
ABBREVIATiONS: AChR, acetylcholine receptor; ion channel; CNS, central nervous system; ACh, acetylcholine; a-BGT, a-bungarotoxin; H12-HTX,
perhydroistrionicotoxin; HEPES, 4-(2-hydroxyethyl)-1-piperarmneethanesuffonic acid; CBZ, benzyloxycarbonyl; 2D, two-dimensional.

223

0026-895X/89/0202234’9$02.00/0

Copyright IC by The American Society for Pharmacology and Experimental Therapeutics
All rights of reproduction in any form reserved.

MOLECULAR PHARMACOLOGY, 35:223-231

N-Methylanatoxinol Isomers: Derivatives of the Agonist
(+)-Anatoxin-a Block the Nicotinic Acetylcholine Receptor
Ion Channel

K. L. SWANSON, Y. ARACAVA, F. J. SARDINA, H. RAPOPORT, R. S. ARONSTAM, and E. X. ALBUQUERQUE

Department of Pharmacology and Experimental Therapeutics, University of Maryland School of Medicine, Baltimore, Maryland 21201 (K.L.S., V.A.,
E.X.A.), Laboratory of Molecular Pharmacology II, Institute of Biophysics “Car/os Chagas Fllho, “ Federal University of Rio de Janeiro, llha do
Fund#{227}o,CEP 21941, RJ, Brazil (Y.A., E.X.A.), Department of Chemistry, University of California, Berkeley, California 94720 (F.J.S., HR.), and
Department of Pharmacology and Toxicology, Medical College of Georgia, Augusta, Georgia 30912 (R.S.A.)

Received April 4, 1988; Accepted November 10, 1988

SUMMARY

Using biochemical and patch-clamp techniques, we investigated
the pharmacology of S- and R-epimers of N-methylanatoxinol,
which are analogs of the semi-rigid, stereoselective, nicotinic
agonist (+)-anatoxin-a. In contrast to (+)-anatoxin-a, both iso-
mers had poor ability to inhibit the binding of 125l-a-bungarotoxin
or to open acetylcholine channels, and they were unable to elicit
contracture of frog rectus abdominis muscles. However, both
isomers were able to demonstrate significant concentration-
dependent blockade of the nicotinic acetylcholine receptor ion
channel. The R-isomer was approximately 4-fold more potent in
causing inhibition of [3H]H12HTX binding than was the S-isomer,
in the absence of carbamylcholine. In the presence of carbamyl-
choline, the affinity of the A-isomer of N-methylanatoxinol for the

ion channel sites was further enhanced, so that its affinity
became much greater than that of the S-isomer. Refinement of
voltage- and concentration-dependent terms for the ion channel
blocking and unblocking rates yielded functions that were able
to predict the channel open times and short closed times well.
The S-isomer bound and dissociated from the ion channel site
of the nicotinic acetylcholine receptor more rapidly and with
greater voltage sensitivity than the A-isomer. The present char-
acterization of the antagonistic properties of these new analogs
of (+)-anatoxin-a introduces a new aspect to the molecular
pharmacology of (+)-anatoxin-a analogs; the semi-rigid com-
pounds could be useful in describing the allosteric binding sites
of the acetylcholine receptor, as well as in delimiting the agonist
binding site.

The opportunity to examine the structural specificity of

nicotinic receptors has been expanded by the use of semi-rigid

ligands that have agonistic effects (1-3). Previously, the chem-

ical characterization of agonists suitable for the activation of

the nicotinic AChR was based on correlations among several

flexible structures; these structures were proposed to assume

conformations with similar cation (alkyl ammonium) to car-

bonyl separations and orientations (4) and to have a planar
region for hydrogen bond formation (5). Studies that charac-

terized the topology and chemistry of the receptor binding sites

often utilized antagonists (6, 7) or they characterized the de-

sensitized or chemically reduced forms of the receptor (8, 9).

The natural toxin found in the blue green algae Anabaena
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flos-aquae (1, 10) not only is semi-rigid but also has marked

stereospecificity (11) for the peripheral nicotine AChR. The

nicotinic AChR of the CNS has been difficult to study. Because

(+)-anatoxin-a is a secondary amine but not an ester (and is

therefore resistant to enzymatic hydrolysis) and because it is

100-fold more selective for nicotinic receptors than for musca-

rinic receptors (12), the toxin has become a very useful agent

for investigation of the nicotinic receptor of the CNS (13-15,

19). Its potential regarding CNS diseases in which nicotinic

transmission is pathologically altered (16-18) remains to be

explored.

At the peripheral nicotinic receptor, the natural isomer, (+)-

anatoxin-a, is a much more potent agonist than carbamylcho-

line, because of the greater binding affinity of the toxin for the

ACh site (11). The synthetic enantiomer, (-)-anatoxin-a, has

low affinity for the receptor and, therefore, low potency as a
nicotinic agonist. Another feature of (+)-anatoxin-a is its se-

lectitrity primarily for agonistic effects and secondarily for
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desensitizing effects (19), whereas other nicotinic agonists dem-

onstrate ion channel-blocking actions at concentrations closer

to their agonistic concentrations (20, 21). Unfortunately, for

many agonists complete pharmacological studies have not been

done to distinguish combined agonist-antagonist properties

from low agonist potency.

In the present study, the S- and R-geometric isomers of N-

methylanatoxinol (Fig. 1) were investigated for potency as

agonists and as antagonists. The low contracture potency for

these analogs is related to a low affinity for the a-BGT binding

site of the receptor and to a low stimulation of channel activity.

Further characterization of the new compounds with regard to

their ability to inhibit twitch, to interact with H12-HTX binding

sites, and to block ion channels introduces a new aspect to the

molecular pharmacology of (+)-anatoxin-a analogs; these semi-

rigid compounds could be as useful in describing the allosteric

binding sites of the AChR as they are in delimiting the agonist

binding site.

Materials and Methods

Solutions and drugs. Ringer’s solutions consisted of (mM): NaCl,
116; KC1, 2; CaCl2, 1.8; Na2HPO4, 1.3; and NaH2PO4, 0.7. HEPES-

buffered solution consisted of (mM): NaC1, 115; KC1, 2.5; CaCl2, 1.8;
and HEPES, 3, adjusted to pH 7.1 with NaOH. The synthesis of (+)-
anatoxin-a HC1 was described previously (22) and the synthesis of the
N-methylanatoxinols is described below. All drug solutions were stored

frozen.
Synthesis of N-methylanatoxinols [(1R,1OR)- and (1R,1OS)-

2(10-hydroxyethyl)-9-methyl-9-azabicyclo[4.2.1]-2-nonene].
The synthesis (Fig. 1) of the N-methylanatoxinols g and h was accom-

plished as follows: CBZ-dihythoanatoxin, c, obtained from (+)-dihy-
droanatoxin, b (22), was converted to its trimethylsilyl enol ether,

which was subsequently oxidized to give CBZ-anatoxin, d. Reduction

of d with NaBH4/CeC1: . H20 afforded the CBZ-anatoxinols e and f as

a 1:1 mixture. These isomers were separated and their stereochemistry

was assigned by 2D-NMR techniques. Reduction of the individual

isomers e and f with LiA1H4 yielded the desired pure N-methylanatox-

inols, g and h. With the amine protected, it was apparent that the
CBZ-anatoxinols differed by 2-fold in their polarity (by thin layer

chromatography) due to differences in the alcoholic portion of the
molecule.

The relative stereochemistry of the carbinol carbons (ClO) of the N-

methylanatoxinols g and h was determined at the CBZ-anatoxinol e,

f stage of the synthesis by use of high field 2D NMR spectroscopy. The

2D-nuclear Overhauser effect spectroscopy spectrum of the less polar
diastereomer f (of the CBZ-anatoxinols e and f) revealed cross-peaks
between H-3 and H-b as well as between CH�-11 and H-i, thus
confirming the R configuration at C-b.

Compounds g and h will be referred to in this manuscript simply as
(S)- and (R)-N-methylanatoxinol or S- and R-isomers, respectively.

The (S)- and (R)-N-methylanatoxinols are stable compounds and were

determined to be of >99.8% purity. The only possible contaminant,
and that at less than 0.2%, could be the epimeric alcohol. (+)-Anatox-

in-a cannot be present. N-Methylanatoxinols were recrystallized as the
hydrogen fumarate salts (S, m.p. 130-131”; R, m.p. 191-192”). Ana-

toxin-a has a pK4 of 9.4 (22) and methylation of secondary amines does

not alter the pK� by more than a fraction of a pK unit (23). Both

epimers have the same behavior on silica gel: the fumarate salts have
RF values of 0.32 in acetic acid/methanol, 1:9, and the free bases have

RF values of 0.11 in methanol. Thus, both epimers are quite polar.
Contracture and muscle twitch assays. The potency of the two

analogs in inducing contracture of the rectus abdominis muscle from

the frog Rana pipiens was compared with contractures induced by

carbamylcholine and (+)-anat.oxin-a. The ability of the analogs to
inhibit indirect twitch was assayed using the frog sciatic nerve-sartorius

muscle preparation. Force transducers, stimulators, and polygraph

recordings were used as previously described (ii). Due to the limited

supply of analogs and the low or absent drug sensitivity at high

micromolar concentrations, few muscles (three or four) were tested in

each experiment.

Receptor binding assays. Membranes were prepared from the

electric organs of Torpedo californica (Pacific Bio-Marine, Venice, CA)

by homogenization in 20 volumes of 50 mM Tris . HC1, pH 7.4, contain-

ing 100 �tM phenylmethylsulfonyl fluoride to prevent proteolysis. After
filtration through gauze to remove undisrupted material, the suspension

was centrifuged at 15,000 X g for 20 mm, resuspended in fresh buffer,

and used without further treatment.

The binding of the analogs to the nicotinic receptor of Torpedo was

measured using ‘251-a-BGT exactly as has been previously described

(11).

Toxin interactions with the high affinity, receptor-gated, ion channel

site were measured using [3H]H12HTX (54.5 Ci/mmol) (24) as the

probe. An aliquot of Torpedo membranes (25-50 zg of protein) was

incubated with 2 nM [3H]H12HTX and a range ofanalog concentrations

in 50 mM Tris . HC1, pH 7.4, for 45 mm at room temperature. The
suspension was then filtered through glass fiber filters (Whatman GF/

B) that had been wetted with a 1% organosilane solution (Sigmacote;

Sigma Chemical Co., St. Louis, MO) to eliminate [‘H]H12HTX binding

Fig. 1. Synthesis of (S)- and (R)-N-methylanatoxi-
nol. The analogs of the (+)-anatoxin-a (a) each
differ from it by the addition of an N-methyl moiety
and reduction of the carbonyl group, resulting in
two stereospecific products. The synthesis (de-

scribed more fully in the text) was from dihydroan-
atoxin (b) via formation of the CBZ derivatives and
several steps of oxidation and reduction to pro-
duce the N-methylanatoxinols g and h, which are
the S- and R-isomers, respectively. (The symbol �
represents unsaturation on the C2-C3 bond.)
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to the filters. The radioactivity content of the filters was determined

by liquid scintillation counting. Nonspecific binding was measured in

the presence of 100 �tM amantadine (25). Ion channel binding was

measured in the absence and presence of 1 �zM carbamylcholine, because
agonists enhance the binding affinity of most channel ligands (24, 26).

K1, inhibition constants, were determined from the IC� values for

inhibition of 2 nM [3H]H12HTX binding according to the relationship

K, = 1C50/(i + [D]/KD), where ED] and KJ) are the [3H]H,2HTX

concentration and dissociation constant, respectively. The [‘H]
H,2HTX dissociation constants were 0.089 and 0.135 �zM in the presence

and absence of 1 �tM carbamylcholine, respectively.

Preparation of muscle fibers and patch clamp analysis. Single
fibers were isolated from the interosseal muscle from the longest toe
on the hind foot of the frog R. pipiens as originally described by Allen

et al. (27). Briefly, treatment with collagenase (type I, Sigma; 1 mg/ml;

2 hr at 21”) followed by agitation in protease (type XXIV, Sigma; 0.2

mg/ml; 12 mm) separated the muscle into individual fibers. Fibers were

stored under refrigeration in HEPES buffer that contained bovine

serum albumin (0.5 mg/ml). Tetrodotoxin (300 nM; Sankyo Labs) was
added to HEPES-buffered solutions for all patch clamp studies in order

to block Na� channel currents and to prevent contraction of the muscle

fibers. All single channel recordings were performed at 10”.

Glass capillaries were pulled in two stages (Narishige PP-83) and

fire-polished to yield patch electrodes with resistances of 4-8 M�1.

Gigaohm seals were formed with the perijunctional region of isolated
muscle fibers using standard techniques. The LM-EPC-7 Patch Clamp

System was used for voltage clamping. The signals were stored on FM

magnetic tape for later analysis. The currents were low pass filtered at

3 KHz using an 8-pole Bessel filter before digitization at 80-�zsec

intervals, using IBM XT and AT microcomputers and PDP 11-24 and

PDP 11-40 (Digital Equipment Corp., Marlboro, MA) minicomputers.

Analysis of amplitudes of single channel currents and lifetimes of

open and closed states used the programs IPROC-2 and NFITS (M.

Sloderbeck and C. J. Lingle, Florida State University) and programs

using similar calculations, which have been previously described (11,

28). Transitions between open and closed states were identified by step

changes of current that were greater than 50% of the mean channel

current amplitude and more than 4 SD of the baseline noise; the

thresholds for opening and closing were defined relative to the baseline

current and the mean single channel current amplitude, respectively

(see Ref. 29). Histograms of all closed event durations were composed

of two exponentials. A closed interval longer than the majority of the

short phase closed times (at least 4 times the mean duration of short

closed times) was used as the criterion for burst discrimination. The

durations of single openings, bursts, and short closed events were each

fitted with single exponentials for determination of the time constants,

T. Because the long closed times between bursts were typically on the

order of hundreds of milliseconds, they did not interfere with the

exponential fitting of the short closed times, which were only a few

milliseconds.

The sequential ion channel blocking model (30, 31) was used as a

standard for comparison and description of molecular effects. In this
model, the receptor (R) is bound by two molecules ofACh. The channel
shifts to the open channel conformation, ACh.2R*, and in the presence

of blocking drug (D) leads to the formation of the drug-bound state

ACh2R5D, which has no conductance. The predictions of the sequential
model for open channel blockade include a linear concentration de-

pendence according the relationship i/T,,pen k_2 + [D] X k3 and a

conservation of the total open time per burst. The data were quantified
and evaluated to ascertain the appropriateness of this model for the

effects produced by these toxin analogs.

Kinetic analysis in all cases was performed on the log(r) because this

( ID]
k, k2 \,�k3

2 AC/i + R �± ACh.R �± ACh�,R* � ACh2R5D
k-i k-2 fk�3

L ID]

scale corrects the otherwise geometrically related confidence interval

to have a constant relationship to the mean. Given that the 95%

confidence interval for data along the line or curve is defined as

log(mean ± 1.96 of’s/n) and considering that the theoretical standard
deviation (�i) of an exponential distribution is the same as its mean,
the interval becomes [log(mean) + log(1 + i.96/’Jn)] to [log(mean) +

log(1 - 1.96/’Jn)], so that when n is constant the range on the log scale
becomes constant. It is therefore unnecessary to use weighting factors

in the regression analysis to correct for changes in a that accompany

changes in voltage. Weighting factors were not used to account for
variations in n, as the standard errors were already quite small (see

Fig. 5).

The voltage-dependent analysis was based on channel amplitude in
pA, which is linearly related to voltage. The data for the log �

versus channel amplitude were fitted by a linear regression to determine

the duration and voltage-dependent coefficients for the channel closing
rate, where k_2 = B_2eA_2t (32). Similarly, the data for the log

(T,h�,, �I�) versus channel amplitude at all concentrations of drug were
fitted by linear regression to determine the duration and voltage-

dependent coefficients for the unblocking rate k_:, = B_3e”�”. For the

drug blocking rate, data at multiple concentrations were modeled

simultaneously by using the k_2 parameters just determined and esti-

mates for the concentration- and time-dependent coefficient B, and

voltage-dependent coefficient A:� for the blocking rate constant kt =

B3eA3V (33) in the equation � 1/(k_2 + k:, [drug]). A parameter
refinement procedure sought a minimum for the regression sum of

squares difference � (log(r�pe�.)h,) log(r(,�fl.5I�))2 using a simplex

algorithm (34). The significance of the model was evaluated using a

backwards elimination procedure (35). Simulation of the data was

facilitated by the use of Simulation Control Program (SCoP version
2.6; National Biomedical Simulation Resource, Duke University, Dur-

ham, NC).

Results

Effects on muscle contracture and twitch. Neither the

(S)- nor the (R)-N-methylanatoxinol isomers induced any

detectible contracture of the rectus abdominis muscle at 0.012

to 170 jsM and 0.12 to 250 sM, respectively. Because no hint of

agonist efficacy was seen even at high concentrations, further

contracture experiments were judged to be unnecessary.

Both analogs were subjected to preliminary testing for inhi-

bition of receptor function using the indirect twitch assay. The

strength of muscle twitch was apparently unaffected at all

concentrations up to 400 �tM of S-isomer (four muscles). The

strength of muscle twitch decreased to 70% of control only

when the highest concentration of the R-isomer (400 �zM) was

applied (n = 2).

Interactions with the ACh binding site of the AChR.

Although ACh and (+)-anatoxin-a produced the expected in-

hibition of ‘2�I-ct-BGT binding to Torpedo membranes, the

analogs interacted poorly: the S-isomer inhibited ‘25I-a-BGT

slightly (10%) at 10 jsM, but the inhibition due to the R-isomer

was insignificant even at 100 �zM.

Single channel activation. No significant agonist activity

was demonstrated by contracture experiments for (S)- or (R)-

N-methylanatoxinol. The possibility still existed that one could

record a few single-channel events induced by these analogs,

thus providing clues of the extent to which the structural

modifications might influence the activation kinetics of AChR-

ion channels, independent of effects on binding to the agonist

site. In these experiments, ACh served as the control and did

produce activation of channels in the endplate region of the

isolated fibers, as previously disclosed (27).

Both N-methylanatoxinol analogs were then tested inde-
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pendently on proven endplate regions for their ability to acti-

vate channels. The R-isomer was tested up to 200 �M, but no

channels were activated. The (S)-N-methylanatoxinol did ac-

tivate the channels of several patches when present in the

micropipet at concentrations � 1.25 �tM (Fig. 2). These concen-

trations were much higher than those required for (+)-ana-

toxin-a, which activates single channel currents at 20 nM (11).

The frequency of single channel activation induced by (5)-N-

methylanatoxinol was also very low, with no multiple simulta-

neous openings, even when the analog concentrations were as

high as 62.5-125 �M. For one patch, the channel activity

observed at 1.25 �iM (Fig. 2) consisted of openings of short

duration (2.5 msec at 4.4 pA) and had “flickers” more frequently

than ACh-induced channels but, due to their very low fre-

quency, further kinetic evaluation was not done. A higher

frequency of bursting was not observed at higher micromolar

concentrations, and so it is possible that the patch recorded at

1.25 �M coincidentally had a large number of receptors. The

channel activity observed at higher concentrations consisted of

bursts of multiple repetitive openings, which appeared to be

consistent with open channel-blocking activity. Even low con-

centrations of analogs in the presence of ACh were shown to

produce channel blocking, described later in this paper, and

very high micromolar concentrations of analogs were not con-

sidered to warrant further intensive investigation by the patch-

clamp technique. Further analysis of these (S)-N-methylana-

toxinol-induced channel events was not done and therefore no

interpretation is available regarding the kinetics of receptor

activation by the S-isomer.

Interaction with H12-HTX binding sites. The inhibition

of [‘H]H,2HTX binding by the analogs was assayed to detect

interactions of the analogs with the receptor ion channel (Fig.

3). (R)-N-methylanatoxinol had 4 times greater potency for

inhibiting [‘H]H,2HTX binding than did the S-isomer in the

absence of carbamylcholine (p < 0.01; Table 1). Moreover, the

affinity of the R-isomer was increased over 4-fold in the pres-

ence of carbamylcholine (1 �tM). It should be noted that this

change was independent of carbamylcholine effects on [3H]

HI2HTX binding itself. In contrast, the affinity of (5)-N-

methylanatoxinol was not significantly affected by carbamyl-

choline (Fig. 3; Table 1).

Ion channel blocking by anatoxin analogs. Nicotinic ion

channel activity was recorded directly using admixtures of ACh

(0.4 �sM) with (5)- or (R)-N-methylanatoxinol at concentra-

tions ranging from 1.25 to 25 .tM or 6.25 to 200 �zM, respectively.

The conductance of channels, determined from the slope of the

current-voltage relationship, was 33 PS whether the channels

were activated by ACh alone or by ACh in combination with

an analog. Exposure of endplate membranes to the analogs in

the patch pipette produced a marked blocking effect on the

receptor ion channel. The channel activity observed in the

presence of micromolar concentrations of either N-methylan-

atoxinol isomer consisted of bursts of unitary openings divided

by flickers. As shown in Fig. 4 for the S-isomer, these flickers

occurred more frequently at higher concentrations.

The durations of individual open events were distributed

according to a single exponential (Fig. 4) with mean open

channel durations dependent upon holding potential and,

therefore, also channel amplitude. Both analogs shortened

channel open time at high concentrations (Fig. 5). It is possible

that the open time at 25 �M S-isomer also includes some

openings due to its agonist effects.

Quantitative evaluation by multiple regression verified that

the alterations created by the S-isomer on open channel dura-

tion could be modeled well according to a voltage- and concen-

tration-dependent rate of channel blockade. The durations of

channel openings decreased at hyperpolarized potentials and

in increasing concentrations ofthe S-isomer of N-methylana-

toxinol, as the rate of blocking (k,) made increasingly greater

contributions to the shortening of mean channel open time

(Fig. 5). In the case of the R-isomer, the relationship of mean

channel open time to concentration was less clear. But, even

so, the mean channel open time became progressively shorter

from 6.25 to 200 zM. The voltage dependence of k, for the R-

isomer was determined to be insignificant.

When only ACh is present in the pipet, bursts have a low

frequency of concentration-independent flickers. These com-

prise a minor component of the closed duration histograms and

the mean durations are voltage independent (11). The fact that

two distinct components of closed durations were observed

when analogs were added made it possible to associate the

shorter population with the more frequent occurrence of chan-

nel blockade as analog concentration was increased. The

shorter closed times were fitted with single exponentials to

(S)-N--M.fhylanatoxlnol I .25 �sM

�

�L4J�* �
�

-�J-� �
� � � ______

� �

w 3pAL�
25 misc

Fig. 2. Single channel currents activated by ACh, (+)-anatoxin-a, and (S)-N-methylanatoxinol. This figure was purposely designed to show
approximately two bursts per trace on a time scale that facilitates comparison of burst characteristics. No indication of potency for channel activation
is implied by the frequencies shown. The agonist potencies of ACh and (+)-anatoxin-a are reflected in the low concentrations that are typically used
to elicit channel activation. Concentrations of (S)-N-methylanatoxinol from 1 .25 to 125 �zM always produced low activation frequencies.
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determine the time constants for unblocking, Tcl,,sed 1/h_3.

The Tc,,sed values of the S-isomer (2.5 to 25 �tM) were independ-

ent of drug concentration (Fig. 6). The unblocking time con-

stant for the S-isomer was voltage dependent, with greater

stability of blockade occurring at more hyperpolarized poten-

tials (Table 2). The rate of recovery from blockade by the 5-

isomer was 1.5 msec’ at an equivalence of -100 mV. In the

case of the R-isomer, channel closures were longer and h_t was,

therefore, somewhat smaller. In this case, no voltage depend-

ence was evident (Fig. 6).

Calculation of affinity constants from the binding and dis-

sociation kinetics measured using the single channel activity

(Figs. 5 and 6) suggest that the kf) (at 0 mV) is approximately

10-fold greater for the S-isomer than for the R-isomer (Table

1). Although the absolute values are greater than those observed

to inhibit H,,-HTX binding in the presence of carbamylcholine,

their ratio corroborates the ratio of their K, values.

The sequential model predicts conservation of the total open

time per burst. In the present cases, despite an increase in the

number of openings per burst with increased concentrations,

the total open time per burst was decreased (not shown). The

burst durations were only decreased to a small extent, compared

with the decrease in open channel duration (Fig. 5). The

0 20 30
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�““�k�

(s)

I.

4::&�#{243}
,,...

�
1\ \�

?\\�
(R) #{149}c�

‘\\
?\

,
-...--..----- I I

-7 -6 -5 -4 -7 -6 -5 -4

Log [analog], M

Fig. 3. Influence of N-methylanatoxinols on [3H]H12-HTX binding to ion
channel sites in the AChA complex. The binding of 2 n�i [3H]H12-HTX
was measured in the presence of the indicated concentrations of (S)-
and (R)-N-methylanatoxinol. Binding was measured in the presence (#{149})
and absence (0) of 1 �M carbamylcholine and is expressed as a fraction
of the specific binding measured in the absence of toxins. Each point
and bar represent the mean and standard deviation from three experi-
ments.

TABLE 1
Interactions of N-methylanatoxinols with high affinity ion channel
sites
For K, , the errors are expressed as the mean ± standard deviation for three
experiments. Values for K,, were calculated for 0 pA (or my) using parameters in

Table 2.

l3Hl H,2HTX K
Single Channel,
Kd k_3/k3

Control
Carbamylcholine

(laM)

�zM

(R)-N-Methylanatoxinol 39 ± 5 8.5 ± 2.1 a 50
(S)-N-Methylanatoxinol 170 ± 42 1 17 ± 56 550
Ratio Ks/KR 3.9 14 11

a Significantly higher affinity than in the absence of carbamyicholine (p < 0.01;
Student’s t test).

I�0
misc

ACh 0.4 p.M + (S)-N-Usthylanatoxlnol 12.5 �sM

�

3pA)25m..c

10
misc

Fig. 4. Concentration-dependent effect of (S)-N-methylanatoxinol on
open times of single channel currents. In the presence of analog, the
channels were activated in bursts that were composed of many transi-
tions between open and short blocked states. The channel open times
were distributed according to a single exponential function in all cases.
Increasing concentrations of anatoxin analog produced successively
shorter mean channel durations: control at 3.7 pA, 7.0 msec (n = I 249);
2.5 � at 3.6 pA, 4.2 msec (n = 1083); 6.2 � at 3.4 pA, 2.8 msec (n =

939); 12.5 �iM at 3.7 pA, 1 .7 msec (n = 9876), where n is the total
number of open events recorded to generate each histogram.

observed number of openings per burst was on the order of one

half of the expected number, based on the data for the blocking

rate and the unblocking rate for both drugs (not shown). This

may be partly artifactual, based on definition of burst by a

minimum interburst interval. For any selected minimum inter-
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burst interval, occasional errors will occur in the identification

of channel open events as distinct bursts when in fact they

were part of a single burst and the closed interval was a long

blocked duration. Thus, burst durations, total open time per

burst, and the number of channel open events per burst will be

underestimated.

It was also possible that the sequential model was incomplete.

There probably is an alternate mechanism by which blocked

channels are able to close with the channel-blocking ligands

stillbound to their site on the receptor, without passing through

the open state (36-38). The present data on burst duration are

neither sufficiently uniform nor of great enough magnitude to

warrant modification of the sequential model in a quantitative

Fig. 5. Voltage-dependence of the mean channel open
and burst times. Upper left, the mean open times in-
duced by ACh (0.4 �M) alone (control) and in the pres-
ence of 2.5 to 25 MM (S)-N-methylanatoxinol were volt-
age dependent. The mean open time was prolonged by
an increased amplitude in the control condition but was
decreased by an increased amplitude in the presence
of the S-analog. The ion channel-blocking parameters
refined by multiple regression of mean open time versus
channel amplitude and drug concentration (using data
up to 12.5 hiM) are listed in Table 2 and the calculated
values are shown here as continuous lines; progres-
sively lower lines are present for each concentration at
which observed data are present. The coefficient of
multiple determination was 0.909. Upper right, the
mean channel open times were also shortened by (R)-
N-methylanatoxinol at concentrations above 12.5 �zM.
Regressions results were calculated using all concen-
trations and are shown for all concentrations. The
blocking rate, k3, had no significant voltage dependence
for the R-isomer; see Table 2. The coefficient of multiple
determination was 0.868. Lowerleft and right, the burst
durations, which are separated from each other by
closures greater than 8 msec, were decreased at 25
�M or higher concentrations of either isomer. Standard
errors were calculated empirically as mean/�mn; thus,
the few error bars that were larger than the symbols
reflect the large number of channels recorded for each
sample.

Fig. 6. Voltage dependence of short channel closed
times. The mean duration of short closed times (1/k_3)
showed a clear voltage dependence. From 2.5 to 25
MM S-analog, there was no concentration dependence
in channel closed times. The slope of the best fit line
using data at allconcentrations ofthe analog (r = 0.879)
indicated an e-fold change of closed durations for each
2.32 pA, which corresponds to 71 mV (k3 = 5.79 x
�(14.1 x V) msec’). The R-isomer caused closures whose
durations were voltage independent, and the overall
mean was 1 .94 msec (k_3 = 0.51 5 msec1). The closed
durations of those few short closures observed in the
presence of ACh alone (not shown) were approximately
0.1 5 msec and were apparently not sensitive to voltage.

Discussion

Using biochemical and electrophysiological techniques, we

have investigated the 5- and R-epimers of N-methylanatoxinol

for their contracture potency, affinity ofbinding to the receptor,

and ion channel activation at the nicotinic AChR. The struc-

ture of the AChR, particularly the a subunits, is well conserved

throughout the vertebrate subphylum (39), making the binding

to sites on Torpedo electroplaque comparable to pharmacolog-

ical effects on frog muscle.

In contrast to (+)-anatoxin-a, the S-isomer was a much

weaker agonist, as demonstrated by its poor ability to inhibit

the binding of ‘25I-a-BGT or to open AChR channels. The R-
isomer was completely ineffective as an agonist. Similar obser-

vations have been made for the binding of these isomers to frog
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1 � Wonnacott arid E. X. Albuquerque, unpublished observations.

2 p� Kofuji and K. L. Swanson, unpublished observations.

TABLE 2
Resufts of Ieast squa res fitting of coe fticients of kinetic parameters

B A
Potential for

e-Fdd Change’

msec�’ pA�1 mV

k..2 ACh 0.410
msec’ MAr’

0.271 111

k3 S
A

0.0105
0.01 03
msec

-0.289 -106

k.3 S
A

5.79
0.515

0.427 71

a For the convenience of comparison with other voltage-dependent blockers, the
voltage-dependent term A was also expressed as the voltage that produced an e-

fold change in r by utilizing the relationship that, for 33 pS slope conductance, 1
pA corresponds to 30 mV.

muscl&; however, concentrations required to induce contrac-

ture were higher than those required to inhibit ‘251-a-BGT

binding. For example, the S-isomer decreased a-BGT binding

by 10% at 10 �M but was ineffective at inducing contracture at

170 �M. With the example of (+)-anatoxin-a, contracture be-

came measurable using our techniques at a level close to 25%

inhibition of a-BGT binding (11). The deviation could involve

a threshold level of receptor activation that is necessary to

allow sufficient ion flow for transduction to a mechanical

response. Furthermore, the lack of correlation between agonist

equilibrium dissociation constants and the concentrations re-

quired to elicit muscular responses has been associated with

the sensitivity of the binding assay to the desensitized receptor,

which has a greater affinity for agonists (8, 40).

Chemical modification of the toxin by methylation alone was

not expected to reduce agonist activity, inasmuch as the endog-

enous ligand ACh and many semi-rigid agonists are quaternary

amines (2, 3). However, note that recent observations demon-

strate that N-methyl- and N,N-dimethyl anatoxin have weak

agonist effects and significant antagonist effects (41).2 At the

other site of modification, the reduction of the ketone moiety

to a secondary alcohol weakened the forces for hydrogen bond-

ing to the agonist site of the AChR (4, 20). The elimination of

the conjugated enone system permitted rotation and, hence,

variation in the nitrogen-hydrogen bond separation and loss of

planarity present in ester agonists (5) and (+)-anatoxin-a (22).

Further details regarding molecular conformation and agonist

potency of anatoxin derivatives must be addressed elsewhere.

The important new aspect of these isomers was that they

produced a concentration-dependent blockade of the AChR. It

is a particular problem in the evaluation of nicotinic agonists

that many agonists and agonist-like compounds are also non-

competitive antagonists of the AChR at micromolar concentra-

tions (20, 42-44). Anatoxin-a at concentrations up to 0.2 �tM

did not produce blockade of the AChR (1, 11). For the N-

methylanatoxiriols, the inhibition of HI2HTX binding and

flickering in the single channel currents were the more sensitive

indicators of receptor antagonism, whereas the twitch response

was slightly affected only by the R-isomer.

The rates of ion channel blocking and unblocking were

voltage dependent for the S-isomer, but not so for the R-isomer.

These voltage dependencies (Table 2) indicated that the block-

ade induced by the S-isomer was stabilized at hyperpolarized

potentials. What could account for the voltage sensitivity of

the S-isomer, i.e., more rapid binding at hyperpolarized mem-

brane potentials and more rapid dissociation at depolarized

membrane potentials, in contrast to the lack of voltage sensi-

tivity of the R-isomer? Similar voltage dependence has been

noted for other charged blocking drugs (31, 42, 45, 46). In

contrast, the lack of voltage dependence seen with the R-isomer

has been noted with nonpolar compounds (45, 47).

Polar charged and nonpolar drugs may have access to the

binding site via hydrophilic and hydrophobic pathways, respec-

tively (48). Relative hydrophobicity within a series of analogs

is correlated with greater antagonist potency (24, 49-52). Ac-

cess of blockers to their binding site was facilitated by nicotinic

agonists, as revealed by a faster rate of association of [‘H]

HI2HTX with the ion channel site (26, 52-54). In these exper-

iments, the R-isomer was more potent in causing inhibition of

[‘H]H,2HTX binding than the S-isomer, in the absence of

carbamylcholine. In the presence of carbamylcholine, the affin-

ity of the R-isomer of N-methylanatoxinol for the ion channel

sites became even greater. The high affinity (hydrophobic)

blockers within series of chemically related channel blockers

were particularly sensitive to agonist, but the binding of very

weak channel blockers is frequently insensitive to receptor

agonists. This may explain why the affinity of the R-isomer,

but not the S-isomer, is increased in the presence of carbachol.

Thus, one may be led to the presumption that differences in

polarity of the isomers could account for the differences in

voltage sensitivity and agonist sensitivity. However, differences

in polarity of the isomers were not noted using thin layer

chromatography. Although there are only small structural dif-

ferences between the two isomers, the binding-dissociation

properties of the two isomers in the present study suggest that

dual stereochemical parameters were active. The S-isomer

could achieve a greater rate of binding via long range coulombic

forces of attraction to the receptor. For the R-isomer, short

range van der Waals forces may explain both slower binding

and slower dissociation, if it is presumed to fit the receptor

more ideally. Thus, the differences in pharmacological proper-

ties might arise from stereospecific or stereospecifically induced

differences in drug-receptor interactions. Note that stereospe-

cificity for ion channel blockade has not previously been found

(47).

The reasons for the systematic differences observed between

the biochemical and electrophysiological interaction constants

could be attributed to the sensitivity of the equilibration meas-

urements to ionic composition, exposure to receptor ligands, or

perhaps even to the desensitized state of the receptor. Addi-

tionally, the different species and tissues used or the unknown

transmembrane potential in the membrane preparation could

account for even more discrepancy. Although the potential

difference across the membranes used in binding studies has

not been measured (26), it is possible to conjecture using the

kinetic and equilibrium data for the S-isomer. The data suggest

that the receptor in the homogenized tissue responds in a

manner similar to that of the receptor in isolated muscle fibers

held at a hyperpolarized potential. Many other conditions may

contribute and, therefore, a number of issues remain to be

addressed in correlating binding and kinetic data.

During the physiologically synchronized activity of neuro-

muscular transmission, the channel-blocking properties of

these analogs could alter the decay of endplate currents. A

greater depression of the endplate potential by the R-isomer
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than the S-isomer is predicted, due to the lack of voltage

dependence of the R-isomer. During normal synaptic depolari-

zation and action potential generation, blockade by the 5-

isomer would be reversed; hence, it is a weaker blocker than

the R-isomer. This is confirmed by the lower potency of the 5-

isomer for the antagonism of H,2-HTX binding and muscle

twitch.

Beyond the purely biophysical issues that this study has

addressed, we can consider the possible applications of drugs

that on first test did not elicit contracture and only weakly

antagonized muscle twitch. Compounds having reversible

blocking properties like those described here might effectively

compete with the action of other channel blockers, particularly

those that have slow reversal kinetics, such as phencyclidine

(49) or cocaine (38). The concept of antagonist reversal by use

of other antagonists with rapid kinetics has been noted previ-

ously for competitive antagonists (55). Therapeutic agents spe-

cific for reversal of nicotinic ion channel blockade are not

currently well known. In the case of oximes, the reversible

channel-blocking actions contributed significantly to antago-

nism of organophosphate poisoning (46). Low intrinsic phar-

macological efficacy or potency should be advantageous in an

antidotal or prophylactic regimen against nicotinic blockade.
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