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ABSTRACT: Long-chain alkanols are general anesthetics which can also act as uncharged noncompetitive
inhibitors of the peripheral nicotinic acetylcholine receptor (AChR) by binding to one or more specific
sites on the AChR. Cembranoids are naturally occurring, uncharged noncompetitive inhibitors of peripheral
and neuronal AChRs, which have no demonstrable general anesthetic activity in vivo. In this study, [3H]-
tenocyclidine ([3H]TCP), an analogue of the cationic noncompetitive inhibitor phencyclidine (PCP), was
used to characterize the cembranoid and long-chain alkanol sites on the desensitizedTorpedo californica
AChR and to investigate if these sites interact. These studies confirm that there is a single cembranoid
site which sterically overlaps the [3H]TCP channel site. This cembranoid site probably also overlaps the
sites for the cationic noncompetitive inhibitors, procaine and quinacrine. Evidence is also presented for
one or more allosteric cembranoid sites which negatively modulate cembranoid affinity for the inhibitory
site. In contrast, long-chain alkanols inhibit [3H]TCP binding through an allosteric mechanism involving
two or more alkanol sites which display positive cooperativity toward each other. Double inhibitor studies
show that the cembranoid inhibitory site and the alkanol sites are not independent of each other but
interfere allosterically with each other’s inhibition of [3H]TCP binding. The simplest models consistent
with the observed data are presented and discussed.

The peripheral nicotinic acetylcholine receptor (AChR)1

found in the postsynaptic membranes of muscle and electric
organs is a ligand-gated cation channel which has been an
important model for studying how general anesthetics interact
with membrane proteins (1). The peripheral AChR is
probably not an anesthetic target in vivo, but homologous
ligand-gated ion channels, such as neuronal AChRs and the
γ-aminobutyric acid and glycine receptors, may be targets
of such compounds (2, 3). The AChR is a pentameric
transmembrane protein with subunit stoichiometry ofR2âγδ
whose channel is located in the axis of pseudosymmetry
formed by the five homologous subunits, each of which has
four transmembrane segments, M1-M4 (4-6). The walls
of the channel are formed mainly byR-helical M2 segments

from all five subunits (7, 8), but the nonhelical M1 segments
probably also contribute to the channel walls (9, 10). The
amino acid sequences of the five M2 helices give the channel
a stratified structure such that residues at homologous
positions facing the lumen form rings with distinct properties
which determine channel parameters (11). This stratification
includes rings of polar residues in the lower half of the
channel and a stack of two or three rings which create a
hydrophobic domain in the upper half of the channel. A
second hydrophobic AChR domain exists at the membrane
lipid-receptor interface, which is formed mainly by the M3
and M4 transmembrane segments (12, 13).

Noncompetitive inhibitors (NCIs) of the AChR block
agonist-induced ion flow through the channel by binding to
sites different from the two agonist-binding sites. They are
a structurally heterogeneous group of compounds which
includes cationic molecules, such as local anesthetics and
the hallucinogen, PCP, as well as uncharged molecules, such
as steroids (14), cembranoids (15), the lipophilic photore-
active reagent, TID (16), and certain general anesthetics,
including long-chain alkanols (17, 18). The only structural
feature which all NCIs share is a significant degree of
hydrophobicity.

The binding sites of uncharged NCIs are not as well
characterized as those of the cationic NCIs, which bind in a
voltage-dependent manner to one high-affinity site per
Torpedo AChR molecule (reviewed in ref19). In most
proven cases, this site is located within the channel domain
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formed by the M2 helices. However, cationic NCIs can also
bind to multiple low-affinity sites which are probably located
at the lipid-receptor interface (20). It is not certain if cationic
NCIs physically plug the channel, as originally proposed (21),
or interfere allosterically with channel opening (22).

Long-chain alkanols inhibit the AChR noncompetitively
via one or more sites on the AChR which are distinct from
the sites through which short-chain alkanols potentiate AChR
ion flux (23, 24). The ability of long-chain alkanols to inhibit
both radiolabeled NCI binding to the desensitizedTorpedo
AChR and ion flux through the functionalTorpedoAChR
is directly proportional to the number of carbons in the chain
(24, 25). In the case of ion flux, this proportionality extends
only up to 12 carbons, above which there is a sharp drop in
inhibitory potency. The potency of a homologous group of
uncharged general anesthetics, the cycloalkanemethanols, in
inhibiting ion flux is also proportional to the number of
carbons, with a cutoff seen at 10 carbons (26). n-Heptanol
andn-octanol weaken each other’s ability to inhibitTorpedo
AChR ion flux in a manner that suggests that these two
alkanols compete for a single inhibitory site (27). These
observations support the proposal of a single hydrophobic
alkanol site on the functionalTorpedoAChR which does
not accommodate molecules larger than 320-340 Å3. Studies
with the embryonic mouse muscle AChR concluded that
alkanols inhibit ion flow by binding to a hydrophobic patch
in the middle of the M2 channel domain which is large
enough to accommodate only one long-chain alkanol mol-
ecule at a time (28, 29). When incubated with the desensi-
tized TorpedoAChR, the photolabile 3-azirinyl-n-octanol
labels mainly the glutamate residues at position 20′ of the
two R-subunit M2 segments, near the top of the M2 channel
domain (30). This labeling is saturable and blocked by the
cationic NCI, meproadifen, whose photolabile derivative
labels the same residue, indicating that long-chain alkanols
probably also bind in the M2 channel domain of the
desensitizedTorpedoAChR.

Cembranoids are naturally occurring diterpenoids which
contain a 14-member cembrane ring (Figure 1). Cembranoids
are found in relatively large amounts in marine gorgonians
and soft corals, where they can account for as much as 2-3%
of the tissue dry weight (31). Their biological role has not
been clearly established, but it is generally believed that they
deter predation by reef carnivores and help the organism
compete for space in the crowded reef environment (32).
Marine cembranoids are released into the surrounding
seawater where they can reach micromolar concentrations

(33). At these levels, a number of cembranoids have been
shown to be ichthyotoxic (34). Cembranoids are also found
in the cuticle wax of the leaves and flowers of the tobacco
plant (34). Their biological role in this organism has not been
demonstrated, but is probably to defend against herbivore
predation.

It is not known how cembranoids achieve their biological
effects at the molecular level. Pharmacologically, cembra-
noids have been shown to inhibit specific enzymes in several
different pathways, including carbohydrate metabolism,
prostaglandin synthesis, and protein prenylation. This lab first
reported that cembranoids in the low micromolar range
reversibly and noncompetitively inhibit the AChR of electric
organ and mouse muscle (15). Cembranoids similarly inhibit
the R3â2 andR4â2 rat neuronal AChRs and theR3â4 and
R4â2 human neuronal AChRs (35). This effect on central
AChRs may be related to the recently observed blockage
by tobacco cembranoids of nicotine-induced behavioral
sensitization in rats (35).

The cembranoids include lophotoxin and its analogues
which act as irreversible, competitive inhibitors of the AChR
by binding covalently at the agonist sites (36). However, most
cembranoids that have been studied do not bind with
measurable affinity at the agonist sites (15, 37). In line with
this, cembranoids inhibit [3H]PCP binding to its high-affinity
channel site on the desensitizedTorpedoAChR in a mutually
exclusive manner either by competing sterically for the same
site or via a strong allosteric effect (37). Even lophotoxin
shows this effect, although at much lower potency than its
competitive effect. Studies on a series of cembranoids
indicated that the hydrophobicity of the cembranoid mol-
ecule, especially between carbons 7 and 14, was an important
determinant of its affinity for the AChR (37).

As the target of many biological toxins, the AChR could
also be the main target for the marine and tobacco cembra-
noids, which has important pharmacological and clinical
implications. For this reason, it is essential to understand
how these diterpenes interact with the AChR. These studies
were undertaken to further characterize the cembranoid and
long-chain alkanol binding sites on the desensitizedTorpedo
AChR and the relationship of these sites to each other. Since
[3H]PCP is no longer commercially available, a PCP
analogue, [3H]TCP, was employed as a channel probe of the
AChR. Some of the data in this paper were previously
published in thesis form (38).

EXPERIMENTAL PROCEDURES

Materials. Torpedo californicaelectric organ was obtained
frozen (Pacific Biomarine, Venice, CA). [3H]TCP (41-50
Ci/mmol) and [125I]-Tyr54-R-bungarotoxin (Bgt) (104-128
Ci/mmol) were from DuPont-New England Nuclear (Boston,
MA). The cembranoids that were studied were natural
products extracted from marine coelenterates whose purifica-
tion and characterization have been described previously (37).
Sarcophytol-A was a kind gift from M. Kobayashi (Hokkaido
University, Hokkaido, Japan).

Preparation and Characterization of AChR-Rich Mem-
branes.AChR-rich membranes were prepared from the total
membrane fraction of homogenizedT. californica electric
organ as previously described (39). The amount of total
membrane protein was determined by the Lowry method (40)

FIGURE 1: Structures of the four cembranoids used in this study.
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using bovine serum albumin as a standard. The AChR was
quantified as the total number of [125I]Bgt binding sites in
the solubilized AChR using a filtration assay previously
described (41), as modified (39). The specific activity of the
AChR in membrane preparations ranged from 0.2 to 0.5 nmol
of AChR/mg of protein.

Radioligand Binding Assays.[3H]TCP binding to the
membrane-bound AChR was assessed using a filtration assay
previously described for [3H]PCP binding (37). The amount
of specifically bound [3H]TCP was calculated by subtracting
the amount of nonspecifically bound ligand, measured in
samples preincubated with either 1 mM tetracaine or 30µM
unlabeled PCP, from the amount of total bound ligand. Under
these conditions, the amount of nonspecifically bound [3H]-
TCP was always less than 15% of the total amount bound
and was mainly due to binding to the filters as demonstrated
by filter blanks in the absence of membranes. The desensi-
tized AChR conformation was maintained by the presence
of 100µM carbamoylcholine (CCh) and low-ionic strength
buffer [10 mM sodium phosphate and 5 mM NaEDTA (pH
7.4)] which are known to stabilize it (42).

For binding experiments under equilibrium conditions, the
final concentrations in the incubation mixtures were 150-
200 nM AChR, 100µM CCh, 5% DMSO, and 250 nM [3H]-
TCP. [3H]TCP was diluted with unlabeled TCP to 10% of
its initial specific activity. At half-saturating concentrations,
[3H]TCP binding to the agonist-desensitized AChR reached
equilibrium in ∼5 min and was stable for at least 30 min
(data not shown). Under these conditions, the level of binding
was linear up to∼30% of total [3H]TCP bound. All
equilibrium binding experiments were carried out within
these time and radioligand concentration ranges. Concentra-
tion curves for each inhibitor (I) in the absence or presence
of a second inhibitor were initially analyzed by fitting
equilibrium binding data from at least three experiments to
the following logistic (Hill-type) equation (27):

where [RT]c is the level of specific binding in the absence
of I (control), [I] is the unbound inhibitor concentration
(approximated as the total inhibitor concentration), IC50 is
the inhibitor concentration producing 50% inhibition of [3H]-
TCP binding,nH is the slope (or Hill) coefficient of the
inhibition curve, andF is the fraction of specific binding
that is not inhibited by I. For statistical analysis of these
parameters, eq 1 was fit to the data from individual
experiments, thus producing three or four values for each
parameter under each condition. The one-sample Student’s
t test was used to ascertain if the slope coefficients were
significantly different from 1 and if theF values were
significantly different from 0. A two-sample, unpairedt test
was used to test the difference between the values of one
parameter under two different conditions, while one-way
ANOVA was used to test the difference between the values
of one parameter under three different conditions. A prob-
ability (p) value of <0.05 was considered statistically
significant.

The [3H]TCP dissociation rate in the presence or absence
of inhibitor was determined by first preincubating membranes
for 20 min at 25°C in low-ionic strength buffer [10 mM
sodium phosphate and 5 mM EDTA (pH 7.4)] containing

CCh and DMSO. Then [3H]TCP was added and the mixture
incubated in a rotator for an additional 20 min at 25°C.
Concentrations in the incubation mixture were as follows:
150 nM AChR, 100µM CCh, 5% DMSO, and 50 nM [3H]-
TCP. To the mixture was then added an equal volume of
the same buffer (without membranes or [3H]TCP) containing
60 µM unlabeled PCP and either no inhibitor (control) or
inhibitor at twice the desired final concentration. At specific
times, 100µL aliquots were filtered through glass fiber filters
over vacuum and washed quickly with 1.0 mL of buffer.
Dissociation rate data were fit to the exponential equation:

where [RT]t and [RT]o are the concentrations of specifically
bound [3H]TCP at timet and time zero, respectively, andk
is the observed dissociation rate constant corresponding to
an initial complex concentration of [RT]o.

Data analyses were performed using either the PSI-Plot
program (Poly Software International, Salt Lake City, UT)
or the Mathcad program (Mathsoft, Cambridge, MA).
Molecular volumes were calculated by dividing the molar
volume determined using the MolSuite 2000 program
(ChemSW, Fairfield, CA) by Avogadro’s number.

RESULTS

Cembranoid Inhibition of [3H]TCP Binding to the De-
sensitized AChR.Under equilibrium conditions, the four
cembranoids used in this study (Figure 1) completely
inhibited [3H]TCP binding to the desensitized AChR (Figure
2). The IC50s were slightly lower than values reported for
[3H]PCP binding to equivalent membrane preparations under
the same conditions (Table 1), probably due to the slightly
higher affinty of [3H]TCP for the desensitized AChR:KD-
(TCP) ) 0.25 ( 0.04 µM versusKD(PCP)) 0.30 ( 0.10
µM (38). Fitting data to eq 1 gave slope coefficients for all
the cembranoid inhibition curves of<1 due to digression
from the single-inhibitory site model at very low cembranoid
concentrations, where a plateau was observed. However,
when only data in the main part of the inhibition curves were
fit to eq 1 were the slope coefficients not different from 1.

Although the complete inhibition seen at high cembranoid
concentrations is consistent with steric inhibition, a strong
allosteric inhibition cannot be ruled out by the equilibrium
binding data. To address this question, the effect of cem-
branoid on the [3H]TCP dissociation rate was measured. The
rate of [3H]TCP dissociation from the desensitized AChR
fit closely to an exponential rate equation (eq 2; Figure 3A).
The dissociation rate in the presence of methylpseudoplex-
aurate at 0.5µM (near its IC50) followed the same exponential
function that was observed in the absence of cembranoid.
The observed dissociation rate constants (2.03( 0.19 and
2.07 ( 0.16 min-1) and initial receptor-ligand complex
concentrations (8.2( 0.8 and 8.2( 0.7 nM) in the absence
and presence of cembranoid, respectively, did not differ
significantly (mean( standard deviation from three experi-
ments). These findings demonstrate that cembranoid inhibi-
tion of [3H]TCP binding is steric in nature, since allosteric
inhibition of ligand binding is nearly always associated with
a change in the observed ligand dissociation rate due to the
additional involvement of a ternary complex (43, 44). Slope

[RT]/[RT]c ) {1/[1 + ([I]/IC 50)
nH]}(1 - F) + F (1)

[RT]t ) [RT]oe
-kt (2)
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coefficients of 1 indicate that this steric inhibition occurs
via a single cembranoid site.

Under equilibrium conditions, the cationic NCIs, procaine
and quinacrine, at concentrations near or just above their
IC50s, displaced the methylpseudoplexaurate inhibition curve
to the right without changing the slopes of the curves (Figure
4A, IC50s of 0.53( 0.02 µM for control, 0.96( 0.04 µM
in 212 µM procaine, and 1.58( 0.10 µM in 424 µM
procaine; Figure 4B, IC50s of 1.25( 0.17 µM for control

and 2.77( 0.41µM in 1 µM quinacrine). This displacement
was overcome by high cembranoid concentrations, indicating
that the cembranoid binding and procaine or quinacrine
binding are mutually exclusive. The cembranoid IC50 in-
creases are close to what is predicted by the simple
competitive inhibition model (27).

Long-Chain Alkanol Inhibition of [3H]TCP Binding to the
Desensitized AChR. The long-chain alkanols (6-10 carbons)
all inhibited [3H]TCP binding in a concentration-dependent
manner (Figure 5A). The inhibitory potencies (measured as
IC50s) were directly proportional to chain length with
n-decanol being the most potent of those tested (Table 1).
This is consistent with an earlier report onn-alkanol
inhibition of [3H]histrionicotoxin binding to the desensitized
Torpedo ocellataAChR (25). In the case of the three longest
alkanols, inhibition was incomplete at the highest obtainable
concentrations. Fitting data to eq 1 gaveF values signifi-
cantly different from zero: 0.12( 0.02 (p < 0.005) for
n-octanol, 0.18( 0.02 (p < 0.002) forn-nonanol, and 0.08
( 0.03 (p < 0.025) forn-decanol. In the case ofn-hexanol
andn-heptanol, the data could not be extended to sufficiently
high concentrations to determine the completeness of the
inhibition.

Since incomplete inhibition suggests an allosteric mech-
anism when solubility is not a factor, the rate of [3H]TCP
dissociation from the desensitized AChR was measured in

FIGURE 2: Cembranoid inhibition of [3H]TCP binding to the desensitizedTorpedoAChR under equilibrium conditions. Inhibition of [3H]-
TCP binding was assessed as described in the Experimental Procedures. The cembranoids that were studied were (A) methylpseudoplexaurate,
(B) pseudoplexaurol, (C) sarcophytol-A, and (D) eupalmerin acetate. Fraction bound represents the level of specific [3H]TCP binding
normalized to the level of binding in the absence of cembranoid. Each value shown is the mean( standard error of the mean (SEM) from
three experiments; where error bars are not visible, the SEM was within the range of the symbol. The inhibition curves were generated by
computer fitting the data to the model equation for a single steric inhibitory site (eq 1 withn ) 1 andF ) 0, dotted line) and to model eq
3 (solid line). Fittings to eq 3 gave the following values forS, S′, A, andA′ (all nanomolar): 1.8, 350, 0.5, and 98 for methylpseudoplexaurate;
0.8, 448, 0.2, and 112 for pseudoplexaurol; 0.02, 794, 0.004, and 143 for sarcophytol-A; and 0.02, 1680, 0.01, and 840 for eupalmerin
acetate, respectively.

Table 1: Parameters of Cembranoid and Long-Chain Alkanol
Inhibition of [3H]TCP Binding to the DesensitizedTorpedoAChRa

inhibitor IC50 (µM) nH

IC50 (µM)
vs [3H]PCPb

cembranoids
methylpseudoplexaurate 0.60( 0.07 0.79( 0.08 0.9( 0.1
pseudoplexaurol 1.04( 0.11 0.79( 0.07 1.2( 0.1
sarcophytol-A 0.81( 0.13 0.67( 0.08 1.7( 0.3
eupalmerin acetate 3.14( 0.53 0.70( 0.08 8.6( 0.6

alkanols
n-hexanol 7079( 1449 0.92( 0.17 NRc

n-heptanol 5343( 1113 0.88( 0.16 NRc

n-octanol 706( 49 1.50( 0.12 1100( 100
n-nonanol 136( 11 2.89( 0.59 NRc

n-decanol 105( 11 1.72( 0.27 NRc

a IC50 and the slope coefficient (nH) were obtained by fitting
experimental data to eq 1. Shown are means( SD from three or four
experiments.b From ref37. c Not reported.
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the absence and presence of two different alkanols. In the
presence ofn-octanol at a concentration just above its IC50,
the rate of [3H]TCP dissociation from the desensitized AChR
increased dramatically above that observed in the absence
of octanol (Figure 3B). The increase was so great under the
conditions that were used that an exponential fitting could
not be performed within the minimum sampling time of the
experiment (20 s). The same was seen in the presence of
n-decanol (Figure 3C). This confirms that alkanol inhibition
of [3H]TCP binding to the desensitizedTorpedo AChR
involves one or more ternary complexes and is, therefore,
allosteric in nature.

The three longest alkanols that were studied gave slope
coefficients significantly greater than 1 (Figure 5A and Table
1; p < 0.025, p < 0.01, andp < 0.01 for n-octanol,
n-nonanol, andn-decanol, respectively). This suggests that
more than one alkanol site is involved in the allosteric
inhibition of [3H]TCP binding. At equilibrium, then-octanol
inhibition curve was not shifted to the right by the presence
of n-decanol at a concentration above its IC50 (Figure 5B,
n-octanol IC50s of 706( 49 µM for control and 561( 121
µM in 200µM n-decanol;p > 0.05). Similarly, then-decanol
inhibition curve was not shifted significantly by the presence
of n-octanol at a concentration near its IC50 (Figure 5C,
n-decanol IC50s of 70( 5 µM for control and 56( 6 µM
in 1 mM n-octanol;p > 0.05). In other words, the apparent
affinity of one alkanol for the desensitized AChR was largely
unaffected by the presence of the other alkanol, a finding
also inconsistent with a single inhibitory site for alkanols.
The slope coefficient of then-octanol inhibition curve

appeared to decrease from 1.50( 0.12 to 1.28( 0.30 in
the presence ofn-decanol, and the slope coefficient of the
n-decanol inhibition curve decreased from 1.82( 0.23 to
1.31 ( 0.18 in the presence ofn-octanol; however, these
decreases were not statistically significant (p > 0.05). The
fraction of [3H]TCP binding not inhibited byn-octanol
increased significantly from 0.12( 0.02 to 0.30( 0.05 in
the presence ofn-decanol (p < 0.02). The fraction of [3H]-
TCP binding not inhibited byn-decanol also increased in
the presence ofn-octanol from 0.05( 0.02 to 0.11( 0.03,
but this increase was not statistically significant (p > 0.05).
Taken together, these findings suggest not only that the
allosteric alkanol inhibition of [3H]TCP binding to the
desensitizedTorpedoAChR is mediated via two or more
alkanol sites but also that these alkanol sites probably interact
with each other in a positive cooperative manner.

The level of procaine inhibition of [3H]TCP binding to
the desensitizedTorpedoAChR was not reduced by the
presence ofn-octanol at concentrations near or above its IC50

(Figure 5D). Fitting the data to eq 1 gave IC50 values of 377
( 21 µM for control, 297( 54 µM in 1 mM n-octanol, and
504( 66 µM in 2 mM n-octanol. These values do not differ
significantly from each other (p > 0.05). Therefore, the
procaine and octanol sites do not overlap sterically. However,
the slope coefficients (0.99( 0.05 for control, 0.76( 0.12
in 1 mM n-octanol, and 1.28( 0.20 in 2 mMn-octanol)
differ significantly from each other (p < 0.05). This suggests

FIGURE 3: Rate of [3H]TCP dissociation from the desensitized
Torpedo AChR. Membranes were preequilibrated in low-ionic
strength buffer with CCh, DMSO, and [3H]TCP as described in
Experimental Procedures. Dissociation was initiated by adding an
equal volume of the same mixture without [3H]TCP but containing
unlabeled PCP and either no inhibitor (O) or inhibitor (b) at twice
the desired final concentration. Aliquots were filtered and washed
quickly at the indicated times. Inhibitors were (A) methylp-
seudoplexaurate (1µM), (B) n-octanol (1 mM), and (C)n-decanol
(300 µM). Each value shown is the mean( standard deviation
(SD) from three experiments. Curves were generated by fitting the
data to eq 2.

FIGURE 4: Effect of the cationic NCIs, procaine and quinacrine,
on methylpseudoplexaurate inhibition of [3H]TCP binding to the
desensitizedTorpedo AChR. Conditions were as described in
Experimental Procedures. (A) [3H]TCP binding was assessed in
the absence (b, s) or presence of procaine at 212µM (O, ‚‚‚) or
at 424 µM (9, - - -). (B) [3H]TCP binding was assessed in the
absence (b, s) or presence (O, ‚‚‚) of quinacrine at 1µM. In both
panels, fraction bound represents the level of specific [3H]TCP
binding at the indicated cembranoid concentration normalized to
control in the absence of cembranoid. Each value shown is the mean
( SEM from three or four experiments. Data were fit to eq 1, and
the inhibition curves were generated using the parameters from that
fitting, which are given in the text.

Cembranoid and Alkanol Acetylcholine Receptor Sites Interact Biochemistry, Vol. 40, No. 37, 200111125



that some allosteric interaction between the procaine and
octanol sites may occur.

Effect of Cembranoids and Long-Chain Alkanols on Each
Other’s Inhibition of [3H]TCP Binding to the Desensitized
AChR. n-Octanol was previously reported to decrease the
level of methylpseudoplexaurate inhibition of [3H]PCP
binding to the desensitizedTorpedoAChR (37). With [3H]-
TCP as a radioligand,n-octanol, at a concentration above
its IC50, appeared to displace the methylpseudoplexaurate
inhibition curve to the right (Figure 6A, cembranoid IC50s
of 1.02 ( 0.17 µM for control and 5.24( 1.31 µM in 2
mM n-octanol). However, due to the large error inherent in
this type of experiment where more than one-half of the
control radioligand binding is inhibited, this change was not
statistically significant (p > 0.05). The slope was not changed
(0.65 ( 0.08 vs 0.59( 0.09, p > 0.05). n-Decanol at a
concentration above its IC50 significantly decreased the ability
of methylpseudoplexaurate to inhibit [3H]TCP binding
(Figure 6B, cembranoid IC50s of 0.47( 0.04µM for control
and 1.12( 0.06µM in 200 µM n-decanol;p < 0.01). The
presence ofn-decanol also increased the slope of the
cembranoid inhibition curve slightly, but significantly, from
0.89 ( 0.06 to 1.11 ( 0.06 (p < 0.05). In contrast,

methylpseudoplexaurate, at a concentration near its IC50, did
not shift then-decanol inhibition curve significantly (Figure
6C,n-decanol IC50s of 160( 18 µM for control and 232(
97µM in 1 µM methylpseudoplexaurate;p > 0.05) or affect
significantly the slope coefficient of then-decanol curve (1.88
( 0.32 vs 1.47( 0.34;p > 0.05). However, this cembranoid
did increase significantly the fraction of binding not inhibited
by n-decanol from 0.10( 0.04 to 0.29( 0.06 (p < 0.05).
These results show that the cembranoid and alkanol inhibi-
tory sites are not independent of each other, but are
inconsistent with simple steric overlap of the cembranoid
and alkanol inhibitory sites.

DISCUSSION

PCP/TCP Site. [3H]PCP has often been used as a probe
for the cationic NCI site on the desensitizedTorpedoAChR,
since [3H]PCP binds reversibly to this site with a 1:1
stoichiometry and relatively high affinity. The exact location
of the PCP site is still not firmly established, since photo-
affinity labeling and site-directed mutagenesis studies to date
have been inconclusive (19). However, much indirect
evidence supports a single-channel site for PCP on the

FIGURE 5: Long-chain alkanol inhibition of [3H]TCP binding to the desensitizedTorpedoAChR under equilibrium conditions. The level
of specific [3H]TCP binding to membranes at the indicated concentrations of each alkanol was measured as described in Experimental
Procedures. (A) Inhibition of [3H]TCP by n-hexanol (b, s), n-heptanol (O, ‚‚‚), n-octanol (9, s), n-nonanol (0, ‚‚‚), andn-decanol ([,
s). (B) n-Octanol inhibition of [3H]TCP binding in the absence (b, s) or presence (O, ‚‚‚) of 200µM n-decanol. (C)n-Decanol inhibition
of [3H]TCP binding in the absence (b, s) or presence (O, ‚‚‚) of 1 mM n-octanol. (D) Procaine inhibition of [3H]TCP binding in the
absence (b, s) or presence ofn-octanol at 1 mM (O, ‚‚‚) or 2 mM (0, - - -). Fraction bound represents the level of specific [3H]TCP
binding normalized to the level of binding in the absence of alkanol (A),n-octanol (B and D), orn-decanol (C). Each value shown is the
mean( SEM from three or four experiments. Data were fit to eq 1, and the parameters from that fitting, which are shown in Table 1 (A)
or given in the Results (B-D), were used to generate the curves shown in panels A and D. Data in panels B and C were also fit to model
eq 4 (K ) 0.25 µM) which gave the parameters shown in Table 2. The inhibition curves shown in panels B and C were generated from
these parameters.
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desensitizedTorpedoAChR which overlaps the sites for
other cationic NCIs (18, 20, 45-47).

Since [3H]PCP is no longer readily available, its com-
mercially available analogue, [3H]TCP, was used in these
experiments. Studies in this lab on equivalent membrane
preparations have shown that [3H]TCP and [3H]PCP bind to
the same site on the desensitizedTorpedoAChR with similar
affinities [KD(TCP)) 0.25( 0.04µM vs KD(PCP)) 0.30
( 0.10 µM] (38). Therefore, [3H]TCP can serve as a
satisfactory substitute for [3H]PCP as a probe of this site, as
was also suggested by recent reports from other labs (48,
49).

Cembranoid Sites.Previous studies on [3H]PCP equilib-
rium binding to the desensitizedTorpedoAChR showed that
cembranoid and PCP binding are mutually exclusive and that
cembranoids compete with each other for inhibition of [3H]-
PCP binding (15, 37). These previous findings suggested that
cembranoids bind to a single site on the desensitized AChR
and compete sterically with PCP for receptor occupancy, but
they could not conclusively rule out mutually exclusive
binding of cembranoid and PCP through a strong allosteric
inhibition mechanism. The observation here, that the presence
of cembranoid at half-maximal inhibitory levels does not
change the kinetics of [3H]TCP dissociation from the
desensitized AChR, is strong evidence that cembranoids

compete sterically with TCP (and, by analogy, PCP) for its
high-affinity site on the desensitizedTorpedoAChR. There-
fore, the studies presented here confirm that there is one
cembranoid inhibitory site on each AChR molecule which
sterically overlaps the high-affinity PCP/TCP site.

Both cationic NCIs that were tested, procaine and quina-
crine, reduced cembranoid inhibitory potency in a mutually
exclusive manner. The degree of cembranoid IC50 displace-
ment and the overcoming of this displacement at high
cembranoid concentrations are consistent with simple steric
competition (27). At the concentrations used here, quinacrine
and local anesthetics of the procaine class appear to bind in
the channel lumen of the desensitizedTorpedoAChR (45,
50). Therefore, the cembranoid inhibitory site on the densen-
sitizedTorpedoAChR overlaps these cationic NCI sites and
is either in or close to the channel lumen. It has been
suggested that many cationic NCIs share a common binding
domain with sterically overlapping sites, although nonsteric,
charge repulsion effects cannot be ruled out for these
positively charged molecules (45). The findings here lend
further support for the steric occlusion model at a single locus
for these NCIs, since significant electrostatic repulsion can
be ruled out for the uncharged cembranoid molecule. They
also provide further indirect evidence that the N-terminus
of the M1 segment, which is photolabeled by quinacrine
azide (9), forms part of the M2-lined channel domain.

The digression from the single-steric inhibitory site model
seen at low cembranoid concentrations (Figure 2) can be
accounted for if cembranoids bind with very high affinity
to a second allosteric cembranoid site (or set of sites) which
decreases cembranoid’s affinity for its inhibitory site but is
independent of the TCP site (Figure 7A). This model is
described by the following equation:

wheref is the fraction of [3H]TCP bound in the presence of
cembranoid versus the absence of cembranoid,T andC are
the concentrations of unbound [3H]TCP and cembranoid,
respectively, andK, S, A, andA′ are equilibrium dissociation
constants of the corresponding complexes shown in Figure
7A (A′ > A). This model fits the cembranoid/[3H]TCP data
much better than the single-steric site model and is the
simplest model which is consistent with the data. The
parameters generated from this fitting (see the legend of
Figure 2) suggest that the cembranoid allosteric sites have
very high affinity, in the subnanomolar range. Furthermore,
the model implies that the initial affinity of cembranoid for
its steric inhibitory site is also very high. The putative
cembranoid allosteric site(s) may be located in the hydro-
phobic domain at the lipid-receptor interface, where both
cationic and uncharged noncompetitive inhibitors are known
to bind (12, 19, 20).

Long-Chain Alkanol Sites.In contrast to what was seen
with cembranoids, alkanol inhibition of [3H]TCP binding to
the desensitizedTorpedoAChR is allosteric in nature and
must involve two or more sites which are distinct from the
[3H]TCP site. Not surprisingly, the alkanol sites are also
sterically distinct from the procaine site, which overlaps the
PCP/TCP site. The high slope coefficients together with the
substantial fraction of uninhibited TCP binding require that

FIGURE 6: Effect of cembranoid and long-chain alkanols on each
other’s inhibition of [3H]TCP binding to the desensitizedTorpedo
AChR under equilibrium conditions. Methylpseudoplexaurate in-
hibition of [3H]TCP binding (A) in the absence (b, s) or presence
(O, ‚‚‚) of 2 mM n-octanol and (B) in the absence (b, s) or
presence (O, ‚‚‚) of 200 µM n-decanol. (C)n-Decanol inhibition
of [3H]-TCP binding in the absence (b, s) or presence (O, ‚‚‚) of
1 µM methylpseudoplexaurate. Fraction bound represents the level
of specific [3H]TCP binding normalized to control in the absence
of cembranoid (A and B) andn-decanol (C). Each value shown is
the mean( SD from three or four experiments. Data were fit to
eq 1, and the inhibition curves were generated using the parameters
from that fitting, which are given in the text.

f ) 1/[1 + ({[(KC)/(TS)]/(1 + K/T)}[(1 + C/A′)/
(1 + C/A)])] (3)
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the alkanol sites be linked by positive cooperativity. The
simplest model which is consistent with the data contains
two alkanol sites which are initially equivalent but display
positive cooperativity toward each other and inhibit TCP
binding allosterically only when both sites are occupied. This
model is shown in Figure 7B and is described by the
following equation:

wheref is the fraction of [3H]TCP bound in the presence of
alkanol versus control in the absence of alkanol,T and D
are the concentrations of unbound [3H]TCP and alkanol,
respectively, andK, A, A′, andA′′ are equilibrium dissociation
constants of the corresponding complexes shown in Figure
7B (K′ > K and A g A′′ > A′). The values for these
parameters generated by fitting the experimental data graphed
in panels B and C of Figure 5 to eq 4 are shown in Table 2.
The constantK′ is the apparent dissociation constant of [3H]-
TCP when both alkanol sites are occupied. The alkanol
inhibitory effect (R) can be estimated by the ratioK′/K. The
constantA is a measure of the initial alkanol affinity for the
AChR, whereasA′ is a measure of the affinity of the second
alkanol molecule in the absence of TCP. Therefore, the ratio
A/A′ (â) is an estimate of the positive cooperativity effect
of the alkanol.

When the results of the control experiments are compared,
the inhibitory effect (R) of decanol alone is only about twice
the effect of octanol alone. The initial affinity (A) of decanol
is also only about 2 times greater than that of octanol. The
much greater potency (lower IC50) as well as the higher slope
coefficient of decanol observed (Table 1) are mainly due to
decanol’s much stronger positive cooperativity effect (â),
which is more than 10 times that of octanol.

The presence of a second alkanol at a concentration near
its IC50 has the major effect of reducing the initial dissociation
constant (A) of the first alkanol. That is, the second alkanol
increases the apparent initial affinity of the first alkanol. This
effect is much greater with decanol as the second alkanol
(330 times) than with octanol (13 times) and reflects the
much stronger positive cooperativity effect of decanol. The
second alkanol thus makes the first alkanol a stronger
inhibitor at low concentrations due to the positive cooper-
ativity effect of the second alkanol. Since the second alkanol
is essentially substituting the first alkanol in this action, the
second alkanol also decreases the positive cooperativity effect
of the first alkanol, resulting in a decreased slope coefficient
of the first alkanol. (This decrease was seen in the double-
inhibitor experiments whose results are shown in panels B
and C of Figure 5, although it was not statistically signifi-
cant.)

The inhibitory effect (R) of the first alkanol is actually
reduced∼2-3-fold by the presence of the second alkanol.

FIGURE 7: Schematic representations of the models for (A) the cembranoid binding sites and (B) the alkanol binding sites. In panel A, R,
T, and C are AChR, [3H]TCP, and cembranoid, respectively, andK, S, S′, A, andA′ are equilbrium dissociation constants of the corresponding
complexes (A′ > A andS′ > S). In panel B, D is alkanol andK, K′, A, A′, andA′′ are dissociation constants of the corresponding complexes
(K′ > K andA g A′′ > A′).

f ) [1 + (K/T)/(1 + (K/T){1 + (2D)/A + [D2/(AA′)]})]/

{1 + (2D)/A + [D2/(AA′′)]} (4)

Table 2: Parameters ofn-Alkanol Inhibition of [3H]TCP Binding to
the TorpedoAChR from Model Equation 4a

alkanol
K′

(µM) R
A

(µM)
A′

(µM)
A′′

(µM) â

n-octanol
control 4.6 19 1455 90 1669 16
with decanol (200µM) 1.6 6.5 4.4 176 1141 0.03

n-decanol
control 10.8 43 599 3.4 147 176
with octanol (1 mM) 4.8 19 45 10.5 203 4

a Data shown in panels B and C of Figure 5 were fit to eq 4 withK
equal to 0.25µM. The definition of each parameter corresponds to
Figure 7B and is explained in the Discussion. The inhibitory effect (R)
was calculated asK′/K. The positive cooperativity effect (â) was
calculated asA/A′.
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The second alkanol thus makes the first alkanol a weaker
inhibitor at high concentrations due to competition with the
second alkanol for the second sites. This accounts for the
increased fraction of uninhibited binding seen at high
concentrations of the first alkanol. The combination of these
two counteracting effects results in only a slight decrease in
IC50 of the first alkanol. This model predicts that the presence
of a constant amount of a second alkanol will decrease the
slope coefficient of the first alkanol and increase the fraction
of uninhibited binding, while having little effect on the IC50.
This is what is seen in the results of the double-inhibitor
studies shown in panels B and C of Figure 5.

This model is consistent with the reported photolabeling
of the desensitizedTorpedo AChR by 3-azirinyloctanol
mainly on R-M2-20′ glutamate residues (30), since there
are two such residues on eachTorpedoAChR. In that study,
the level of 3-azirinyloctanol labeling was not reduced by
octanol near its IC50 of 1 mM, which is the expected result
if two alkanol sites linked by positive cooperativity are
available for binding. Furthermore, photolabeling was not
blocked by high concentrations of the cationic NCIs, PCP
and QX-222, leading to a proposed structural model where
the polar head of the alkanol molecule associates with the
top of theR-M2 helix while the tail reaches down into the
channel no further than position 15′; in that model, the AChR
can simultaneously accommodate a large alkanol molecule
and a cationic NCI.

The findings here indicate that the long-chain alkanols do
not compete sterically with each other for a single site from
which to inhibit [3H]TCP binding to the agonist-desensitized
TorpedoAChR. These findings, like those of 3-azirinyloc-
tanol photolabeling, are in apparent disagreement with studies
on functional AChRs fromTorpedo (24, 26, 27) and
embryonic mouse muscle (28, 29), which conclude that
alkanols inhibit ion flow by binding to a hydrophobic patch
in the middle of the M2 channel domain large enough to
accommodate only one long-chain alkanol molecule at a
time. The most likely explanation of this apparent disagree-
ment is that the alkanol inhibitory site identified on the
functional AChR is considerably different from the alkanol
site on the desensitized AChR. Several lines of evidence
support this explanation. For example, a number of M2
domain-binding NCIs exhibit substantially different affinities
for the functional and desensitized AChR conformations (19,
51). In fact, the putative alkanol channel site on the functional
TorpedoAChR displays a much higher apparent affinity for
alkanol than the site(s) producing inhibition of [3H]NCI
binding to the desensitizedTorpedoAChR; for example,
n-octanol exhibits an IC50 of 20-50 µM for the former (27)
and an IC50 of 1-4 mM for the latter (25; Table 1). A
structural change in the M2 channel domain in the two
conformations was clearly demonstrated by the different
patterns of M2 segment photolabeling by [125I]-3-(trifluo-
romethyl)-3-(m-iodophenyl)diazirine (TID), a small un-
charged NCI (52), and by a larger uncharged compound,
[3H]diazofluorene (53).

Interaction between the Cembranoid and Long-Chain
Alkanol Sites.Superficially, the cembranoids resemble the
long-chain alkanols and cycloalkanemethanols in being
hydrophobic uncharged NCIs of the AChR. In fact, one of
the most potent cembranoids, sarcophytol-A (Figure 1), is a
large cyclic alcohol. However, unlike hydrophobic alcohols,

even the most potent cembranoids do not display an
anesthetic effect in vivo when tested in mice and fish (O. R.
Pagán et al., unpublished results). The calculated molecular
volume of sarcophytol (600 Å3) is nearly twice the maximum
allowable volume estimated for hydrophobic alcohols enter-
ing their site on the functionalTorpedo AChR (26).
Therefore, it is unlikely that cembranoids bind in the long-
chain alkanol site on the functional AChR. However, the
above-mentioned difference between the channel domains
on the functional and desensitized conformations of the
TorpedoAChR leaves open the possibility that cembranoids
and alkanols could be competing for the same site on the
desensitized AChR.

While the findings in this report show that the cembranoid
inhibitory site and the alkanol sites on the desensitized
TorpedoAChR are not independent of each other, the data
are inconsistent with simple steric overlap between cembra-
noid and alkanol sites. The simplest model for cembranoid-
alkanol interaction which fits the data shown in Figure 6 is
one in which occupancy of both alkanol sites decreases the
affinity of cembranoid for its inhibitory site while binding
of cembranoid to its inhibitory site decreases the affinity of
the second (high-affinity) alkanol site. This model correctly
predicts that in the presence of a fixed amount of alkanol
the cembranoid inhibition curve will be shifted to the right
with minimal change in the slope (Figure 6A,B). On the other
hand, in the presence of a fixed amount of cembranoid, the
alkanol curve will also be shifted to the right but with an
increase in the level of uninhibited [3H]TCP binding (Figure
6C). Therefore, long-chain alkanols and cembranoids inter-
fere with each other for their [3H]TCP inhibitory sites on
the desensitized AChR in a manner which is consistent with
negative allosteric inhibition. Therefore, the allosteric effect
of alkanols on cembranoid binding is similar to the allosteric
effect of alkanols on the TCP site, which the cembranoid
site overlaps.

The allosteric inhibition of alkanol binding by cembranoids
may have potential clinical relevance. While alkanols act
centrally as general anesthetics, unpublished studies in this
lab have shown no general anesthetic effect on fish or mice
by even the most potent cembranoids. If the central anesthetic
effect of alkanols, and of other uncharged NCIs, is mediated
through a mechanism similar to that which inhibits the
peripheral AChR, then cembranoids may be able to reverse
this effect without themselves producing anesthesia. This
hypothesis can be tested.

In summary, the model for cembranoid binding proposed
here provides a structure for experimentally testing how
cembranoids interact with the peripheral AChR as well as
with neuronal AChRs. This issue is particularly relevant in
view of the recent report that both marine and tobacco
cembranoids inhibit human neuronal AChRs and can block
one of the behavioral effects of nicotine in rats (35).
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