values are obtained at increased pentobarbital
concentrations. This could be due to two possible mecha-
nisms: (i) high concentrations of pentobarbital induced
AChR desensitization and subsequently the CrV specific
fluorescence is increased, and/or (ii) the barbiturate induced
local conformational changes in the proper CrV binding site,
increasing the affinity of the fluorophor. To distinguish
between these two possible mechanisms, we determined the
specific florescence of CrV in the presence of 1.5 mM
pentobarbital. We measured fluorescence when the AChR
was in the resting but activatable state (noR-BTx) or when

it was arrested in the resting state (in the presence ofR-BTx)
(17). Our results (data not shown) indicate that the maximal
specific florescence of CrV in the presence of both pento-
barbital andR-BTx was lower than that in the absence of
R-BTx. These data support the idea that pentobarbital induced
AChR desensitization, enhancing concomitantly the CrV
affinity for the AChR. If the other mechanism had taken
place, we should have observed an increase of CrV affinity,
even in the presence ofR-BTx. Thus, we can rule out the
possibility that barbiturates at high concentrations induce
local conformational changes in the proper CrV binding site
but confirm that the CrV affinity is enhanced by a pento-
barbital-induced AChR desensitization process. High pen-
tobarbital concentrations may induce AChR desensitization
by binding to low-affinity sites at the lipid-protein interface
(30). These results support the proposal that barbiturates
modulate CrV binding in an allosteric fashion. This modula-
tory process is inconsistent with barbiturates inhibiting CrV
binding by a steric mechanism.

Crystal Violet-Induced AChR Desensitization. To deter-
mine if CrV induced AChR desensitization, we studied the
effect of CrV on the binding of the fluorescent agonist
DTMA. Figure 7 shows that CrV in the low concentration
range enhanced the DTMA specific fluorescence by∼70%.
Previous experiments using [3H]ACh as the agonist probe
showed that CrV increased the agonist affinity by∼10-fold
(12). The difference in the extent of binding increase might
be due to the type of agonist used since the susceptibility to
affinity changes for the fluorescent agonist (e.g., DMTA)

FIGURE 5: Effect of amobarbital on CrV binding to the
restingAChR. (A) Specific CrV fluorescence in the presence of
different concentrations of amobarbital. CrV was directly titrated
into TorpedoAChRs (0.3µM) in the resting state (no CCh), in the
presence of different concentrations of amobarbital: 0 [control (9)],
5 (O), 10 (0), and 20µM ()). Nonspecific binding was obtained
in the presence of 200µM tetracaine. The apparent IC50 values
were calculated by nonlinear least-squares fit according to eq 2.
The apparentKi values were calculated using eq 3. (B) Schild plot
for amobarbital-induced inhibition of CrV binding to resting AChRs
was determined according to eq 4. Shown is the mean( SD from
at least three separate experiments. A linear relationship with a slope
of 0.90 ( 0.50 was observed. TheKi value was graphically
calculated as the antilog of thex-intercept (wheny ) 0), and
summarized in Table 1.

FIGURE 6: Pentobarbital-induced modulation of CrV binding to the
resting AChR. (A) Specific CrV fluorescence in the presence of
different concentrations of pentobarbital. CrV was directly titrated
into TorpedoAChRs (0.3µM) in the resting state (no CCh), and
in the presence of different concentrations of pentobarbital: 0.2
(4), 0.5 (O), 0.8 (1), and 1.5 mM (b). Nonspecific binding was
obtained in the presence of 200µM tetracaine. For comparative
purposes, the PCP-sensitive CrV fluorescence, in the absence of
pentobarbital, in the resting (0) and desensitized state (9) were
also included. Shown is the average from experiments performed
in duplicate. (B) ApparentKd’s for CrV at different concentrations
of pentobarbital in the resting state (9). The CrV Kd in the
desensitized state (0) (without pentobarbital) is included only for
comparative purposes. The apparentKd values from Figure 6A as
well as from additional experiments were calculated using eq 1.
Shown is the mean( SD from at least three separate experiments.
The following relationship was observed: CrVKd values decrease
at higher pentobarbital concentrations, suggesting a pentobarbital-
induced AChR desensitization process.
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could be distinct to that for the radiolabeled agonist (e.g.,
[3H]ACh). The fact that proadifen enhanced DTMA specific
fluorescence by∼50% (Figure 7) supports this possibility.
The calculated CrV concentration required to produce 50%
AChR desensitization (EC50

RfD) is in the nanomolar con-
centration range (Table 2). This is in accord with the fact
that CrV binds with high affinity (Figure 2B) (also see ref
12). It also indicates that the fluorophor is a potent
desensitizing agent. At higher concentrations, however, CrV
inhibits DTMA binding to the AChR agonist sites in the
submicromolar concentration range (0.76( 0.08µM; Table
2), probably by a steric mechanism. This result is also
consistent with the data from Lurtz and Pedersen (12).

As a control experiment, we observed the effect of CrV
on DTMA specific fluorescence in the already desensitized
AChR (in the presence of 200µM proadifen). As was
expected, CrV did not produce any additional increase in
DTMA fluorescence (see Figure 7). Nevertheless, a slight
decrease in the specific DTMA fluorescence was observed
at all CrV concentration ranges.

For the sake of comparison, Figure 7 shows that proadifen
at low concentrations also enhanced DTMA specific fluo-
rescence. This is in accord with previous results indicating
that this local anesthetic desensitizes the AChR (21).
Interestingly, proadifen produced desensitization at a con-
centration range∼370 times higher than that for CrV (Table
2). At higher concentrations, however, proadifen inhibited
DTMA binding to the agonist sites. The observed high IC50

value (>600µM; Table 2) indicated that, in fact, proadifen
binds with very low affinity to the AChR agonist sites,
according with the definition of NCAs (reviewed in refs6
and29). These results are consistent with previous experi-
ments using [3H]ACh as the agonist probe (12).

Effects of Crystal Violet on Macroscopic and Single-
Channel Currents.To determine the mechanism of ion
channel inhibition by CrV, we studied the effect of the drug
on macroscopic currents recorded from outside-out patches

rapidly perfused with 300µM acetylcholine (ACh). We first
evaluated how the macroscopic currents were modified by
2 min preincubation with CrV followed by application of
ACh containing CrV [(+/+) protocol, see Experimental
Procedures]. In all these experiments, the control current was
recorded before and after each application protocol. As
shown in Figure 8A, CrV decreased the peak current as a
function of the CrV concentration. Recovery of the initial
control current after CrV application was higher than 90%
for all concentrations (Figure 8A), indicating a reversible
effect of CrV on AChR. The decay time constant (τd) was
not affected by the presence of 0.5-5.0 µM CrV. For
instance,τd was 16.8( 5.0 ms for control currents and 15.2
( 4.0 ms for 5.0µM CrV. From the relationship between
the decrease in peak current and drug concentration, an IC50

value of 0.8( 0.2µM (nH ) 1.3( 0.2) was obtained (Figure
8B). The main conclusion from these experiments is that
CrV decreases peak currents without affecting rapid de-
sensitization from the open state.

We also evaluated how the macroscopic current was
modified by the different application protocols. To this end,
patches were exposed to 1µM CrV before ((), during
(-/+), or before and during the activation by ACh (+/+)
(see Experimental Procedures). Figure 9A shows ensemble
currents for the different application protocols. The fact that
the current was not affected in the-/+ protocol and that
the changes were similar in the+/- and in the+/+ protocol
indicated that preincubation with the drug was necessary and
sufficient for the inhibition of the peak current. In this regard,
the observed IC50 value for CrV would correspond to the
inhibition of the ion channel opening by previously acting
on the resting state. To determine the effect of the time of

FIGURE 7: CrV-induced modulation of the binding of the fluorescent
agonist DTMA. CrV was directly titrated intoTorpedo AChR
membranes (0.3µM), in the presence of 6µM DTMA, in the resting
but activatable [in the absence ofR-BTx; (9)] or in the desensitized
state [in the presence of 200µM proadifen; (O)]. The effect of the
local anesthetic proadifen on DTMA binding is also included as a
control (0). Shown is the mean( SD of experiments performed
in triplicate. The apparent ED50

RfD and IC50 values as well as the
respectivenH’s were calculated by nonlinear least-squares fit
according to eq 2, and summarized in Table 2.

Table 2: Modulatory Effect of Crystal Violet and Proadifen on the
Binding of the Fluorescent Agonist Dansyltrimethylamine (DTMA)a

ligand EC50
RfD, nM IC50, µM

CrV 1.4( 0.9 0.76( 0.08
proadifen 530( 280 640( 180

a Data were obtained from Figure 7.

FIGURE 8: Effects of CrV on macroscopic currents activated by
300µM ACh. (A) Ensembled mean currents obtained in the absence
and continuous presence of 0.5, 1.0, 5.0, and 10.0µM CrV [(+/+)
protocol]. The time of preincubation with CrV was 2 min. To
illustrate recovery after CrV application, the recovery current after
a 10µM CrV application is shown. (B) Inhibition of peak currents
as a function of CrV concentration. Peak currents in the presence
of CrV are normalized to control currents. Each point represents
the mean( SD of at least three measurements. Data are fit to the
Hill equation (eq 7) and the fitting parameters were IC50 ) 0.8 (
0.2 µM and nH ) 1.3 ( 0.2.
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preincubation on the decrease of the peak current, we
recorded every 2 min currents from the same patch pre-
incubated with CrV from 0 to 12 min (+/- protocol). In
our system, the complete exchange of the bath solution with
that containing CrV was achieved after 30-50 s. No
differences in the decrease of the peak currents were observed
between 2 and 12 min of preincubation. The observedICrV/
Icont values were 0.58( 0.07 (2 min), 0.50( 0.09 (4 min),
0.53( 0.04 (8 min), and 0.51( 0.08 (12 min). These results
confirmed that the maximal effect was achieved in less than
2 min of exposure to CrV.

Since CrV also competes for theTorpedoAChR agonist
binding sites (12) (see also Figure 7), we investigated if the
reduction in peak current was due to the competitive action
of CrV. To this end, we activated AChR with a solution
containing 100µM ACh and high concentrations of CrV
[protocol (-/+)]. The peak current did not decrease in the
presence of 1µM CrV but slightly decreased to 0.92 and
0.90 in the presence of 10 and 100µM CrV, respectively.
Thus, our result indicated that a competitive antagonism was
not responsible for the reduction in the peak current at
concentrations of CrV lower than 100µM. Nevertheless, at
higher concentrations, CrV seemed to act as a competitive
antagonist. CrV started to act as a competitive antagonist at
different concentration ranges between these results in mouse
muscle (Figure 9A) and those inTorpedoAChRs (Figure 7;
Table 2). These differences could be related to the different
receptor subtype. An alternative explanation could be due
to different relationships between binding affinity and
efficacy to inhibit the current.

To further explore the inhibitory mechanism elicited by
CrV on the AChR, we recorded single channel currents
activated by 100µM ACh in the absence and in the presence
of 5 µM CrV (Figure 9B). At this ACh concentration,
activation takes place in clear clusters. Each activation period
(cluster) begins with the transition of a single receptor from

the desensitized to the activatable state and terminates by
returning to the desensitized state (13, 26). In the absence
of CrV, the duration of the main open and closed components
within clusters is 0.97( 0.06 ms and 0.29( 0.05 ms,
respectively. The mean cluster duration is 38( 15 ms, and
the probability of channel opening (Popen) within a cluster is
0.75( 0.05 (n ) 3). In the presence of 100µM ACh and 5
µM CrV, very low channel activity is observed. However,
activation occurs also in clusters. No changes are observed
in the cluster properties with respect to the control. The mean
open, mean closed, mean cluster duration, andPopen values
are 0.98( 0.15 ms, 0.21( 0.05 ms, 42( 13 ms, and 0.77
( 0.06, respectively (n ) 3). This result shows that CrV
does not affect significantly the gating kinetics and does not
act on open channels. In addition, it supports an increase of
desensitization from the resting state, as suggested by the
macroscopic current recording experiments.

Molecular Modeling of the CrV Binding Site in the Resting
Ion Channel.Using the molecular model of theTorpedo
AChR in the resting state (PDB id 2BG9) (27), CrV docking
in the ion pore was performed in a periodic box of water to
simulate binding in solution. As a result, electrostatic
interactions are more realistic because of solvation of the
charged moieties. Nevertheless, two of the charged amino
groups of CrV moved into van der Waals contact with the
two R1-Glu262 residues (E262) located in the outer or
extracellular ring (e.g., position 20′) of the ion pore. Figure
10 shows the molecular modeling of the resting ion channel
and the potential binding site location for CrV obtained by
molecular dynamics. The third charged group of CrV was
solvated by water molecules. These water molecules also
filled the pore and moved above and below the CrV

FIGURE 9: Inhibition of AChR current as a function of application
protocol. (A) AChR are activated by 300µM ACh, and 1µM CrV
is applied in different protocols: (-/-) protocol: control currents;
(() protocol: 2 min preincubation with CrV and activation with
ACh alone; (-/+) protocol: activation with a solution containing
ACh and CrV without preincubation; and (+/+) protocol: 2 min
preincubation and activation of currents in the presence of CrV.
(B) Single-channel traces of AChR activated by 100µM ACh in
the absence (control) and presence of 5µM CrV. Channels are
shown as upward deflections. Traces are shown at two different
time scales for each condition. Filter: 9 kHz. Membrane potential:
-70 mV.

FIGURE 10: Molecular modeling of theTorpedoAChR ion channel
in the resting (closed) state complexed with CrV. The model was
constructed using Unwin’s model (PDB id 2BG9) (26). This
structure was displayed in the Biopolymer module of Insight 2005
(Accelrys, San Diego, CA) and CrV was built in the same module.
CrV was positioned in the center of the pore at the level of the 20′
residues, and the two structures were placed in the center of a 60
× 60 × 60 Å periodic box which was then filled with 6580 water
molecules. The backbone atoms of the pore structure were restrained
to their original position with a harmonic force constant of 100
kcal/Å2, and the whole assembly was optimized to a gradient of
0.1 kcal/Å using the Discover module of Insight 2005. Then the
assembly was relaxed with 25 000 steps of molecular dynamics at
400 K and a time step of 1 fs using the same backbone restraints.
The entire simulation was repeated with different starting positions
of CrV. First, the CrV was moved to the middle of the ion pore
(close to position 10′) along the central axis and the simulation
was repeated as above. Second, The CrV at position 10′ was rotated
90° and the simulation was repeated as above. Finally, the assembly
was reoptimized with the same parameters as above.

2022 Biochemistry, Vol. 45, No. 7, 2006 Arias et al.



molecule. The position of CrV in the ion pore of AChR
shows that it is plausible for this molecule to diffuse down
the pore and act as a steric channel blocker. CrV returned to
essentially the same final position after starting from three
distinctly different initial configurations, supporting the
observed location (Figure 10). However, it is possible that
the molecule would bind to other positions along thez-axis
of the pore if the simulation were run longer or with more
flexibility allowed in the harmonic restraint of the backbone
atoms of the residues. Our experiments indicating that CrV
binding was not affected by temperature changes (see Figure
2D) also suggested that the molecular dynamics results would
not be different at higher temperatures.

DISCUSSION

This study was an attempt to determine the molecular
mechanisms and the binding site location for the fluorophor
CrV, a high-affinity NCA of the AChR (12). To determine
the CrV binding site location, we used radiolabeled competi-
tion binding experiments (e.g., CrV-induced inhibition of
[3H]TCP binding), fluorescence titrations (e.g., tetracaine and
amobarbital-induced inhibition of AChR-bound CrV fluo-
rescence). The results were analyzed according to Schild (19).
Patch-clamp recordings (e.g., CrV-induced inhibition of
AChR macrocurrents) and fluorescent assays (e.g., CrV-
induced modulation of AChR-bound DMTA fluorescence)
were also applied to determine the molecular mechanisms
underlying the noncompetitive inhibition provoked by CrV.

Localization of the Crystal Violet Binding Site in Different
Conformational States.The results from the equilibrium
binding experiments using fluorescence spectroscopy and
patch-clamp recordings demonstrated that CrV binds to a
PCP-sensitive site in the muscle-type AChR and that the
fluorophor prefers the desensitized to the resting conforma-
tional state (Table 1; Figure 8B). The radiolabeled competi-
tion experiments performed in parallel indicated that CrV
inhibited the binding of [3H]TCP, the structural and func-
tional analogue of the hallucinogen and general anesthetic
PCP, to the desensitized and resting AChRs withnH values
close to unity (Figure 3A,C). This result is in accord with
our fluorescence titrations (Table 1) and patch-clamp record-
ings (Figure 8B) in which thenH values were also close to
unity. Hill coefficients close to unity indicated a noncoopera-
tive interaction between CrV and PCP, suggesting that CrV
interacted with only one binding site on each AChR
conformational state. This conclusion supports previous data
(12). However, we cannot predict whether the location for
the CrV binding site was the same or distinct in each
conformational state. The fact that CrV binds to just one
locus is in agreement with previous evidence indicating that
there exists one high-affinity PCP binding site on each AChR
conformational state (10, 11) (reviewed in refs7 and 8).
Although this and previous (12) evidence suggests a steric
mode of competition between CrV and PCP, the possibility
that CrV inhibits [3H]TCP binding by a potent allosteric
mechanism cannot be ruled out. To clarify this point, we
used Schild-type analyses. Our results indicate that in fact
CrV displaces [3H]TCP binding from its high-affinity site
in the desensitized as well as in the resting AChR by a steric
mechanism (Figure 3B,D). Subsequently, this experimental
evidence suggests that the CrV binding site overlaps the PCP

locus in the resting as well as in the desensitized state. This
evidence supports previous data (12).

Previous studies aimed at characterizing the PCP locus
were only partially successful (reviewed in refs4, 6-8, 29).
For instance, early photoaffinity labeling experiments using
[3H]azido-PCP as a probe for the PCP site only demonstrated
that a proteolytic fragment containing the transmembrane
segments M1, M2, and M3 from theR1 subunit was labeled
in the desensitized and resting AChR (31). More recent
photoaffinity labeling studies using [3H]ethidium diazide,
which binds with high affinity to the PCP locus, helped to
determine the structural components of this site in the
desensitized state (32) (reviewed in ref 7). The results
indicated that residues Leu251 at position 9′ (e.g., the leucine
ring) and Ser252 at position 10′ from the R1-M2 trans-
membrane segment as well as other unknown amino acids
located in the M1 and M2 transmembrane segments from
theδ subunit are structurally involved in this particular site.

The knowledge of the PCP and ketamine (a hallucinogen
and general anesthetic with similar pharmacological proper-
ties as PCP) binding sites in the resting and open states is
less than that in the desensitized state. Site-directed mu-
tagenesis studies determined that the PCP binding site in the
open ion channel includes residues located at position 6′ (e.g.,
the conserved serine ring), 8′ and 10′ (both are located one
amino acid apart from the conserved leucine ring) from the
M2 transmembrane segment (33) (reviewed in ref34). In
addition, we suggested that the PCP binding site in the resting
state is located more extracellularly than that in the de-
sensitized and open state, probably close to the mouth of
the external vestibule (10, 11) (reviewed in refs7 and 8).
Interestingly, a single amino acid (e.g., Ala258), located at
position 19′ in the extracellular portion of the M2 trans-
membrane segment, was found to be responsible for the
pharmacological properties of ketamine on theR7 AChR
(35). This suggests that different AChR subtypes or confor-
mation states may have the PCP/ketamine binding site
located in distinct domains. We also speculated that the
aromatic tertiary amino group from the PCP (or TCP)
molecule (see Figure 1) might interact with acidic residues
(e.g., R1-Glu262) located at position 20′ (e.g., the outer or
extracellular ring) (10, 11) (reviewed in refs7 and 8).
Considering our findings that CrV sterically binds to the PCP
locus in the resting state (Figure 3D), we suggest that the
tertiary amino groups from the CrV molecule (see Figure 1)
can also be responsible for the binding toR1-Glu262by charge
interactions. The CrV molecule has three tertiary amino
groups (one on each aromatic ring; see Figure 1) that are
positively charged at physiological pH. On the other hand,
there are two Glu262 residues (one on eachR1 subunit)
containing one carboxylate group per each amino acid that
are negatively charged at physiological pH. One possibility
is that two of the CrV amino groups interact with the two
carboxylate groups. Figure 10 shows the molecular modeling
of the Torpedoion channel in the resting state, as well as
the interactions between two CrV amino groups and theR1-
Glu262 carboxylate moieties obtained by molecular dynamics.
The fact that, in the resting state, CrV presents 3-fold higher
affinity (Kd ) 0.27µM; Table 1) than [3H]TCP (Kd ) 0.83
µM; 10), a molecule with only one tertiary aromatic amino
group, supports such charge interactions. Although additional
hydrophobic interactions might also take place between the
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three aromatic rings from CrV (see Figure 1) and other
hydrophobic amino acids located close enough to the external
mouth of the resting ion channel, molecular dynamics results
do not show these potential interactions (see Figure 10).

Additional experimental results indicate that the PCP locus
partially overlaps the tetracaine domain but not the barbi-
turate or the trifluoromethyliodophenyldiazirine (TID) bind-
ing site in the resting state (10, 11, 30, 36). On the basis of
photoaffinity labeling results, the tetracaine binding site has
been located in a long portion of the M2 transmembrane
domain that involves residues from position 5′ to 13′ (e.g.,
the valine ring) (37, 38) and probably extending to the outer
ring (position 20′) (11). The tetracaine binding site partially
overlaps the barbiturate locus in approximately the middle
of the ion channel (between position 9′ and 13′) (30). In
this regard, our fluorescence competition experiments in the
resting state indicated that tetracaine (Figure 4A) as well as
amobarbital (Figure 5A) inhibits CrV binding to the resting
AChR. Schild-type analyses were not conclusive for deter-
mining the nature (steric versus allosteric) of the inhibitory
mechanism. Nevertheless, the fact that pentobarbital does
not decrease, but increases, AChR-bound CrV fluorescence
(Figure 6A) supports an allosteric mode of action between
barbiturates and CrV and does not support any steric
interaction between both drugs. These results suggest that,
in the resting ion channel, CrV binds to a portion from the
tetracaine domain that comprises the PCP but not the
barbiturate binding site. Although the molecular volume for
CrV (461 Å3) is large enough to occupy a deeper location
within the resting ion channel, probably overlapping the
barbiturate locus, molecular dynamics results indicate that
CrV does not interact with the barbiturate locus (see Figure
10). These molecular dynamics results are also in agreement
with our conclusion that CrV overlaps both the PCP and the
tetracaine binding site. All this evidence supports the idea
that the resting ion channel cannot accommodate two charged
molecules at the same time (e.g., tetracaine and CrV) but
could accommodate one charged (e.g., CrV or PCP) and
another uncharged (e.g., TID or barbiturates) ligand (36).

Mechanisms of Inhibition Produced by CrV.To further
explore the molecular mechanism of AChR inhibition by
CrV, we analyzed the changes of ACh-activated macroscopic
and single-channel currents in the presence of CrV. The main
effect of CrV is a dose-dependent decrease of AChR
macroscopic currents without affecting the rate of current
decay due to desensitization. Our application protocol (Figure
9A) allowed us to determine that preincubation was necessary
and sufficient for CrV to act on AChRs. When CrV was
applied simultaneously with ACh, no changes in the peak
currents were observed. Therefore, our results indicate that
CrV inhibits activation from the resting state of the receptor
without affecting the open state. However, this result cannot
discard the possibility that CrV also binds to the open state.
If this were the case, either the binding or the inhibition rates
from this state should be slower than those of desensitization
(τd ∼ 16 ms).

Thus, the observed IC50 value for the inhibition of ACh-
induced AChR currents would represent the action of CrV
on the resting ion channel, precluding the opening of the
pore (Figure 8B). This value is consistent with the observed
CrV high affinity for the resting AChR (Table 1).

To describe the noncompetitive inhibitory mechanism of
CrV, we used the classical scheme for activation and
desensitization of AChR (Scheme 1). Here, R represents the
resting state, A2R the di-liganded receptor, A2R* the open,
and D the desensitized state.

The fact that the probability of channel opening within a
cluster, as well as the mean open and closed channel
durations, remained constant in the presence of CrV strongly
suggests that the drug is not affecting gating kinetics (R to
A2R* transitions in Scheme 1). In addition, the fact that the
decay rate of macroscopic currents, as well as the duration
of clusters elicited by high ACh concentrations remain
constant in the presence of CrV indicates that the rate of
desensitization from the open state (A2R* to A2D in Scheme
1) is not affected. However, it could be possible that CrV
stabilizes the A2D state once this conformational state is
reached, in accordance with the fluorescence measurements
(see Figure 7). This effect cannot be detected from the present
electrophysiological experiments.

An open-channel blocking mechanism has been suggested
for CrV (12). However, CrV is not acting as an open-channel
blocker at the concentrations here tested. If this were the
case, changes in current decay rate and in the mean open
duration should be expected (39-41).

The inhibition of the peak current could be due to
increased desensitization from the resting (closed) channels
or stabilization of preexisting desensitized receptors. These
conditions may lead to a shift of the equilibrium population
of AChRs to the desensitized state. Taking into account that
CrV binds to both resting and desensitized AChRs (Figure
2; Table 1) and that the proportion of desensitized AChRs
in the absence of ACh is only 0.01% for the mouse muscle
AChR (42), we can suggest that CrV stabilizes the already
desensitized AChR and increases the conversion from resting
to desensitized AChRs. In this regard, we can conclude that
CrV changes the proportion between the low-affinity resting
state receptors (R) and the high-affinity desensitized state
receptors (D) (R to D transition in Scheme 1). This would
lead to an increase in agonist affinity and a decrease in the
fraction of activatable receptors. In accordance with this
suggestion, NCAs such as histrionicotoxin and dibucaine
have been shown to increase the allosteric equilibrium
constant between desensitized and resting unliganded AChRs
(42). From our results, it is not possible to determine if the
high-affinity state induced by CrV corresponds to the full
desensitized receptor (D) or to an intermediate state between
resting and desensitized receptor, which has been observed
for other NCAs (26, 43). Thus, results from the electro-
physiological experiments are not compatible with an open-
channel block mechanism and support an allosteric process
to explain the action of CrV.

On the other hand, our modeling studies indicate that the
CrV binding site is located at the extracellular mouth of the
ion channel (see Figure 10). To correlate the functional with
the structural results, we propose an allosteric mode of action

Scheme 1
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for CrV where the fluorophor first binds to the channel mouth
when the receptor is in the resting state, and this interaction
leads to either an inhibition of channel opening or an increase
of desensitization, together with a stabilization of the
desensitized state.

This study indicates that CrV is an excellent probe that
can be used to characterize the PCP/ketamine binding site
in the resting, open, and desensitized states by fluorescence
spectroscopy. For instance, fluorescence resonance energy
transfer experiments can be planned to determine the distance
between the CrV (PCP/ketamine) binding site and other
ligand loci. This technique could finally resolve the binding
site topology for the AChR. From the therapeutic point of
view, clinically important compounds, such as antidepres-
sants (13), anti-Parkinson drugs (e.g., adamantane deriva-
tives) (10), and drugs for Alzheimer’s disease (e.g., ana-
baseine analogues) (14), bind to the PCP/CrV locus,
emphasizing the importance of this binding site.
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