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Summary. Relationship between the size of the molecule in the 
series of organic ions Et~Iq--(CH,_)5--1qRIR2R ~ (R i alkyl or 
cycloalkyl substituents) and their abilities to block nicotinic 
acetylcholine receptors (AChRs) due to their open-channel block- 
ade in the neurons of autonomic ganglia and in frog end-plate was 
analyzed. 

All low-energy equilibrium conformations of the drugs were 
calculated by the molecular mechanics method. A unique rectan- 
gular channel profile 6. t • 8.3 A, for which the best correlation 
between blocking activity of the drugs and total population of 
their conformations being able to penetrate into the channel, was 
deduced from all those tested. 

Key Words acetylcholine receptor, ion channel, mechanism 
of blockade . conformation . structure-activity relationship 

Introduction 

Although a number  of a t tempts  have been made to 
identify the site in nicotinic acetylcholine receptor  
(AChR) that binds the open-channel blocking drugs, 
its localization still remains unclear (Adams, 1976, 
1977; Changeux,  Giraudt & Dennis, 1987; Gui & 
Hucho,  1987). Most possibly those intrapore groups 
which have been suggested to interact with sodium 
and other penetrat ing inorganic cations can likewise 
serve as binding sites for some organic-blocking 
drugs. Therefore ,  the activity of  these drugs should 
depend,  in particular, on whether  their molecules 
can penetrate  deeply enough into the channel to 
reach their binding site. Dwyer ,  Adams and Hille 
(1980) found a correlation between the dimensions 
of  organic ions and their ability to penetrate through 
the ion channel of  the end-plate AChR. The majority 
of organic drugs are flexible molecules,  i.e., they 
exist as a mixture of  different conformers.  The spe- 

cific population of each particular conformer  de- 
pends on its conformational  energy which can be 
calculated using molecular  mechanics .  A possibility 
thus appears,  through the analysis of  conformat ion-  
activity relationship in a series of  compounds ,  to 
estimate the size of the channel at the level where 
the binding site is localized, it has been assumed 
earlier that the binding site for the bis-cationic open- 
channel blocking drugs in AChR of sympathet ic  gan- 
glion neuron includes two anionic sites separated by 
a distance corresponding to the interchange distance 
in penta- and hexamethonium,  the most  potent open- 
channel blockers among symmetr ical  bis-ammo- 
nium ganglion-blocking agents (see Skok, Selyanko 
& Derkach, 1989). Therefore,  compounds  used in 
the present work were pentamethonium derivat ives 
with one variable t r ia lkylammonium cationic group 
and an unchanged t r ie thylammonium cationic group 
(Gmiro, Lukomskaya  & Serdyuk,  1987). For 
simplicity, the variable cationic group will further  
be called the first group, while the constant  one will 
be called the second group. Conformat ions  of the 
first cationic groups in all substances tested were 
calculated using molecular  mechanics .  Earlier this 
method was applied for the purposes  of  three-dimen- 
sional modeling of recognition sites in adrenergic 
receptors (Zhorov & Govyrin ,  1981; Govyr in  & 
Zhorov,  1984). 

According to recent studies, selective blockade 
of nicotinic synaptic t ransmission through sympa-  
thetic ganglia produced by bis-ammonium com- 
pounds,  pentamethonium derivatives,  is entirely due 
to open-channel blockade of AChRs in ganglion neu- 
rons. This conclusion was drawn f rom strict correla- 
tion between the open-channel  blocking potencie s 
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Table 1. ACbR,blocking activities of the compounds Et3--N--(CH_,h--R relative to that of compound (1} 

Compound - - R  Blockade of Blockade of  Blockade of  ACh- 
sympathetic enteric induced current in 
ganglia ganglia sympathetic neuron 

§ 

1 - - N  Me 3 1.00 1.00 1.00 
11 - -NEt~Me 0.55 1.02 1.06 

+ 

Ill ~ N  Et 3 0.02 0.01 0.03 
IV - -NMe~n-Pr  0.04 0.02 - -  

+ 
V - - N  Mezi-Pr 0.13 0.66 

VI 1'~/~ - -  0.27 1.40 0.76 

El 

VII - -  0.01 0.01 - -  

n-Pr 
+ /  

V I I I - - N  '{}.03 0.03 {}.02 

i-Pr 

--.] 
2 IX --t '~ 0.{} I 0.(}2 

I i \ J  
X - - N  ) 0.03 0.07 

Et 
Me 
I 

Xl - - I ~ - -  / / ~  i 0.01 O. 0 I 

r 
Me 

Compound (I) activity (EDs0) is equal to 0.20/zmol/liter for cat sympathetic ganglion, 74.7/xmol/liter for guinea-pig enteric ganglia, 
and 1.70/zmol/liter for rat sympathetic neuron (single applications of acetylcholine). 

of the drugs and their abilities to block ganglionic 
transmission (Skok, Selyanko & Derkach, 1983; 
Skok, 1987). This finding allowed us to,.use, besides 
the directopen-channel blockade, the drug-induced 
blockade of the responses recorded from target or- 
gans as an indirect estimate of the channel-blocking 
activities of the drugs. 

It is well  known that neuronal and end-plate 
AChR exhibit quite different functionaland pharma- 
cological properties. In particular, there :are differ- 
ences between the abilities of many mono- and bis- 
ammonium.eompounds to block the open channel of 
end-plate and neuronal AChR (see Skoket al., 1989). 
At the first ~site, it would be possible to correlate 
these differences with the differences An the amino 
acid sequence of neuronal and end-plate AChR 
which now are evident. Also several.genes that en- 
code a number of types of neuronal and muscle ni- 
cotinic receptor subunits have now been identified 
(see Steinbach & Ifune, 1989). But, unfortunately, 
data on chemical structure of receptors are insuffi- 
cient yet for predicting the finedetails of the channel 
geometry which evidently is of great importance for 
elucidatiowof blockade mechanisms. That is why it 
is the analysis of conformation-activity relationships 

of the ligands which could help to estimate this ge- 
ometry. 

In addition to using the autonomic ganglia, our 
experiments were also performed on the end-plate 
to compare the channel-blocking activities of the 
drugs tested in the ganglia and in the muscle. Prelimi- 
nary reports on the results were published elsewhere 
(Zhorov et al., 1989a,b). 

Materials and Methods 

CALCULATIONS AND E X P E R I M E N T A L  PROCEDURES 

According to molecular mechanics calculations, at 25~C 70% of 
pentamethonium molecules [(CH3)3--I~--(CI-I2)s--I~(CH3)3] are 
in the fully extended, all-trans conformation where electrostatic 
repulsion between cationic heads is minimal (Rozengart & 
Zhorov, 1983). For the same reason, in the compounds we worked 
with the preferred conformation is the extended ~itl-trans confor- 

mation of pentamethylene chain. Therefore, the electrostatic and 
Van-der-Waals interactions between cationic heads should only 
slightly depend on their structure. Based on these assumptions, 
for the purposes of molecular mechanics calculations, we re- 
placed compounds listed in Table 1 by their diminished models 
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Table 2. Designation of torsional angles of the compounds 

b 
Et~N--(CH,)4--C I H: 

R3 

§ 

N q RI 

121 

R2 

Compound RI R2 R3 r I r~ r 3 

11 Et Et Me C C I - - N - - R I  C I - -N- - (R2) - -C  
111 Et Et El CI - -N- -C(R2) - -C  C I--N--C(R4) C 
IV n-Pc Me Me C--CI  N--RI  CI N C(RI)--C 
V* i-Pr Me Me C- -C I - - N - - R  I C I - -N- -C(R  I )--C2 

VI El (CH2) ~ C--CI  N RI C I - - N - - C ( R I ) - - C  
VII n-Pr (CH2) 4 C I - - N - - C ( R I ) - - C  N C(RI) - -C- -C 

VII I* i-Pr (CH, h C- -C I - - N - - R  I C I - -N- -C(R  I )--C2 
IX (CH2)~CH(CH,) ~ C- -C I - - N - - R 2  
X El (CH2) 5 C - - C I - - N - - R I  CI N--C(R1)--C 

XI** CsH~ ~ Me Me C--CI N--RI  CI--N--C(R1 )--C2 

C I - - N - - C ( R I ) - - C  
CI N--CIR1)--C 
N--C( R I ) - - C - - C  

C- -C I - - N - - R I  

H 
I 
I 
I 

- i -P r  =lm,,C , ,~  C2H~: 
I 
I 
i 
CH~ 

** C2H2__CH 2 

-CsH 9 = ID'C ~ H 

CHz- - -CH 2 

where three ethyl groups of'the second cationic head were substi- 
tuted by hydrogen atoms. 

Equilibrium conformations of each compound were calcu- 
lated using the energy minimization method. The starting points 
were the combinations of the staggered conformations of single 
bonds in trialkylammonium heads including the bond between 
pentamethylene chain and the nitrogen atom in nonsymmetrical 
cationic heads. For pentamethylene chain the all-trans conforma- 
tion was used as initial approximation. Using the molecular me- 
chanics method, we presented conformational energy as a sum 
of nonbonded interactions, torsional energy and bond-angle de- 
formation energy for nitrogen, carbon and oxygen atoms,, with 
the exception of atoms in methyl groups and butylamine chain. 
Bond lengths and parameters of the potential functions were 
chosen as in the work by Zhorov et al. (1975). Nonbonded interac- 
tions were calculated using 6-exp potential functions with the 
parameters developed by Dashevskiy (1974). The merits of this 
set of parameters are their consistency with a simple set of force 
constants for bond-angle deformations. Our early calculations 
revealed a good agreement between optimized conformational 
maps of acetylcholine calculated with potentials of Dashevskiy 
and with force field developed by Gelin and Karplus (1975). A 
universal program for molecular mechanics calculations (Zhorov, 
1975) was used. This program minimizes conformational energy 
in the space of an arbitrarily chosen set of torsional and bond 
angles with fixed bond lengths. Loop closing potential (Zhorov. 
1982) was used for calculation of cyclic molecules. To calculate 
the dimensions of equilibrium conformations, the Van-der-Waals 
radius of hydrogen atom was taken as equal to 1.2 fi~. The confor- 
mational energy minimization was performed with the use of 
~he Davidon method (Fletcher & Powell, 1963) in the space of 
torsional and bond angles. Minimization procedure was stopped 

when the norm of gradient became tess than 0.1 kcal mol 1 rad-1. 
Derivatives of energy were calculated by the analytical vector 
method (Zhorov, 1981, 1982). 

Torsional angle designations are given in Table 2. In the 
names of conformers, symbols from left to right correspond to 
the torsional angles ri, r2, r3 (Table 2). Symbols g, t, and g 
denote gauche (r = 60 +- 60~ trans (r = 180 -+ 60~ and ( - ) -  
gauche (r = -60  -+ 60 ~ conformations, respectively. Prefixes 
e-  and a-  denote equatorial or axial orientation of the N-CI bond 
relative to the plane of the piperidine or pyrrolidine ring. 

ESTIMATIONS OF BLOCKING ACTIVITIES OF 

THE COMPOUNDS USED 

The blocking effects of the compounds upon ACh-induced mem- 
brane currents were studied in the neurons of the rat superior 
cervical ganglion. The isolated ganglion was placed in physiologi- 
cal solution, desheathed and then incubated with collagenase 
(0.4% Sigma type 1) to clean the cell surface. The ganglion was 
then continuously perfused with the saline solution throughout 
the experiment. Membrane currents induced in the ganglion neu- 
rons by ACh iontophoretically applied through the extracellular 
micropipette were recorded at room temperature with the use of 
the patch-clamp method in the whole-cell recording mode. The 
recording pipette contained a solution of the following composi- 
tion (in mM): NaCI 140; CaCR 1; EGTA 11; HEPES 10; pH 7.2. 
A potassium-free solution was used to prevent the appearance of 
membrane current evoked by activation of muscarinic acetylcho- 
line receptors. The recording technique used was published in 
more detail elsewhere (Derkach et al., t987; Selyanko et al., 
1988). The blocking compounds were applied with the perfusing 
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Fig. 1. Blocking effects of  a 
compound  (VI) ( s e e  Table 1) on the 
ACh-induced membrane  current  in 
the neurons  of rat superior  cervical 
ganglion. (a) The ACh- induced  
currents  recorded in normal solution 
(upper records) and 5 rain after the 
onset  of  blocker application (lower 
records) at membrane  potential levels 
indicated near  each record. (b) 
Voltage dependence  of blocking 
effect. The blocking effect, expressed  
as (1~ - 1)/1, where  I0 and 1 are 
current  ampli tudes in normal  solution 
and in the presence of  a blocker.  
correspondingly,  is plotted against 
membrane  potential level. (c) 
Frequency dependence  of  a blocking 
effect. The currents  were evoked by 
repetitive ACh applications in normal 
solution (left records) and in the 
presence of a blocker (right records).  
Concentra t ion of a blocker was 5 
/ ,mol/l i ter  (a and b) and 2(1/,mol/liter 
(c). Frequency  of ACh application 
was < 0.01 Hz (a and b), and 0.5 Hz 
(c). Records  a and b and records c 
were obtained from two different 
neurons ,  correspondingly 

solution. To est imate blocking activities of  the compounds  used,  
the equilibrium dissociation constant  Ko was found by interpola- 
tion as being equal to a concentrat ion of a compound produc- 
ing 50% decrease in the ACh-induced current  amplitude. The 
blocking activity was calculated as the inverse of K~> and 
relative to that of  the compound  II ( s ee  Table 1, the last 
column). 

The blocking effects of  the compounds  on ganglionic trans- 
mission were studied in cat superior cervical ganglion in s i t u .  

Contract ions of nictitating membrane  evoked by repetitive (5 
st im/sec) st imulation of cervical sympathet ic  nerve were re- 
corded from the animal anaesthet ized by the mixture ofchloralose 
and urethan (50 + 500 mg/kg i.v.). The EDs0 of the blocking 
compounds  injected into lingual artery was est imated,  and their 
blocking activities were calculated as inverses of the EDs0 values. 
The method,  in more detail, was published elsewhere (Lukom- 
skaya & Gmiro,  1982). 

The blockade of suberyldicholine-induced responses  of  gut 
muscle was studied in pieces of  the guinea-pig small intestine that 
were isolated and perfused with physiological saline solution at 
37~ Suberyldicholine was used because it selectively ac t iva ted  
nicotinic acetylcholine receptors  without affecting the muscarinic 
ones.  Both suberyldicholine and the blocking compound tested 
were applied in perfusion saline, and the gut contractions were 
recorded.  The K o values were obtained from the shift of  the dose- 
response curve.  

To s tudy blocking effects of  the compounds  upon the end- 
plate AChRs,  the end-plate currents (EPCs) were evoked in frog 
sartorius muscle  by motor  nerve stimulation (0.2 st im/sec),  and 
were recorded with the use of the conventional  two-electrode 
voltage-clamp method  at room temperature.  Concentrat ions of 
Ca 2+ and Mg 2+ ions in the medium were decreased to 0.9 mM 

and increased to 6.0 mM. correspondingly,  to prevent  muscle 
contraction. The effects of  blocking compounds  on lhe EPC am- 
plitude and on the EPC decay time course  were studied at mem-  
brane potential levels from - 6 0  to - 140 mV. Most  compounds  
tested induced biexponential  EPC decay,  with two time cons tan ts  
proportional to inverses of  the rate cons tan ts  for associat ion and 
dissociation of a blocking drug with the open channel .  The equilib- 
rium dissociation constant  value (Ko) for blocking effect of  each 
compound was calculated as a ratio of  two corresponding rate 
constants .  

Results and Discussion 

B L O C K I N G  E F F E C T S  OF THE C O M P O U N D S  T E S T E D  

Blocking effects of compounds (I), (II), (III), (VI) 
and (VIII) on ACh-induced current were studied in 
rat superior cervical ganglion neurons (Table 1). All 
compounds decreased the current in a voltage- 
dependent manner, their blocking effects being in- 
creased by membrane hyperpolarization and de- 
creased by membrane depolarization; the blocking 
effects disappeared at membrane potentials more 
positive than 20-50 mV. An example of the voltage- 
dependent blocking effect produced by compound 
(VI) is illustrated by Fig. la and b. In a series of 
ACh applications in the presence of a blocker each 
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Tab le  3. The effect  of  the b lock ing  d rugs  E t 3 - - N - - ( C H , h  R on the musc le  n icot in ic  A C h R  
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C o m p o u n d  R M e m b r a n e  k 1  I()~ k;, Kt) 
poten t ia l ,  (M IS-I)  (S u) (mM) 

(mV) 

+ 

1 - - N M e ~  - 80 1.03 +_ 0.22 < 5 0  <0 .05  

t/1 = 8) 
I20 2.72 _+ 0.6 <50  0.02 

(n = 8) + 
II - - N E t ~ M e  80 0.43 ~= 0,1 784 + 39 1.8 

(n = 3) (it = 3) 

120 0.77 _+ 0.18 772 -+ 91 1.0 

(it = 3) (n = 3) 
+ 

I l l  - - N E t  3 8(1 0.10 -+ 0.03 987 + 138 9.9 

(n = 6) (n = 6) 

- 120 1.52 _+ 0.3 1064 +_ 204 0.7 

(n = 5) (n = 5) 

Vl  - - N " ] ~  80 0.23 +-+ 0.05 467 -+ 71 4,4 

[" ~ (n = 4) (n = 4) 

El 120 0.12 +_ 0.03 494 _+ 13 4.1 

+ , ~  (n = 4) (n = 4) 

VIII  - - N  [ 80 1.10 -+ (I.01 t287 + 135 1.7 
[,_ I (H = 9) ( n  = 9) 

i-Pr 120 0.36 -+ 0. [ 967 + 138 2.7 
+~'~1~ ( .  = 9 )  ( , ,  = 8 )  

IX  N I 80 0.6(I _+ 0.1 1044 _+ 23 1.7 
~.. I (n = 4) (n = 4) 

- 120 1.65 -+ 0.67 713 -+ 24 0.4 

(n = 4) (n = 4) 

kl: a s s o c i a t i o n  rate  cons t an t  for  the d rugs  wi th  the open  channe l ;  kl,: d i s soc i a t ion  rate c o n s t a n t  Kt): d i s soc i a t ion  cons t an l  ( de t e rmined  
at two  m e m b r a n e  po ten t ia l  l eve ls  80 and - 120 mV).  

subsequent response was smaller than the previous 
one (frequency-dependent blocking effect, Fig. lc). 
Both these results are consistent with the open-chan- 
nel blocking mechanism (Adams, 1976; Hille, 1984). 
The activities of the compounds in blocking ACh- 
induced current could differ in various compounds 
more than 50-fold (e.g., compounds 1 and VIII, the 
last column of Table 1). 

Blocking activities of the compounds in their 
effects on synaptic transmission through the cat su- 
perior cervical ganglion and on the suberyldicholine- 
induced contractions of the guinea-pig small intes- 
tine are also given in Table 1. Relative ganglionic- 
blocking activities of the compounds tested were 
very similar regardless of what object they were 
estimated. This similarity could be interpreted in 
favor of the above assumption that the ganglionic- 
blocking effect produced by bis-ammonium com- 
pounds in different ganglia is due to a similar mecha- 
nism, the open-channel blockade of ganglionic 
AChRs. 

The above compounds were also shown to 
block, although markedly less strongly, the postsyn- 
aptic current in the frog end plate (Table 3). The 
drugs induced biexponential decay of postsynaptic 
current, their effect being voltage dependent. This 

provides evidence supporting the open-channel 
mechanism of blockade (Peper, Bradley & Dreyer, 
1982). We thus could measure directly the associa- 
tion and dissociation rate constants of the interaction 
of the drugs with the open channel. 

The simplest sequential model (Adams, 1976) 
suggests that a blocking agent interacts with the open 
channel with the forward (kr) and backward (k5) rate 
constants: 

2A + R ~ A,R ~-- A2R* + B ~ A2R*B 
L- [ ~x k h 

where A is agonist, B is blocking agent, R is the 
acetylcholine receptor, A2R, A2R* and A2R*B are 
the agonist-receptor complexes with closed, open 
and blocked ion channel, correspondingly, and k+ i, 
k l, c~,/3, kr and k~, are the rate constants. 

The k; and k b values were estimated as the in- 
verses to the time constants that characterize the 
blocker-induced biexponential decay of the EPC 
(Peper et al., 1982). The values of kf, k 5 and Kz) = 
kh/kr thus obtained are shown in Table 3. One can 
see from the comparison of Table 3 with Table 1 that 
a sequence in relative activities of the compounds 
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found in the end plate reveals the same tendency as 
that observed in the ganglia. In both cases essential 
decrease of activity was correlated with the enlarge- 
ment of trialkylammonium head (e.g., the com- 
pounds (II) and (IIl)). These data indicate some simi- 
larity in the mechanisms of action of bis-cationic 
blocking drugs on muscle and neuronal AChRs. It 
should be noted, however, that the absolute values 
of kb and KD differ markedly in these two objects 
(see below). 

Considering ganglion-blocking activities of the 
compounds tested, one should emphasize that com- 
pounds (III) and (VI), although being equal in total 
number of carbon atoms and only slightly different 
in the chemical structure of their first cationic head, 
exhibit essentially different activity. The same is 
observed in compounds (II), (IV) and (V) which 
possess the identical brutto-formula of the first cat- 
ionic head (NCsHI3). Such variations in the activity 
of the compounds with related structure cannot be 
accounted for by their different hydrophobic proper- 
ties. However, these data seem surprising only if 
two-dimensional structural formulae of the mole- 
cules are considered, while they could be accounted 
for by using the three-dimensional models of the 
blocking molecules. For this purpose, all equilibrium 
conformations of the first cationic heads in com- 
pounds (I)-(XI) were calculated. The results are 
now described. 

CONFORMATIONAL CHARACTERISTICS OF 

THE BLOCKING COMPOUNDS 

Energies of all low-energy equilibrium conforma- 
tions of the compounds (I)-(XI) are listed in Table 
4. The number of equilibrium conformations varies 
from 1 in compound (I) up to 54 in compound (VII). 
Due to nonbonded repulsion between substituents, 
many equilibrium conformations are the high-energy 
ones. For example, among 27 equilibrium conforma- 
tions of the compound (liD, only 3 conformations 
are of the energy lower than 3 kcal/mol. In com- 
pounds (VI), (VII), (VIII) the pyrrofidine ring is in 
the envelope conformation with the bond N--C" 
being in equatorial or in axial orientation with re- 
spect to the plane of four carbon atoms of the ring. In 
compounds (V1) and (VI1) that have two unbranched 
substituents at pyrrolidine nitrogen, both axial and 
equatorial orientations of the bond N--C" are equal 
in energy. In contrast, in compounds (VII1) and (X), 
most preferable is the equatorial orientation of the 
branched substituent. The chair conformation of the 
piperidine cycle is the most preferable in compound 
(X), with axial and equatorial orientations of the 
bond N--C having the same probability due to corn- 

parable volume of two unbranched substituents at 
nitrogen atom. 

In equilibrium conformations optimal bond 
angles of some atoms essentially deviate from those 
in the ideal tetrahedral models (I09.5~ For exam- 
ple, in all compounds tested their bond angle A(C r 
C"-N) is within the range 117-I 19 ~ which is charac- 
teristic for the angle A(N-C"-C/3) in the crystals of 
acetylcholine (Canepa, Pauling & S6rum, 1966; 
Herdklotz & Sass, I970). 

RELATIONSHIP BETWEEN GEOMETRY 

AND ACTIVITY OF THE BLOCKING DRUGS 

As only one of the cationic groups (the first) is vari- 
able in the series of compounds tested, while another 
group (the second) remains constant, the observed 
differences in blocking activities should be due to 
differences in the structure of only the variable cat- 
ionic group. According to existing models (Kistler 
et al., 1982; Unwin, Toyoshima & Kubalek, 1988), 
the channel of AChR has a wide entrance (mouth) 
facing extracellular space and more deeply located 
narrow part, The simplest explanation for the ob- 
served differences in blocking activities of the com- 
pounds would be that the second (in most cases the 
largest) group binds to the mouth, while the first 
group binds more deeply in the narrow part of the 
channel. On this assumption, the increase in the size 
of the first group to a size greater than that of the 
channel, should result in a decrease of blocking ac- 
tivity. All equilibrium conformations of each block- 
ing compound could thus be divided into two catego- 
ries, the compact and noncompact ones, depending 
on whether their first cationic group can penetrate 
into the narrow part of the channel. Therefore, the 
possibility appears to estimate the profile of the nar- 
row part of the channel as that corresponding to the 
best correlation between the blocking activity and 
the population of the compact conformers in each 
compound tested. 

Let us approximate the profile of the narrow part 
of the channel (the clear space inside the channel 
crossectioned by the plane normal to its longitudinal 
axis) by a rectangle with the sides a and b (a < b). 
A molecule Mi (i = 1,2 . . . I 1) has Ni conformers 
Cij (j = 1,2 . . . Ni) with the energies Eij. (Table 4). 
Relative concentration (population) of the con- 
former C~/ 

Ni 
Pij = [exp( - EJR T)]/~2 exp( - EiJR T) (1) 

k=l 

Where R = 0,001987 kcal/moi is the universal gas 
constant and T is temperature taken equal to 300~ 
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Table 4. Energy {kcal /mot)  of  equilibrium conformations of the compounds ( I I ) - (XI )  
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Compound N - - C I  r~ r I. r ,  

* ,~,'L" t:l gL'- it,, II l,~, ~ ,k, - ,k ~ s I ~ - g  

lI (1.2 0. I 2.6 2.9 0.3 2.8 2.8 3.0 

0.8 11.3 0.0 0.2 2.9 2.8 

3.0 0.8 0.2 (}.0 0.2 2.6 
111 3.11 0.3 3.0 3.0 

(}.0 

3.() 0.3 3.0 
IV 2. I 1.8 2.4 0.6 2.9 

2.6 2.9 {).9 2.6 0.6 2.5 

2.6 0.6 2.4 1.8 0.0 2.1 

V 2.0 0.(} 2. I I.(} I. I 0.5 

VI 0.0 1,8 0.0 1.8 
(1.0 1.8 0.0 1,8 

c 

VII  e 

c 

c 
a 

(! 

VIII  e 

X e 

XI e 

g 

l 
g 

g 

I 

g 

l 
g 

g 

t 
g 

g 

I 
g 

.8 

.7 

.6 

.0 

2.6 

3.0 
0.0 
0.6 
2.9 
0,0 
!.8 

1,7 
0.(} 
1.9 

{).1} 

1.8 

3.0 

1.9 

2.9 

1.8 

1.9 

.9 

.9 

.9 

0. I 
1.2 1.0 0.6 
{}.0 2.4 2.5 0,4 O. I 
0.1 1.1 I . l  
0.0 I. I 3 .0 
0.0 2.8 0.9 0.9 0.2 

().9 2.3 2.3 0.8 

1.9 

1.9 0.(} 1.6 

3 .(} 

1.8 2.6 
1.8 (}.0 I .{} 

1.5 0.7 

0.8 (}. I 

3.0 1.0 
0.0 
0.9 

O_l 
0.0 

2.8 

In lhe compound {IX) energies of  g,  t and g confl)rmers are equal lo  0.0, 2.74. and  2.74 kca l /mo l ,  respeclively. 
correspond to conformers wilh energy > 3 kca l /mo l .  

*Orientation of  N--CI bond relative to the ring plane: e, equatoriaHy: a,  axia l ly .  

Spaced positions 

Let us designate as l~i and m~/(6i < m~i) the dimen- 
sions of the minimal rectangle that accommodates 
the projection of trialkylammonium head of con- 
former Cii with the straight line between its two 
nitrogen atoms normal to the plane of the rectangle. 
To find dimensions lij and re:j, conformer Cij was 
rotated around the above straight line in 1 ~ incre- 
ments. Small cationic head of conformer C o would 
penetrate the narrow part of  the channel and bind to 
the deep anionic site if 

lij ~ a and  rn:j <~ b. (2) 

The conformers which satisfy condition (2) are con- 
sidered compact.  The total population of compact 
conformers of compound M:, Pi, is determined as 

Ni 

P i  = E o - i j t x i j p i j  
j = l  

(3) 

where 

1, if li/ <~ a 
Or(/ / 

10, if I~i > a, 

and 

(4) 

= ~ ,  if/n(/~< b 

/x(/ 

(0 , if m~i > b. 
(5) 

Let us assume that (i) there is a correlation be- 
tween the population of compact conformers of  the 
compounds and relative affinities of these com- 
pounds for the receptor, and (ii) the correlation is 
described by a linear regression equation. It is obvi- 
ous that the correlation coefficient for the above 
model should depend only upon the chosen dimen- 
sions a and b of the narrow part of the channel. 
Considering a and b as the variables, it is possible 
to calculate optimal values which correspond to a 
maximum of correlation coefficient (rma• The value 
of rma x could at the same time serve as a criterion for 
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bli) 

8,O 

7,S 

6.5 

A 

bl~) 

9,0 

8,o 

7,5 

7,0 

B 

6 

6,0 5.5 7.0 7,5 830 85 90 O (/k) 

the model reliability, in particular, for the validity 
of  the assumpt ion that the dimensions of  the first 
cationic head are crucial to the relative affinity of  a 
ligand. 

Figure 2 illustrates how the correlation coeffi- 
cient between the blocking activities of  the com- 
pounds and the population of their compact  con- 
formers  depends on the channel dimensions a and 
b. The maps were calculated, with a and b values 
varied in 0.1-A increments.  As a result, the set of 
equilibrium conformations of  each compound ap- 
peared divided into compact  and noncompact  sub- 
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9,0 

8.5 

611 65 7.0 7.5 ~ 65 ~ O ( ~ )  

Fig. 2. The lines indicating high equal values of correlation coef- 
ficient between relative blocking activities of the compounds 
tested and population of their compact conformations, as corre- 
sponding to different values of a and b (the size of the channel, 
see text). Blocking activities were estimated from (al blockade of 
synaptic transmission through cat superior cervical ganglion, (b) 
blockade of suberyldicholine-induced contraction of guinea-pig 
intestine, and (c) blockade of ACh-induced membrane currents 
in rat superior cervical ganglion. The maps were calculated in 
0. I-A increments for a and b 

sets, in accordance with the criterion (2). For  each 
combination of a and b, the correlation coefficient 
between known activity of  a drug and the total popu- 
lation of subset of  its compact  conformat ions  was 
calculated, in the exper iments  with synaptic trans- 
mission through sympathet ic  ganglion (Fig. 2a) and 
responses of enteric ganglia to agonist (Fig. 2b) max- 
imal correlation coefficient correspons  to the same 
channel dimensions,  namely,  a = 6.1 ,~. and b = 8.3 
A. In the experiments  with ACh-induced membrane  
current in sympathet ic  neurons (Fig. 2c) maximal 
correlation coefficient correspond to dimensions a 
= 6.3 A, b = 8.3 A, and; besides,  an additional 
region (a ~- 6.3 A, b > 9 A) of  high correlat ion 
coefficients exists. These  peculiarities are appar-  
ently due to low number  of  observat ions  in the latter 
case. 

Therefore,  one can conclude that the region of 
the channel responsible for binding of the first cat- 
ionic head is characterized by the following dimen- 
sions: a = 6.1 A and b = 8.3 A. Those  conformers  
that can penetrate this narrow spot should be, ac- 
cording to the above hypothesis ,  considered as bio- 
logically active (productive) ones. 
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20 40 60 8'0 1(}0 P (~ 

Fig. 3. The correlation field between the drug activities (A, rela- 
tive units) and the total population of the corresponding produc- 
tive conformations (P, c/~) 

The correlation between the drug activities and 
population of the corresponding productive confor- 
mations is shown in Fig. 3. The experimental points 
in this plot are distributed rather nonuniformly, as 
could be expected from the blocking activities of the 
compounds (Table 1). The course of the regression 
line is determined mainly by the active compounds 
(I), (II) and (VI), on one hand, and by the group 
of less active compounds with low population of 
productive conformations, on the other hand. 

The correlation observed between the popula- 
tion of productive conformations of the blockers and 
their biological activity agree with a concept that 
the energy of intramolecular interactions in a ligand 
(2~E z') is an independent contribution into the free 
energy (AG) of the ligand-receptor complex (Zhorov 
& Govyrin, 1981). Consequently, 1/KD = 

exp(-2xG/RT) should increase directly with 
exp(-2xEL/RT). In other words, receptor binds not 
only low-energy, but also high-energy productive 
conformers; but in the latter case, binding is paid 
by the increase of free energy of ligand-receptor 
complex, and, consequently, by the loss of "biologi- 
cal activity" of the ligand. 

In contrast to the above findings observed in 
neuronal AChRs, the analysis of the relationship 
between conformational properties of the drugs and 
their abilities to block muscle AChRs failed to give 
a strict maximum of the correlation coefficient as a 
function of a and b. The reason for this difference is 

that compound (I) is much more active than other 
compounds which are similar in their low blocking 
activities. 

The dimensions of equilibrium conformations of 
some compounds and the indications of their pro- 
ductivities relative to AChRs of sympathetic and 
parasympathetic ganglia are summarized in Table 5. 
None of three low-energy conformers of the low- 
active compound (III) is able to penetrate into the 
narrow spot of the channel (Fig. 4); i.e., none is a 
productive one. At the same time, the majority of 11 
optimal conformations of the active compound (II) 
are productive ones (Fig. 5). 

Closing two ethyl substituents of low-active 
compound (Iii) in a five-member ring in compound 
(Vl) yields 49% population of productive conforma- 
tions (Fig. 6). 

The distinguishing features of compounds (IV) 
and (V) exhibiting essentially different activities are 
n-propyl and isopropyl substituents in their trial- 
kylammonium "heads."  At first sight, the branched 
isopropyl substituent should prevent interaction of 
the compound with the intrapore anionic site to a 
greater extent than n-propyl substituent would do. 
However, compound (V) is more active than com- 
pound (IV). Table 5 shows that the population of 
productive conformers in compound (V) is twice as 
high as that in compound (IV). Comparatively low 
activity of compound (1V) is due to conformation t t t  

which is the only productive one among nine low- 
energy conformations. 

According to the model presented the invariable 
triethylammonium group of the blockers, which is 
the largest one in the majority of the molecules stud- 
ied, cannot penetrate the narrow part of the channel. 
So the binding site for this group (the second anionic 
site) should be located somewhere between the nar- 
row part and outer mouth of the channel. So far as 
the first anionic site is concerned it has either to 
correspond to the narrow part of the channel or to 
be located deeper than it. The kinetic data on binding 
of b i s - c a t i o n i c  blockers helps to choose between 
these two possibilities. Indeed, if the narrow spot 
were located between two anionic sites, one should 
expect that an increase in the size of trialkylammon- 
ium head would diminish not only the association 
but also the dissociation rate of drug binding. The 
millisecond range of ligand-receptor complex life- 
time is long enough for multiple conformational 
changes in trialkylammonium head. So this head 
would easily "forget" the conformation in which it 
has penetrated the narrow spot, and therefore, one 
should expect a decrease of the dissociation rate 
for large blocking molecules. The rate constants of 
association for compounds (I1, VI, and IX) with 
muscle AChR varies to a greater extent than dissoci- 
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Table 5. Characteristics of the optimal conformations of the compounds (I)-{VI E t~- - Iq - - (CH:Is - -R  

Compound R Conformer Energy, Population. Dimensions, Productivity* 
kcal/mol r2/- A 

] I17 

+ 

1 - -NMe3 
11 - - N M e E t ,  

+ 

111 - -NEt3  

+ 

IV --NMe+n-Pr  

+ 

V - - N M e & P r  

- -  0.0  I00 5.6 6.5 + 

tg- t  0.0 13.1 5.7 7.8 = 
~,, gg 0.0 I3.1 5.7 9.l - 
,~,tg 0. I 11. I 5.7 7.8 + 
tg -[4- 0.2 9.5 6.2 8.2 - 
A,-gt 0.2 9.5 6.1 8.2 + 
g- tg -  0.2 9.5 6.1 8.2 + 
ggg, 0.2 9.5 6.2 8.2 - 
gg- t  0.3 8.1 6.6 7.3 - 
ttg 0.3 8.1 6.6 7.3 - 
ttg- 0.8 3.6 5.9 8.3 + 
ggt 0.8 3,6 5.9 8.3 + 
g-gt  0.0 43.0 5.7 9.1 - 
tgg 0.3 26.4 7.1 8.1 - 
g- tg- 0.3 26.4 7.1 8.2 - 
g -tg 0.0 25.8 5.8 9. I - 
grg 0.0 25.8 5.8 9. I - 
tt~,, 0.6 9.8 6.0 8.4 - 
ttg- 0.6 9.8 6.0 8.4 - 
g- t t  0.6 9.8 6.0 8.4 - 
ggt 0.6 9.8 6.0 8.4 - 
ttt 0.9 6.0 6.1 6.9 + 
g-gg 1.6 1.9 5.7 8.6 - 
g - g g -  1.8 [ .4 5.7 8.6 - 
tg 0.0 34,6 6.2 7.6 - 
gt 0.0 34.6 6.2 7.7 - 
g - g  0.5 15.4 6.5 6.6 - 
,e-g 1.0 6.8 5.9 7. I + 
g- t  1.1 5.8 5.9 7.2 + 
gg- 2,0 t,3 6.6 7.5 - 
tg- 2. t I. l 6.6 7.5 - 

* + : productive conformation: - : nonproductive conformation. 

/,,,--- 

\ > \  
Fig. 4. Projections of  tr iethylammonium head 
of  the compounds (111) on the plane normal to 
the axis passing through nitrogen atoms. 
Rectangle designates the dimensions (6.1 • 
8.3 A) of the narrow spot of  the channel.  
Low-energy conformations tgg, g -g t  and 
g - t g -  are nonproductive 

a t i o n  r a t e  c o n s t a n t s  ( T a b l e  3). R e c e n t l y  t h e  v a l u e s  

o f  r a t e  c o n s t a n t s  kr a n d  k b w e r e  a l s o  e s t i m a t e d  f o r  

b l o c k a d e  o f  A C h R  o p e n  c h a n n e l  in  r a b b i t  s u p e r i o r  

c e r v i c a l  g a n g l i o n  w i t h  a s e r i e s  o f  s y m m e t r i c a l  c o m -  

p o u n d s  [ ( C H 3 ) 3 N - - ( C H 2 ) , , - - I ~ ( C H 3 ) >  n = 4-7] 
( X I I ) - ( X V )  ( S k o k  e t  a l . ,  1983,  1984;  G u r n e y &  R a n g ,  

1984) a n d  w i t h  a n o n s y m m e t r i c a l  c o m p o u n d  

[ ( C H 3 ) 3 N - ( C H 2 ) 5 - N H  2 iPr] ( X V I )  ( S k o k  e t  a l . ,  1983,  
1984).  B l o c k i n g  a c t i v i t i e s  o f  t h e s e  c o m p o u n d s  c o r r e -  

l a t e d  w i t h  kr r a t h e r  t h a n  w i t h  k h v a l u e s .  Al l  t h e s e  

d a t a  s u g g e s t  t h a t  t h e  n a r r o w  p a r t  o f  t h e  A C h R  is 

l o c a t e d  in t h e  v i c i n i t y  o f  t h e  f i r s t  a n i o n i c  s i t e .  
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Fig. 5. Projections of methyldiethylammonium head of the com- 
pound (I1) on the plane normal to the axis passing through nitrogen 
atoms. Rectangle designates the dimensions (6. l x 8.3 A) of the 
narrow spot of the channel. Low-energy conformations V-Vt and 
~e t~ are productive, while gg-I  and fig are nonproductive 

/ 
Fig. 6. Projections ofethylpyrrolidine head of the compound (VI) 
on the plane normal to the axis passing through nitrogen atoms. 
Rectangle designates the dimensions (6.1 • 8.3 A) of the narrow 
spot of the channel. Low-energy conformation ea, t is productive. 
while eo~-t is nonproductive 

Is the above narrow spot identical to the selec- 
tivity filter which prevents passing of anions and 
large organic cations through the channel of nicotinic 
AChR? According to the model of Hille (1984), the 
essential feature of the selectivity fil~er is a ring of 
oxygen atoms which diminish free-energy barrier for 
partial dehydration of passing cations. On the other 
hand, recent findings made with site-directed muta- 
genesis suggest that both the permeant ions and the 

I 

8.3i 

Fig. 7. The ion channel narrow part of the calculated dimensions 
(6.1 • 8.3 A) fits an inorganic cation as large as potassium sur- 
rounded from all but one side by water molecules of the first 
hydration shell (axial water molecules are omitted). Taking into 
account high flexibility of water-ion-water bond angles, the same 
rectangle would fit partly dehydrated potassium ion with any 
energetically possible configuration of the shell 

open-channel blockers may interact with the polar 
amino acid residues located either close to M2 mem- 
brane-spanning region (Imoto et al., 1988) or within 
this region (Leonard et al., 1988) in nicotinic AChRs 
of fish electric organ and mouse end-plate, corre- 
spondingly. However, no information of this kind 
has been obtained so far from neuronal nicotinic 
AChR. The ion channel of AChR does not exhibit 
selectivity for any particular inorganic cation 
(Dwyer et al., 1980). The calculated dimensions of 
the ion channel narrow part predict that an inorganic 
cation as large as potassium can pass through the 
spot losing only one water molecule of the first hy- 
dration shell (Fig. 7). 

Figure 8 presents the proposed model of drug- 
receptor complex. To some extent, our model re- 
sembles the recent model of Charnet e ta] .  1990) 
where a local anesthetic molecule binds into the 
tapered channel. 

The voltage dependence of a drug action can 
indicate how deep in the pore the binding site for this 
drug is located. (Adams, 1977; Hille, 1984). Voltage 
dependence of rate constants for binding of com- 
pounds (XII)-(XVI) to the open channel suggests 
that the binding site is located in the middle one- 
third of membrane electric field (see Skok et al., 
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/ 

2 

Fig. 8. The model of  the narrow part of  the AChR ion channel  with the bound productive conformer  tg-t of the compound  (11) shown 
as projections on two perpendicular  planes. 1 and 2 are the regions where the first and the second anionic sites of  the channel  are 
located. Tr ie thy lammonium head of the blocker (in the upper part of the figure) is in the most  preferable conformat ion 

1989). This location is similar to that of local anesthe- 
tics binding site in the ionic channel of frog end-plate 
AChR (Adams, 1977). Low voltage dependence of 
the blocking effects in the majority of the drugs stud- 
ied on frog end-plate (Table 3) indicates that their 
binding sites are located not far from the outer sur- 
face of the membrane. The only exception is the 
compound (III) with the critical size of triethylam- 
monium cationic head. The change of the membrane 
potential from -80  to 120 mV is accompanied by 
marked increase of the activity. It should be noted 
that hyperpolarization causes an increase in associa- 
tion rather than in dissociation rate constants for 
binding of compound (III). In the sense of the pro- 
posed model, this fact could be interpreted as a result 
of some increase in the profile of the narrow spot due 
to membrane hyperpolarization, or, alternatively, as 
a result of a propulsion of the cation caused by elec- 
tric field. 

Estimates of the profile of muscle AChR ion 
channel were reported (Huang, Catterall & 
Ehrenstein, 1978; Dwyer et al., 1980). Comparing 
the sizes of permeable and nonpermeable cations 

Dwyer et al. (1980) obtained the channel profile as 
the truncated rectangle 6.5 • 6.5 .~. This profile was 
large enough for permeation oftriethylmethylammo- 
nium but not tetraethylammonium ion. These two 
ions are likewise the characteristic moieties of the 
compounds (II) and (ill) in our investigation. The 
channel profile in our experiments is larger (6.1 • 
8.3 A) than that in muscle AChR. The results ob- 
tained in this work as well as those reported by other 
authors shows that the ionic channel of muscle and 
neuronal AChRs exhibit markedly different affinity 
to the same series of channel-blocking molecules. 
The origin of this difference is not yet clear. 

Now a variety of sophisticated approaches such 
as site-directed mutagenesis (Dani, 1989), combining 
of subunits of different origin (Imoto et al., 1988; 
Papke et al., 1989; Charnet et al., 1990), computer 
modeling (Furois-Corbin & Pullman, 1989), labeled 
ligand techniques (Changeux et al., 1987; Gui & Hu- 
cho, 1987; Herz, Johnson & Taylor, 1989) are used 
to elucidate the structure of AChR ionic channel 
and localize binding sites for deferent ligands. We 
believe that analysis of conformation-activity rela- 
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t ionships  of  l igands should b e c o m e  more  fruitful be- 

ing used in combina t i on  with some of  these ap- 

p roaches .  
Bes ides  the cons ide red  m e c h a n i s m  of  act ion of  

the b i s - a m m o n i u m  c o m p o u n d s ,  o ther  mechan i sm s  
of  n o n c o m p e t i t i v e  b locking  act ion o f  these  drugs are 
k n o w n  (Gurney  & Rang,  1984; Co lquhoun ,  Ogden 
& Math ie ,  1987; Skok ,  1987). H o w e v e r ,  it is the 

a s sumpt ion  that  the drugs in teract  with the open ion 

channe l  which  best  expla ins  the s t ruc tu re -ac t iv i ty  

re la t ionship  for  b i s - c a t i o n i c  blocking  drugs found in 

this work.  

In conc lus ion ,  the analysis  of  confo rma t ion -  
ac t iv i ty  re la t ionsh ip  for  b is -ca t ionic  chol inoly t ics  

has yie lded a mode l  o f  the binding site for  these drugs 

in neurona l  n icot in ic  A C h R  with the d imens ions  of  
the na r row profile of  the ion channel  in the region 
whe re  the binding site is loca ted  COl-responding to a 

rec tangle  6,1 • 8.3 A. 
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