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',The force of attraction of\geveral agents to the»receptor compo-

ABSTRACT o T \

~ Theoretical methods for determining the comﬁbnents of ‘the

'total \hteraction energy for the interaction of closed shell

molecules are discussed Expressions for the electrostatic;

1

' _and the polarization contributions based on perturbed self -

-4

consistent field theory are presented The dispersion energy is
\

.‘—/:

~evaluated using the bond polarizability method. The qverlap
fcontributions,dre determined using a method based upon the © -

_electron gas approximation.~;\ .

-

.Experimental findings pertaining tofcholinergic‘synaptic'jﬁ
transmission and the action of cholinomimegic drugs are reviewed.

Models for the active site of cholihergic receptors dre examined

.and the probable mode of action of cholinomimetic agents is

discussed The potency of agonists is suggested to be related to.

‘the stability of the agonist-receptor complex. Factors that may

4/

o

. affect the stability are discussed.

Calculated results pertaining to the interaction energy -

: curves for the’ linear approach of select agonists to hypothetical;i s

receptor components are presented The relative order of the e

a

respective binding energies and binding separations are established. N

ra

- ‘0.

nents is determined from the interaction energy ourves for the -
rotation of each‘agent about its.quaternary.nitrogen center.

The implications of these findings for the postulated mode~

of action of cholinomimetic agents are examined.

®




W

S

- CHAPTER

1. i Mbucrion . 5

. PABLE OF CONTENTS

I1. THEORETICAL METHODS , . .

K

J

'Introductionf e . -

' SCF-Theory . ,.v:i' R

ot Approximate Formulation .'

Intermoleculgr Idleractione‘

Perturbed SCF—Theory e

- III AN OUTLINE OF NEUROCHEMISTRY

‘ Anatomy and Physiology of the

Acetylcholipe P

Menbranes

Nature of ‘the Cholinergic Receptor

..

Ne?%ooé;System

Theqretical Aspects of Drugineceptor

Interactions © '. ;'

i

[— *'.

', Pharmacological Data ”;1

~-Im_:rodncti;on- e -‘-‘.'_,_:

E Receptor Hbdels . 1gﬁ_i.-

'Proposal of a Hbdel for the AChR Active Site

.‘

o ‘f;)_: {1

Agonist Binding at the Model Receptor Site .

i

Sttucture/of the Active Site.

Sy

. IV. A HODFL FDR CHOLINERGIC RECEPTORS

s Relation of Binding to Activity -( :

e
- ‘

2.
,17
.
27
3911

T

/_@



N . .

. Tm:OREHCALTmmm S
"'T‘ . q s .

-

‘ = Inf.‘l‘oduction . ' . .. .., r - s 0__ -» 0» 86

T o J'reliminary Considerations . .o -,\ 87

- L e o

Reaults  . e e e e e “e e 95 v

. . Disoussion ; . .f.. ."._ .’_.‘ . e 117 .
| VL. RELATIONSHIP.OF mmuc AND AGTIVITY . . . 1228 |
Introduction . \ . e e I 128 L )
_ Role of h:lnding at Muscarinic Sites . ' .129:  A o
, ' - Roleof Binding at mcocm!c Sites _. . 131 )

.- ) L xechanism of Action  ';" - L. 13 o

.‘Mechanism for Synapt:lc Transmission . , 137 | SV

| Cons‘t__ruction Qf ;hg Active_ Site » R ) 139" -




.7 LIST-OF TABLES
.TABLE"'.' . o | B o  PAGE
I Interactions with the Acetate Ton . . . 100
1 . ' ﬁteractibns w:u:h 4—Methyl ipidazole |
(Orient:ation(l)) S, 4_ 106
ITI Interé;:tions‘with»Q—Methyl_lmi.dazoler‘_’ -’ o
| (Orientation(Z)) . "-; e . '.;  | 107“
v v Interactions with the 4—Methy1 Imidazole ' '
R Conjugate (‘Acid R A R “108
7 v v | Interactions with the Met:hylammon:lum Ion - '
{,v‘ ‘ (Orientation(l;) ‘ { . e R o ' . : e “_111-
VI Interactions -with the Mett/lylamonium AIon |
‘ _ (Orientation(Z)) . SN .‘ P 112 |
VII .: | Maxi.mum Slopes of . ,Rotat:ion Curves . L . 11'6

s /

2

5 B S
RS e s
s S 2 RN
: O o~
@ .

.

“r '> .;:

! . : P
52 o
‘ fllx ’
L

L



- I1
JIXX

v

VI

Vil
VIII

CIX

X1

XIT v

XIT

S

. . . .
¢ Y

LIST OF FIGURES

i - . | . PAGE

\

. Charge Distribution of 4-Methyl Inidazole

aﬁd 1te Conjugate'Acld" .; . ;' . . 92
" Structure of Ring ceﬁpaunds'_. U 7%
'ACﬁéﬂbetate Iqﬁ_lnferaction Diagram . ; 96
‘ACh—Acetate'Ion'Intefaetion ﬁnergies .. '?7
Interactions with the Acetate Ion . 099

ACh-A—Methyl Imidazole Interaction Diagram 101

ACh—4—Methy1 Imidazole Interaction

Component Energies . ‘. ,', S 1

ACh-A-Methyl Imidazole Interaction
Total Energy e e e ,”‘..- . . 104
4-Methy1:Imidazble-Quaternaryv . L

!
Hethylammonium Ion Interaction . o e 105

Aﬂh—Methylammonium Ion Interaction Diagram 109,

!

ACh- -Me#ryl Imidazole Lonjugate Acid S

‘ Rotation Curves ‘Q ‘_. ' Q . . - .v 5. 113‘

ACh—&—Methyl Imidazole Rotation Curves S s 114

’

T

- vidt

ACthEthylammonium an Rotatipn_Cugves, . 11515

L.
LN
.

‘1;’.
" T ¥ V ) ‘. N
- e . ] Py » -
e . o
z . K

N



N
I. INTRODUCTION
Since the advent of approrimAte quantum mechanical.methods
based on the_self conaiatent fieid (5CF) 'theory, it‘hae become |
poSsibie”to’caiculatefcertain’propertiea'of“molecularieyetems'
with aone degree of accuracv. In: the case of smaller moleculesh
ab in io calculations are feasible, but for larger systems
N recourse is generally taken to semiempirical formulations of
1 the theory.
The application of’t 'é methods in the studv ofkthe proper—
ties and functions of biomolecular systems is. justifiable for
a number of r‘ons, the foremost being the relative importance
. of this area of research for society. In addition the theotetical
approach may be used to investigate phenomena that cannot readily
be-examined by experimental‘meana. This 18 garticula:iy true
for the igieraction‘of‘ligand nolecules-with specific‘sitee'on 3,'
nacromolecules.,“ .. - i T

In spite of the wealth of data. that ia availahle on the

interaction of drugs with pharmacological receptors, the

u

potency of these compounds have not been determined. \The~fact L
_ that these processes presumably do not involve a change in covalent
bonding has led to the belief that quantum mechanical caIculations

- may be particularly-auitedhfor:investigating drug—receptor

in eractions.

this qtudy the—binding of certain.agents at cholinergic

1

S S S

y aet of molecular events that’ are. reeponsible for the pharmacological sat



" receptors will bgﬁlxamined using a method based on perturbed

SCF theory. In Chapter II the theoretical foundations of the

approach will be giagdssed.‘ Chépte; I1I presents an outline of

the relévant'eXperimental'findings. In Chapter IV models for the

receptor binding site will be proposed. Chapter V deals with
the results of the Quantdemechanical calculations and,innCh;;EEr' o
'VI the implications of the results for the study of drug-receptor

interactions are discussed.

—

S



THEORETICAL METHODS

.'\

~ au .

'\Q; ‘- = different approaches. On the one hand the focus has been on

the determination of certain quantities, such as the. dipﬁle
moments and the charge distributions of regevant systems

of interest that can be used $o characterize the nature of the

{ , processes. On the other hand where there is no questiou
- concerning the type of interactions in;olved the aim has gené@slly
been to determine the energy changes taking place. - ' _ fi =
! In the case sf drug‘receptor interactions the lack of K

N
knowledge abOut the receptor hinding region has in the past

limited the acope af the theoretical studies to the purely
analytical level of applicetio&% The tost counonly used

_ procedure in the investigation of structure-sctivity relation— :

ships has been- to calculate several quantities of‘interest,
and to subsequently carry out a reduction analysis in order to o

establish possible parallel trends with the %gtivity of a

' series of drugs. The underlying hope is ptesunahiy that the -
' g

findings will reveal the’ specific molecular features an agent

-+ must possess to be pharmacologically sctive., , f Co ;_:;'7_

In recent years considerable progress has blen nade in the ,A‘he
._‘ experimental investigation—of phenonena related.to drug action SRRt

» and neidous transmission. It now & seens possible to csrry out ,di
‘;‘}" - . . .~ . i . .

P



- .

" operator;(in atomic units) is

» - | -
a more dz;ect‘quantum méchanicai study of the processes involved.,
) Ca

Ile moat. useful quantity for these purposes would be the free .
! \

energy change associated with a given molecular event. However.‘
due to the great difficulty inuolv d in determining environmental

eifects, auch ‘as. hydration ahd the’ presenCe of ionfc aurround— o

!

‘ inga, it will only be feasible to calculate the change in tne

internal energy for the binding proceases. N ?
'-

. The pethod usggﬁin this work ia baaed upon the dpblication

of perturbation theory to SCF theory in a aemiempirical formula—

> . . 1 .
s ~

se

The "}&m-mdependenc Schrédingér equation’

. r “r'r o

is believed to be - adequate for- the description of many chemica&

S

and physical properties of molecular aystema to a high degrea of

\

nccuracy._ The quantity E represents the: energy eigenValue

corresponding to the state unction ?r, and the Hamiltonian :

~

@

. n '
. 1,
E E (37~

o

Zy fx.
.Ri"Jr

-
17|
bMZ' .
NIH.

~

uhere n is the number of electrons, . 3 is the number of nuclei
‘

72 is the Laplacian operator, Z J; the nucleat charge. :i‘;

- G -
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SCF Theory ."



\
o e ’ . : - S
" : . ' - : - [N

CN
4

1d the electron-nuc;ear distance, and G'ij 15 t:he interelectronic

N ~

. die-tance. Y LTyt

’rhe]atate functiona ‘l’ are. functions of the electronic :

v

s and 8 1n coordinates. The Pa 11 ptinci le requires ‘that .an
' P ﬁ p

xinterchanse 0{ aﬂy tWO of’ these vnr:[ables musc cause a change
PP .

[N : 1

. in the sign o,f ‘l' 2 . . . . ‘. L

LN

N g One may asaign to &ach\electron L funcbion "'k' called a

molecular apin-orbi.tal. which depends on the space and spin

\ coprdinat:es of that electron and whic-h can further be factored
H.mx:?o a apace part ¢k ard a spin part nk, 1 e.. for the i-th |
.electron ffﬂ T . . R J o T

R - W s1> - ¢k<;i)n<si)w_ Tl
“The set of n. molecular orbit'als {lpk} are c‘hoséh to be ortho— '
.noml ‘80 that : a, S . | "

by an . antisymetrized product of molecular spin-orbitqla, which

- can conven:lently be expreased :l.n terms of a SIater detemi.nant k

«'_.. - - _,v (z) ) w i (2) . . '} . (2) “-__ . ' ,Q. ‘ )
. . e ‘. et e eie s -°o‘_o ..’@ l= u




-
) [

then -given by ° .
' E = <o |H|o°>

[ [2hk + Z i, xu)]
i
where the one electron integrals hk’ the coulomb integrals J#z,

and the exchange integrals #HE are defined as '!v‘ '

Y 4

1

_ , j ' ) i : V'MQ v
= <4 (1) [n]6, (1)> = <4, (1) |22 = Z-éh @s>
B = < K W5 LR 1%
. : a 1ia .
g RO (14, (3)
. . L k. [
ke = bl leg> e <o 13 lo> = ] — r.ij . dnydny
~ - SEAOF)9, (e, (1) .
K. - <¢k'K l¢k f ) - drt de B
3 .
o
rl one applies the variation principl minimize the energy
one obtains ‘the coupled equations known . as the Hartree—Fock SCF—~‘

E .
equatlons, which,vupon aAunitary‘ttansformation_within the set ~J
{s, 1 become - . : o ' ,
where' the Fock opetgto:-ié defined as_ ‘ '

F:zh *ng.(ZJz - K,) . _ o

»

Generally, for moleculat systems, it is necessary to ap-

proximate the molecular orbitals ¢k 1n terms of a linear
comBination of a set of m basis functions {x 1, where m > g,

«
o



so that R
b = L xgeqpe
q .
The Slater orbitals [l] are most often used as basyi

functions. . They are defined by
ks

- Xnem (r, 8, ¢) = R (r)O2 m |(9)¢ ),

‘where‘Rn(r), l»lml(e)’ and ¢m(¢) are assumed to be normalized,

and n, %, and m’are the three quantum numbers. The radial’

. g2 ‘ -1 . o .
function Bh(rthas the form rn lexp{-cr}'where ¢ is the orbital
' r

' exponent;boz Iml(e)_representsithe assoEiated Legendre poly-f

“nomials, and ¢ (¢) is exp{-im¢}.

Subagitution of the expansion into the Hart!!b—Fock equations
- .
yields the Roothaan equations [2]1, which may be expressed in
~ .. D :
matrix form as® T’ ST , ‘

?9-§‘§s-

Without loss of generality it may be assuned that € is a

) diagonal matrix, with real diagonal elements ei, ‘which are f

'ucalled the orbital energiea, ‘The column vectors of the(cq-

&

efficient matrix C corresponding to thei lowest elements _

’ei represent the occupied orbitals, while the remaining (m —-0

o

__vectors represent tﬁe virtual orbitals. The elements of the

£

overlap matrix S are
o @ - ’ [ fetims
e R .gqr = <xqlxr?"
R S e



i}

and the -elements of the Fock matrix F are

hqt'+-£ g pst[(qust) - -(qslrt)]

F =
qr,
g o
' . hqr = X Ihlxr> s K
and - | (i)x*(j)x (i)xt(J) .
‘ (arfst) = [ 23 , . :
[ee) = ] T ~ drgdty ,

.. The elements of the bond~ order mntrix P are . 3
occ-

. C c o' . . B B
k- sk tk’ P
‘ ’ . ' e " .

' The corresponding diagonal elements are the partial charges

Pge = 2

L occ , o
Gg T Pgg ~ 2 Z"‘cak' -
7 . ’ k . R

In pnactice one adopts an.iteretive.procedure to_eolve ;f‘

the n coupled equations. -

The total electronic energy is given by
' /-

-

According to. Koopman 8 theorem [3] the ionization potential :
"I of a ‘closed shell\molecule is equal to the negative of the =
orbital energy 8 corresponding to the highest occupied orbital '

-



S

methods (AVE) is thst the inner electrons \\E‘unaffected by
>
bonding, and can thus be considered to con&titute an undisturbed

'core. The vsrious formulstions in this scheme differ in the

explicit expressions used for the elements of the Fock matrix.— g

]

The . simplest approximste version is the extended Hueckel
- theory (EHT) gﬁ 5 6] The diagonal elements of the mstrix

corresponding to F are taken to be equal to the negative of the

valence state ionization potential for the orbital in question.'

The off-aiagonsl elements are)evaluated using a variety of for
_ of which two frequently encountered exsmples are l.‘

S K8y S - -
SR E nij ( + HJJ) ‘li,‘i 4:'7;.4/<_«
and - ‘ R L “,' _,,% o -r.-.;Li:::fij
- Py u‘“ By,

here the. constants K. and K depend on the ty'Pe_*éfiinf,ésrais_ '
being evalueted. ? L .N,‘-a‘f_ﬁ-' i ]
T S - v

The distinguishing_feature of the CNDO (tomplete neglect

X



in the electronic repuISion integrals and_in the overlap integrala‘

@rls) =0 @drorsdry

- Sqr -0 : (r ¢ -0 '}.‘_ |

~. e

In the hope of partly compensating for the neglected'terms

some of the retained integrals are evaluated using parameters
'lderived from experiment. To assure that the value of the two—
N
electron integrals is invariant to rotations of the moIec\le
~

it is common to use Slater-type s-orbitals for the p-functionSTfal\*

In the modified version ‘of CNDO known as the INDO (in--

termediate neglect of differential overlap) method the electron

- Qe

| repulsion integrals of the form (quqr) are not neglected if xq

and x ‘are. centered on-the: same atom.; Various formulations«of
/\!‘ . .-

: this general approach exist [10, ll], which differ in the degree :

-

- and the type of the parametrization used for the integrals.p

In this work use wiil be made of a method due to Fraga and K

Carbo [12] The matrix elements of the Fock operator are
defined by . . e

'F._=H__+
rr rr. -

s - Hrsi,



- calculated from‘thefexpressions K ‘}_jpf;h

where thc subindices denote t%e valence electron orbitals (for

the calculations in this work, ls for H and 28, 2p for the atoms’

of the first row).

The one-electron terms are defined by | i_ “f' o \?ﬁ}4
TR o, _ , .
,Hrr Urr . zavrr;a ?rr Z zavrr;a
LR a : a .
. B = s (F_+F.)
». rs 2 rs rr 88 .
with . f“@ : .
Vet X WA ]x >, T = o ()]-3%2]x <£>>.
rr;a - r 7R T j! rr = °r 2_1- T

ia

-

where the summation a extendq over a11 the centers in the system,

y

:(with the core charges K3 )

The integralsvs~ and-J are evaluated using the formula—

...........

tion. of Roothaap [13] The one-electron, one-center terms U

-'(including the”kinétic and nuclear attraction energies), are :l

i
-y

P2a,28 T 2GR 7 ROy 1

- r .

o, -
UZp»,Zp ,'.’; 2:(‘2p. Kk

,where Z represents the effective nuclear charge of the atom

" under consideratiqn, corrected by the number of inner '; ”.c]" ‘vu

e

b electrons, and C are the orbital expOnents.r 5'

1, [
Ia

Due to the explicit use of‘2p functions within this approach

'at the CNDO level rotational invariance is not preserved.; This .



Tiis justifiable on the basis of the work o Dewar [1&], and also

- T

becanse the orientational property of the P orbitals may be .‘ )
' oat
- of. importance in the calculation of intermo ecnlar interactions ‘

ﬂfor which the AVE SCF results are to serve 8 input..

L~

»‘intermolecular'Interactions'* o

| In discussing the interaction of two closed shell molecules
d;itlis common to decompoae the total iﬁteraetion energy into a |
‘number of component energies‘ The term "long range" interactions
is used to collectively denote electrostatic, polarization and‘ B
.dispersion contributions, while the term "short range" inter- tp

;“actions is - reseféed for contributions that increase rapidly with » {f o

“the overlap ek in particular, effects due to the Pauli principle. ff.,f’f“

B (1) Long Range Interactions.z % 3'? 3f L ‘%;~_1gﬁai’ o

"fgltheory.. Longuet—niggins [15] has presented a generfl formula-‘Ti*'i""ﬁ

jZ:L-T]a> and Ia'> and the excited stat@awave functions ]b> and Ib'

“1ﬂ';energy to the aecond order

" The case of the interaction of two non-overlapping systems n;;iff”i

.fiiis conventionallz treated within the framework of perturbatioﬁi

Lo

'1Hf;tion of the problem.'f}infjfl'f;fﬂ['.:gi]]f;fjf Fq”fJ»'ﬁfirfgé}tiala

Given two systema S and s' with the ground state wave functions

o @

'1respective1y, for which the interaction Hamiltonian U is expres—ffo
'r'sible aa the difference between a zero order Hamiltonian H for ;‘;’“

‘T1{the separate systems and the total Hamdltonian H, one may

)

'lf*derive the following perturbation expansion fon the interaction uv;,-‘




be presented

.f‘segments [25 26,

3 . K - !

E - <ae'|U|aa"> - Z' Jfaa {ujab'>|2
- o bl"’E '

Coa N

X Leatlulbg®>(2 pp |<ant [ulbb2 12 ,
5 B C By B *Eb"E“' o

~

The first term is the electrostatic interaction energy, the sécond_

.'and third terms represent the energy due to the polarization of

systems s! and S respectively, and the last term represents

‘_the disperston energy;

A number of formulations for the calculation of the electro- .

a

static and ‘the polarization energies using s perturbed SCF method,

| '.have been put forth for both one-electron [16 17, 18 19,'20, 21 B
22, 23] and two-electron [24] perturbations.. In.this study an

o approach adapted to the AVE SCF method of Fraga and Csrbo will

To estimate the dispersion energy for the interaction~of

'--large systems it is generally necessary to utilize the svailable:,‘

i -empirical vslies for the poleriZebility of suitable molecular

A; Zd].: For the calculations reported in ‘

N "this study the bond polarizability approximstion was used [29]

The dispersion energy is given by i =a';-¢_“‘ff»'f;¢;f-
SR by b :
1 1 2 *L » »
B +
'gv‘“fﬁpk & I1"12 121 jzl Fiy [Gaiaj _+ aisj{s(aj 7 ) ,1}
" + T, {3( : ) +1} o {3( | )(at ) N
" 1 “1 1j o j “i 1;] j ij L

13



L
ST 14

e

where the summations extend over the number of bonds bl and b2

b

.in molecules 1 and 2 respectively, I1 and 12 are the ionization/,
potentials,-u: and-u: are the transverse and longitudinal |
’polariaabilities of the i th . bond, r 13 is. the separation of the
.Jmidpointa of . the i th and j,hebonds, fi and rij are. the unit
vvectors pointing respectively along the . i bond and the line ~,{';.'
joining the midpoints of the 1 h_and.j bonds, and 6 - ai - nI.
ﬂ»(z) Short ﬁange'lnteractions. o ;;_l | 4 ~'> H‘.' \ﬂ
There have been numerous attempts to formulate a perturba-‘,
tion approach suitable for calculating the short range -as well ’
as the long range interaction energies (see [30] for a review)
_ lt appears however, that no generally applicable method for the
i study of the interaction of 1arge systems has yet been put forth.
On the other hand direct variational calculation of inter-
.action energies usually yields unsatisfactory results, since
.the error involved in determining these quantities as a dif-
f'-ference of ‘two total energies,is gen;rally quite large [31]
A novel method for determining the short range components <
:for the interaction of closed she1l atomic systems was. proposed
i‘by Gordon and [32 33], and modified and corrected by Rae [341
The underlying assumption for the approach is that the electron
'Tjdistribution“in ‘the overlap region between the interacting systems
can’ be-treated(locally as a uniform electron gas. Expresfions :j;*‘f

for the energy density of a uniform electron gas, including the ‘

.correlation energy density, are available.v.w rr”



-~ where —

. -

'1#3' : v

The Hartree-Fock portio? of the_snergy density of an elegtron

gas of density p 18 given as the sum of a. kinetic energy and. an
exchange energy contribution per electron

Em','(o) - Ek(p) + .Ex(p)_
B = S0

and 1
3

wn—-

- --(3/n) [1 ~.§6x +. 26x - §6x“]

9,'

.The term in brackets represents_s‘cofredtion for self-exchange

CORR(r ) = 0. 01898£nr - 0'061?6”--(0'7,< r8“< {Q),
h '

‘.':_&3,v s E

where : L - -5
- . < (43)

and N is. the number of electrons 1in the total interacting syste'u
Expansions for the correlation energy density per electron

are- available for three diffetent density ranges [35]
‘ : r : 3. 5—

, C 3 U § L
CORR(r ) = -0 438: + 1 325r - 1.47¢ ° - Q,égsi. (r8.>.10)

.

i

" ‘where the.radiss ;é'is related td‘theadensityfbdﬁy_‘j;

r

Wl
.TJ“' .

o If p (r) and o (r) ang fhe electron distributions of the'
A B

two interacting 3ystemg A and B the total energy due to short T

.ECORR(rs),évofosl dsé;- 0;648‘f}O;Q0?rbzn?l.- 0. Olr a{rg < 0.7)5_*3j

15
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o dimensionsl numetical technique [36]

energy EINT, where

‘ The electrostatic snd the polarization energies (EE] snd EPOL 1 S

“ixtion. The-dispersion energy will be estimated using the bond_ ?ﬁ}fi

'pglerizability.approximation. The overlap contribution EOVLPﬁJ'

16

—

fange effects - which will be termed the overlap energy (EOVLP)

1s 31Ven by ' o _ o R - d
Eom - dr{[OA(r) + pB(r)]E(aA + pg) pA(r)E(pA) = pp(r)E(pp)}
B = Eple) + Econn(‘?)" S
Fbr the cslculations repotted in. this study the molecular ‘
ctron distributions were determined using the AVE SCF method
- of Fraga_and Carbo. ‘The local density is giuen ‘as . ‘
(r) Zq[x (’)IZJ S
\ where the sumation runs over. sll basis functions on sll centzre o
(1nclud1ng the’ ls—functions which ere assumed to be completely v '$
: localized) R ',t»f' 4’5“‘ _ C ,‘ L .1gf
The integrstion was carried out using s stsndard three 'J‘TV4 @q*f“w

LR S

3) Total Interaction Energy. 4, '; . j i ;.; - fb

e -

A summary can now be given of the component energies thatj

will be included in the cslcnlation of the total interactionu o

C e

'EBL"'EPOL"'BDISP

"&

vill be determined using an approximnte perturbed scr fornula',r '

PR o 4\:4;




v 3 o :‘ A

will be det:ermined uaing r.he method based 'on the electton gee\

ePproximation. o \\\‘NM\ -
| T
Perturbed ”scr-meo'g" e

A An _SCF.. fomulatiom fo:. de:enuaing the eleet;-ostatic ma ' e

the polarization energiee of two’ interaeting closed shell
L molecules (A and B) will now be ptesented [37 38]
| -

: corresponding SCF equat;ione are . . o

-Nn i“’nen' '

where F: is t:he total Foek operetbr, defined 1n terms of the SN ‘
orbitale LS that: extend ovar the whole :lntetacting eyscem. /At \. |
large separationa between the two molecules. tﬁe set. {¢}

decompoaes into the two sets of perturbed orbitals {¢A} end

. U .

“’n} for t:he mdividual moleculee.

S :'“

The unpertutbed SCE equations for molecule A are .

T T es) (0) <0) <o>
IR F_ 4,1 % 0000
vhere . ' OCC(A)
e (0) R | (0 0)
o Ry | 2v§ 'h* L A Fe
et L ﬁ
~ iy a

and .

(o 0) <o 0) (o o>
o Aii ‘ZJau | ,u)

o defined in terns of the unpetturbed orbit:ala ¢(0)

st
-~ -



’ - \n K '." - ’,"' ’ "’ - ' ;v ""."

|

. 1%, S o o _— - T R
: ) o L o : ) . . . ., N
. ° ’ ! ) ” . . .
. : ' ' ' L S

The perturbed.egul s for syatem A in the preaence of “:

. molecule B, defined in terms of the pérturbed orbitals, are

s i

‘Fp(A)bAii °A A4S A 1. . o 1’__;v—ﬁ -

-_.where ' | SRS i:'~’ . e

OCC(A)}{
S

| ' 1
’ + -_-2 ‘
“M__wimw_w_wi_mwwmp(A) F kS 2?\\ £+

In T (233 ) .Rp,gg?-

(1) Perturbation Theory_ ,{ "~:ﬁ" |
One nay formulate the problem of determining the Petturbed 'ff "“Q,

' orbitals ¢A and“the orbi:al energies eA within the framework of R

T e ‘A ,," .
T ‘ the Rayleigh-SchrUdinger perturbation theory. ‘Ibe presence ’ ,?;ﬁ, B

acting on system A. Introducing the perturbatibn°parameﬁer A

'b/ Ll e

K j_ .’ . | one may writ:e Jhe perturbed equationg as , \-,V:f -




e for A and ‘equating equal ﬁawers of A one obtains ’

— _,}9),&012 <o>¢<o)

';._" ' 6
= Z €, (n) e
.‘ n .
R . 'z] - : ‘ ..'./ .
Substi&uting ‘these expreasions intb th perturbéd equationa

.

o . .
n.. oo Y B

19}

: u}{ - [ 11

DR DCO(A) -

5 ,JJ

. 3
o 1 ’ €
R L ' .

°°° ») 0,1) “(1),¢<1)v-

' - A

O (o>)¢(z) : _(f

_ ‘ SRR R " \,f~', 4
: : . ’ oc (A) S
Lo e [e(z) % @ty zz(" 2))14.“’)_ |

AL A.jj Al

‘.. -

.One may expand each perturbatian correction 1ﬂ terms of the un-pl]t

," ’ . v'

Perturbed orbitals S" SR SRR

<0) <n) e ** ;"’

(n) Z ‘A kaki 5’7, bI“-f‘ '

Further introducing the decomposition ﬂTTTf_s.:gc‘
' SR . :

Bd,(n) Zzgmf m>
l

where @

R

,eﬁ@

“9 P

<o)|f3,¢<o>

R B;_lk‘.kifL

3" Z 7 iy L

AK'B; A,kz - ‘ T




. 6y

NG TRR, y) L0, ;y D, @
fae B3A, 1k%ki{ j“k»‘j ;'a;j Akf11%k) R.j

Substituting these "expressions for the brﬁiial ‘ne:gy.corréctioné

\ .

. . . -
5 - . . ' R
. . \ ; . .

oy
. 4
‘ . = . -
A !

k¥t N
e (o 0) (2 AR - "
e +2 § Z IA jkii kj : Lo ol

-
»

"back into ;ﬁe\ériginal equations and;lefg—multip(zzgg/by“¢ (0)

yields =~ - R o * . i
| a® w (O <o> R
, 81 (e:Ai , R f A, ki .
@ L (O RORSVREE <1> @
A (e €A, k) ' 251 fp:a, ki 24 A 14 ki _
£(0,0) (1) <1>) o ;-’. o
. : 53 ,jzkk Rj ki S o a e
u These\éoefficients must satisfy the orthonormality conditions
' (0)|¢(1) (1)I¢(°)> -0
~°- v "rk
0)), (2 n,.a 2) 1 (0 ’
L < >,¢< )> . <¢( )|¢( ), ﬁi il¢( )> ‘o
‘thﬁt is
(1) (1)
-+ 7 =
» ij o .aﬁ. '0 ’ :l'
: <z> Z: "W, @ . (2) S
‘ .. H r "
813 k*i n ”ki ajk - g
‘(2) Total Energy S ‘
The total electronic enq;gy for the cwo intéiacting systems
N ‘ is given by. v 'i-m_  -; i/‘ . |
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v 3
0CC _ o - )
, E, = g <¢i|l§+ F|f1>_ S o '
ﬁ\.\‘ - . | . i . . . R . . A . ’
| | OCC(A) T ' occ(n) SR o
i¢°“"f - %‘ il +F +Af |¢A . § <¢B 4 H.B+F +AfA|¢B,j
0CC(A) ' OCC;(A). : , occ(n) _
= L byl TI, o oae@mg T Iy, u)'“’A 1
) ’A ) ,k . ? . i 2
0CC(B) - occ(B) - occa)
i sJ o s . ‘ n by ’ )
- where - - ' -
H o= HA f HB : l' W\\
~. SV

| é ' .
a0 TRV b e

? o . - ' o . . S _ ,
T Substituting the expressions for the perturbed orbitals
: Sa
derived above, the electronic en;;Ey\for system A to second order )

Ce . . . C - '

isj‘ . o S o B o | :
| RO L@, @ -
! Tea " Ban HESTAEST

"

R~ &

where the- unperturbed energy is. given by
}_,

LT .' OCC(A)
S (0) (0) (0) (0) :
L . g <¢A1'“ T I"Ai"_.
o and the first and sétond order corrections are - {j! 'f‘é o
i 0 SRR
E(l) CE(A)( ol
Fal : hBAii BAii P
i ‘ - ‘ : . i S ;4 . ' .
’ @) . 0cCA) VIRT(A) )
Y S (hBAik nAik“k A
a



0CC(A)VIRT( 4) T £, |
=2 7 T o (hg, ., .+ £ ) BiA,ki
g £ B;A,1k © 'B;A,ik (e 0)_ (0)
_ . €A,17%a, K

Corresponding -expressions, hold for.system B.

'.i Theseiectrostatic interaction energy is given by

B) Z Z -
E - E(l) + Ecl) (A) ( ) -ab
' EL ' A . .B, a b Rab ‘
where R‘b is the intern_uclear.separationr

component of the interaction energy is
b Le@ L@

Epo, " Ep " *Ep e

 (3) Approximate Formulation ' S ' '
in this study was designed to correspond in its essential

features to the AVE SCF method of Fraga and Carbo.

Expanding the ?oiecular orbitals in terms of a set qf

1

: obteins OCC(A) kO)

: OCC(A) (A) g .
- ] Te €, i<r|hB + f |r>
- i - r.
SRNCRIES § .0 <rrtss>1
,‘ r * ' . . -

OCC(A) VIRT(A)

9
Eﬁ ) . (0)lh3+f3|¢(0) ><p ()

i.. . k

l': } ui Qéi.-

The polarization

The perturbed SCF method used for the calculations reported

basis functions and introducing the ZDO approximation one . .

0 0 0
‘°’lfnt¢“ ii ii

)



' occas) VIRT(A)
.2 (0 © <o> <o>
T L ) “Ih Bl¢ ><¢ lf LN

qv»i» k.

) OCC(A) VIRT(A) (A) (A) :
T Aeov Lo E _~'? T L%, reC A, rk A,si A,sk :
o

g et Loy, t<rrlt:c)1[h et E 'q'B,l.,(gs‘,,l.uu)] .
Lo ww gff"c )

-24¢ ' pA‘fs(ZGrs pA rs)IZhB;rr ¥ Z qB t(rrltt)]
o OV_ r s 3 =

@
[hﬁ.ss.+‘ ! SB,q(sgluu)J

,: where Ae oV’ represents the average occupied-virtual'orbital
xcitation energy, and. use has been made bf the equality -
e R #v R ,‘.w
2 ‘g. CrcCsk " 2%rs f'z.‘g “r1%1 -fgﬁref-‘Prs"*
) - “‘» » -
;5 e if
L I .



">periphera1 network, containing efferent nerve fibers from the

_ aﬁd yiscera, and the centrsl nervous system, which consists of

gmotor preganglionic and poatganglionic fibers. Functionally
~'-the parasympathetic system is genersliy linked with energy conserv—
"‘ing, growth directed ctivities,‘while the sympathetic system is“

E linked with energy expending activities.ikj’t g

III. AN OUTLINE OF NEUROCHEMISTRY -

Anatomy and Physioiogy of:the'Nervousfsystem?l. '

The vertebrste nervous system is commonly divided into the »,‘

_sense organs as weIl as’ afferent fibers which innervate muscles

! ’ '.‘b&—u "“-:—-*'
the spinal chord and the brain. Aside from this anatonical e

N ﬂ‘distinction ﬁhere,ﬂre also two major functional divisions.v One
‘is the autonomic,nervous system (ANS) which involves functions t]
".fno% requiring conscibus sctivation, and the other is the somatic *52

r'system._

There are two functional divisions within the ANS. ;thelf-’d

EAY]
.
k4

‘ parasympathetic and the sympathetic systems Esch is composed of

t

periphsral sensory fibers, central integrating areas, and peripheralﬁ-7=ﬁ

Each nerve fiber consists of bundles of nervhs’ 113 (or neurones)yzfﬁ




",vpostsynaptie membranee ia called the synaptic cleft.‘éw_“'

i nembrene there are clusters of small globular structur:sveelled;“
v . L b:'. .‘ '.v rme. y‘ . ‘_.l . : . V,} ‘- g N " v‘ . " . .

"73:’axan taterdor will not be

tfunctidning. Horphologically they differ in that they have
':.certain elongations, called axons or dendrites depending on |

their function, which extend away from the ce11 body. h;;i: = o Q"

o As a rule, the axonal endinge of one nerve cell ere 1n .;7iff{;‘
.:qpntaet with the dendrites or cell bodiee of other neurones. 'f_‘gr;{

The axons of afferent neurones form similar junctione with S ft;(“ )

nusclee. These regioua of contact are termed synapses. The ‘*;}n"w,

‘.tmembrane of the axon terminal 1s’known as the presynaptie membrane,: sff”

b

.:vthat of the adjacent dendrite, ce11 body, or mmscle, as the g

‘poetsyuaptic membrane. The space between the presynaptic and ‘ﬁ;»ﬂjf

g _vertebrate species, the width of this eleft at synapses ie 200 A --_'dhfq

.1300 A while at neuromusculer junctioua it may be 500 A * 1000 K ;
Axons are bathed in a fluid that contains the ions ua*,fgf;l]s;“‘l*‘”

fca ng 2, and c1 : The interior af the axons 1s filled with thev
. . e ‘._4“1 K
,‘so called axoplasm, a gel which aleo eontains-!gl the 1one listed

1 .

'f?an well as certain orgenie anionsdf361ose to the presynaptic

| "T_veeicles._ Often these are found imbedded in.hollows iq:the Lo

r‘:fluid.f ?or example, in thé case of the ,quid axo"
.{tﬁoncentration r°t1°3 (out/in) areﬁ. o L

[Na J, 101 IKJa“
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e

To rationalize this ﬁact it was found necessary to postulate
gan active transport mechanism, a so called "sodium pump",'which
‘;ejects sodium ions from—t e axon interior [40] Ihe large con~f

fcentration 3rsdient leads to a. potential gradient of approximately

LA

"5w-60 mV acrous the axonal nembrane of'nost neurones.~i‘ o
If a depolafining potential larger than 20 mv is applied to S

'~;the membrane in the resting state, one observes a. rapid reverssl dfff}"

of. the potential difference, the interior of the axon’: momentarily ,;n
L

35 becoming 50 mV morerpositive than the external fiuid.u This ﬁ"flt,iﬁwtei

‘:i,;fphenomenon, kn“"n ‘as an 5°;l°n Potential is accompanied by the R

xff‘_following events listed in the order/of their occurrence [41] »fs:”“_
s a) A larsé temporary increase in membrane conductivity '"é

,‘;fto sodium ions resulting in a sudden influx of positive charge,i%iﬁai;{_i

b) An increase in the conduetivity to: pot asa ium 10“’ ,

ufwhich servea to restdre the potential difference of the resting ;deﬁnn

it :"..state- | '.;.'_, i




o\ R e = ““ut5l L .
\nf Unlike the action potential this postsynaptic potential

pcﬁange is not an all~or—none event._ The greater'the frequency
iof thefacsion potentials reaching ‘the: presynaptic membrane,v |
the more transmitter aubstance will be released resulting inl;“
.8 corresponding graded change—in the postsynaptic“potential [42]
Since the average neurpne makes: many synaptic contacts,“,
the effects of the various postaynaptic potentials must be :

o _ integrated before an action potential is’ generated.-
T ‘.1Acety1CHoIine._"ff'_‘lf;‘f: )

[

B

A, . P "

Acetylcholine (ACh) has been identified as: the transmitter

thn substance of all postganglionic parasympathetic neurones, as S

"“2 well as some poatganglionic sympathetic nenrones ";_ﬂj;;ﬁﬁ}' o
E CH3-C-0—082 CHZ-T _cg3. L
. o i o ‘°‘CB§j73}:{1.f1f;‘:fﬂafj_pt' e

i It is stored in the vesicles at _{concentration of 150 mM,.;’

Pt

’{,x,-ﬂwhile it gconcentration in the axoplasm 18 only .4 mMo-;rn};;xt;fa”'bj9@7t
Acmfé believed to be synthesized in the axoplasm and then~.; R

transported into the vesicles. The synthesis takes place

™

according to the following pathway i x - \' “

' o

\ | Acety 1-coA

. [



. 0 :
CH3-C‘0-CH -CHZ‘N (CH )3 + COA-SH
- @ . .

Acetyloholine - . CoA

b

" while- the metabolic destruction occurs according to .

S ‘ 3 . S L o Acetylcholines'. age . “;s;;lw“”m
R 3-c-o-cu2-cu N (CH) +,,__,H20 - —e—-,

N‘. . . “ -¥ .'i
X . 'cn'3coou: + HO-‘,(.tl_lz—CHZ-t.{‘_. (c,u3 )g

Acetylcholinestersse (AChE), the enzyme thst'very rspidly

e Lo

Zhydrolyzes ACh is present st the postsynsptic membrane but not -

"in the axoplasm [43] The-. sctive site contains an anionic site }_

_'(probably glutamic acid), two basic groups (probably histidine S

_residues), and an acetylatable serine group.’ It is believed -
.'Athat ‘one of the basic residues is involved iu the deacetylation,}l

while the other supports the formstion of the subsequent acetyl

[
'D.

' epzyme [44] ’ o
Upon the depolarization due to sn action potential ‘a givzhr e

TN

; uesicle msy release s quantum of 100 - 10000 molecules of ACh
:. [451 These diffuse across the synaptic cleft to the post-:f.‘
| rﬁﬂynaptic membrane, where.an interaction with specific receptor‘_”_r“
' sites may occur, initiating a series of molecular events leading
.dto a postsynaptic potentisl change. The mdnimum effective .
B 'quantity of ACh is of the order of 10"17 to 10 16 moles [39]
ﬁfl‘It is rapidly hydrolyzed by the. postsynaptic AChE snd the
ﬂ.choline thereby‘produced may be transported bsck into the axon,_;,'u

e -
,snd utilized in the synthesis of further ACh.-fljx“"




The molecular mechanism leading to a poatsynaptic potential .

change ia clearlxtd tinguishable from that involved in main-"

It ig" known to: operate over a

taining the action potegtial.

wide range of membrane potential, and the ionic?changee involved

...occur. very zenidly [46] I ‘ O O P

v
The interact-on of ACh with the acetylcholine receptor

' (AChR) is believed to cause an opening of pores or channela

through the membrane wbich leads to a permeability change to
at. least two ione, one of which must be- Na [47]. o
The extracellular concontration of Ca""2 plays- a critical

role in the maintainance ‘of the cell excitability. Both in
,Q

nerve and muscle preparations, a raising of the Ca*zconcentra—

tion leads to an increase in the reeting potential while a

lowering of the ca+2 level\ieads to a lowering of the resting

e

' potential and to spontaneous excitability [48] This effect L

i ia primarily due to a. reduction of the membrane Na conductance

with increaaing Ca+2 concentration, and has been attributed to

_ the competition between Na > K and Ca+2 for fixed negative charges
~ .on the cell membrane [49] An allied phenomenon that can be

haimilarly explained is the reduction of the conductance change E

29

°

":produced by ACh with an increase in.the external Ca+2 concentration.,_:fr
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Membranes = - . : s I -
|

In d;dog"to attempt to rationalize the excitability of

; natural me%%ranes it will be useful to review briefly the results

=

of investigations on the chemical composition, the organization |

= of--»-membrane ~components',-~and—»-t~he~-~phyaica1—~»stat&of~~nembranes-5-—-~ e e e e

RN

Although biological membranes vary greatly in: composition,

1ipids, proteins, inorganic ions, and water are present in all

: natural membr-anes. The most comonly occurring 1ipids are“

B .

phospholipids such as phosphatidylcholine, phosphatidylethanol—

amine, and phosphatidic acid.

'l'he bipolar compounds having the general formula

- - ' 7 g .' C ' 3 )
- c-o-r-o- 1,-CH, -n -cH
I o.,._. o e
R . R—G—O—(':e-ll_‘ o c“g\ e
- ' .‘,R';c,.-o_cnz . B | . e

. 0.

(R, R". - saturated-or 'unsatura’ted-"aliph_a-tic'; ch‘ain‘)' Sl

) - . R . \ . . e

collectively are referred to asg phosphatidylcholine. Since"‘ T T

the polar portion of these lipids closely resembles the Ach

_ molecule, i1t has been proposed that phosphatidylcholine is involved ‘ e

in%he mechaniam for membrane excitation by ACh ISO. 51] J

'l'here‘ is nnw ample evidence that the basic structure pre-
serving unit of biologichl membranes is a. lipid bilayer {52 53
'\ 54 55J ‘ 'rhe h&drophilﬂ: parts of the polar lipids coastitute

the. surfaces of the membrane, whﬂ’e their hydrophobic exten- :



0 ' 311: .

sions are hﬁried in the'membrane.iﬁteriot;"Thelwiath.of the

bilayer is approximately 45 A. - T 1’ e '*“,'j// : ’_'p,
- Several studies indicate that Ca+2 has an orderlng effect h o

'on the 1ipid polar groups [56 57,(58] The‘ion is believed to

uform a link between\ the negatively charged 1ipid phosphate %n

substituents, thereby decteeaing their mutueiwtepulsiOn. R

Although there. s some evidence that Ca*2. doés qot form such ay

_ complex with phoshatidyleholine [59], tne following

models for the complexing of phosphatidic acid end phosphatddyl— %

serine by Cd+2 have been proposed [60]

. O/P\ 0 L B‘\;(‘P\\\ S ‘
\\-;,/ R _.‘ ~. PP AN
N - 0
- P .

h 0 O0°'N_ O 0
T LLINLA NS
N N
-—p e—l—r o
- (9h°°i’h‘:ti.aylseriﬁe) - -
In addition it Was found that Na and K ar“ much less ‘. i
effective than Cat? m complexing lipid phases._ punhemre, G e
"these mpnovalent ions actually antagonize the action of cg+2 ‘;f‘:;;pyf;gj

o
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. Of the polyvalent cations that are sble to competé with = -

a+2 for the binding sites on phoapholipids uo;z has boir ‘v€¥;ﬁ

singled out as particularly sctive [62] Thie is gf importance -

FW}Z is known to, have a pr found effect on a number of .

2 | R
ane mediated processes., In par 1cu1ar it was found that R

Y A S .’_M._», R L ‘_,.z,’;....
1 e Ca+2, it increases the threshold for action potential '

I involved in the AChR, and thst the depolarizstion produced by ;»'7
ACh and its analogues at synepses may involve the displacement ‘;

o of me-brane conplexed Cd*z B .-"j :?;,kr_-f:. ",'ﬁ' |
) . Yy . o . W
Both'enzymea as. well as structural proteine msy be
present in natursl membranes., Hbubrane proteins thﬂt“Iie c;oee ﬂi.flﬁ" |

o the surface of the bilayer are known ae extrinsic proteins,

.} T those that sre imbed#ed in the negbrane or that extend ell thev'

way through it are called "ﬂc pro-t/ mg, Due to ﬂ,e »_. ‘--?‘
' fluidity of :ﬁe lipid bila 8 aath lipid snd protein molecules '

_ate free to move tran! e §?ay, when constraints do not prevent it

!L‘-

- R ~165f uowever there is‘evidence that the ﬁormstion of supra-f;;;“”l"”' :

uoleculer eggregates of both extrinsic snd intrﬁnaic proteins;;

may fix their spatial distribution in certsin menLranes [665 \-”f~l-3;iq




)

,.of a COﬁF;§“6“3V1i91§.Phﬁaﬁﬂgﬂé'nnmbﬁt;Qfgatuﬂ

@

) monovalent cations across the memhrane ie 1nf: enced by the cherge.

/

R

proximity of intrinsic proteins are reletively immobilized [67]
The study of lipid enclosed globules, called veeicleo or f
liposomes, has shed eoue light on the permeabilityepropettiea

of bilayers. it was found*that the rete of'diﬂiys Ji

Y —s e SO, . ~‘

r.

N
of the polar head groupe of the membraue phgzpholipids [68]
Making the interfacial\potentiel negative increnses the rate of

diffusion, making it more positive deoreases it._ waever“

*

R MY

this simpliatic electroe;atic dependence wns not found to ggiﬁ;\
& _

» TR T,

for anione. ﬁivalent cations have the effect ‘of- promoting the ‘?duT

: traneport of monovalent ions.'ii,fi ;?ff ‘f_»rsf::xif;ff;’;iéef - |
' Artificial membranes'reconstituted from solutione of 1ipida.;?_ f;;f
bave aleo been used to gaiﬂ ineisht into the neture and function }Ffilfih
.of biomembranea‘iﬁ9 70 71L, The high electtical resietqnce ““ﬁdii?ﬁ

o of these membranee supports the view the% they eesentielly cqnsist

the cation conductivity of these~reconsti£uted membranee-can

LN

“«

be modified in the presence o‘}cettain appropgiate macromolecgl

.;."‘ ,‘ N
D e
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lad

cation complex is believed to "dissolve" in the membrane interior, :

’ .
and to release the cation at the’opposing face. T ,

The addition of gramicidin A, a lipid soluble helical

o

‘ ‘l'protein to a lipid membrane has the effect of increasing the

membrane conductance of ions nonspecifically [74] Furthermore

b
“ [

the permeability to water and small non-électrolytes is also

v

increasedt It has therefore been postulated that this protein
is’ able to form pores in the membrane.

o Finally it was found that tﬁe electric properties of a

T

reéonstituted membrane, to which a minute amount of a proteo-

Q,
)

lipidaextracted from the electric organ of the electric eel

'~has been added are atly altered in the presence of ACh. This

effect is actually inhibited if drugs mhat Aare ﬁﬁown to block ’
] the - Adhl\ are added [75] J?‘&

CInm summary it may be said that thé conductivity of a lipid
bilayer to cations may be influenced by the specific lipids

present “and that increases in- conduotance may be obseQVed in

the presence of certain macromolecules. In addition there exists,

~a macromolecule which alters the electrical properties of the

. bilayer in the presence of ACh and which may in fact be identical
‘ _ R

to the AChk

v

.u‘
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‘Nature of the Cholinergic Receptor = - = o

'which may possess two phsrmacologically distinct sites [80]

o

' . - \

Recently‘there havefeppesred in“the.literature a number-of‘

'freports of the successful isolation and identification of- AChR » ‘“hw

4

macromolecules from the electric organs of Electrophorue electricus,

‘Torpedo californica and Torpedo marmorata [76, 77, 78, 79, 80, 81]

The functional AChR was. found to be a lipoprotein [78, 79],

r

' In its purified form the recepbor protein was estimated to have ‘

- a molecular weight in the range of 83000 to 112000 daltons [76

33], although a somewhat higher value hss also been reported [80].
It has been suggested that the AChR.is ‘a doughnut-shaped globular
molecule [83]. ; ‘ o

In its binding of isotopically labelled ACh the purified

. receptor exhibits both positive cooperativity [84] (at low

:fconcentrations of ACh), as well as negative cooperativity [83]

°

.(at higher concentrations of ACh) There is" some indication that
the purified protein differs in its binding properties from both

,.‘the solubilized as well as the membrsne bound AChR [85]. S

The receptor macromolecule ie highly ecidic,_having an -

- isoelectric point of 4.8° in its purified fqrm. However, eince

B the protein has a considerable tendency to aggregate, it was

v

: suggested that there’ are areas of high dengities of positive

35 /

v/"

chsrge in the molecule, despite its overall negativity [83] R

/

oy



Although there are many aimilarities in the properties of
the AChR and the enzyme AChE -the two proteins vere found to be
- clearly separable [86 87], and they do not seem to have a ,».,i
”‘ common subunit [76] Nevertheless the amino acid composition _”
of AShR and AGhE ie not very different. The basic amino acids

make up approximately 12'mole 4 of either macromolecule, but

36,

AChR has about 332 more lysine and 332 less arginine. The acidic

apino acids constitute about 20 - 23 mole z of either protein,‘,‘ﬁa

with approximately equal representation by aspartic and glutamic

acids.: AChR has a higher mole z of threonine, half cystine,r

and isoleucine, and less of glycine and valine [83] _
_ There is considerable evidence that disuifide bonds and ,

exposed aulfhydryl grOups may be of importance in receptor

activity [78 79] They are apparently essential ﬁor preserving

.*‘the appropriate conformation‘%f the AChR necessary for its f.

b

“binding of ACh. Similarly itvhas been suggested that arginine ;"f~

or lyaine and tyroéine or phlnylalanine may also be of importance S

_for receptor functioning [83] The relatiOnship of these gronps
to. the receptor active site has not yet been elucidated.z o
In the study of the electrical properties of artificial

'ﬂwnbranea containing-a hydrophobic protein isolated from

r:Electrophorus electricus which was cited in the last aection, i;

t

, ‘the activationjof a permeability system by ACh and certain

“fffof its analogues was investigated IZSJ In each—case a different ’

B -rise time and decay of the transient responae produced ‘by- these



@

. may be noteworthy to point out that the artifictal membranes'

. and structure a molecule mugt possess to. induce a membrane .‘§* “vﬂf*f;ffn

e conductance change resulting in an observed physiological response.

agents was. observed.‘ S
The concentration of the compounds required to generate

-8 permeability change was found to be much larger than in

the case of biological membranee. This has been attributed to T

the fact that the lipid matrix in. which the receptor is embedded" ‘

is different in the two types of membranes. It was observed

that in the presence of uranyl ions the response to, ACh was o

increased by a factor of a hundred [88] In.this context it

IS

A N o ,
- did contain phosphatidylcholine. N h'u : T

1

MTheoretical Aspects ofﬁDruijeceptor Interactions~ﬁ \j:_ﬂ:,

While there is some Rnowiedgerat*present—eoneerning—the—*—~
ionic processes involved in chemically induced membrane conductance

'changes as - well ‘a8 of the nature ofethe,chemical environment 'j _
. \ T _

responsible for such changes, relatively 1ittle is known concern— ‘~"7;

- : )

ing the molecular mechanisms that underlie these changes.: H0wever,

-a large amount of indirect evidence ag to the nature of these
o e . I -
mechanisms is available in the form of pharmacological datJ.‘ !

Studies of the transmitter substances, and drugs that mimic their ‘fh.?iﬁfﬁ

, -action (agonists), or that block it (antagonists), have 1ead §o

some. qualitative conclusions concerning the chemical substituents

e

This informatiom can be used to draw conclusions about the



o

‘nature of the molecular interactions that are involved kS the
‘formation of the neurotransmitter-receptor complex. o
Most commonly ‘the pharmacological data consists of tabula—
tions of some parameters expressing the magnitude of the response,
or the affinity of the receptor for a drug, for ‘a series of
;.chemically‘similat compounds. Unfortunately due to factors such
as the non~specific absorption of the drug, the measured
uphysiological response may not bear a direct relationship to
l:the formation of the drug receptor complex. Small differences
‘in the experimental values are therefore of 1ittle significance.
Generally, the activity (or equivalently, the potency) of

: ND L :
an agonist is expressed in ternm of the number of moles of that ,‘/

agent rFquired to produce the same response as a standard cdmpound. g

. A quantity known,as the pD2 value is often used as a measure of
'ibthe affinity of a'rspeptor for a given agonist. (If no- confusion
about the nature of the receptor is possible, ne may simply :
ispeak of the affinity of that agent) The pD2 value is defined

in terms, of the agonist concentration required to produce 50

" per cent of the'mAximum response, [A]SO’ aS ‘

If the drug—receptor interaction is assumed to. be a simple

"~absorption process.. (as diScussed below) it may be shown that

' [AISO is inversely proportional to the equilibrium constant KA .

for that process,_i.~e.

3e



. \\‘.f.

o ,»encompass the fact that there are some compOunds, known as ?‘:

'nfaction implied that the interaction of an. agonist (A) with the ';; s

“'receptor (R) 1s° eBsentially a PrOCGBS of absorption that can ff““”

. a reSponse., The response would thus be proportional to the number jh'

.gpartial agonists, which regardless of their concentration level,
,_‘ido not produce the same maximum responae thst is Prﬂduced b"“

Hf ability of a drug to produce a response [89 90} It wss
,suggested that drug action at a receptor might resemhle enz'

”31’substrate 1nteractions., A quantity known as the intrinsic

LT . Ky
SRR Wso

One of the earliest theor{ée put forward ‘to explain drug

‘Jlbe expressed as. IR .'"' s
A¢R2‘Mg o
-and 'for which there_extsts‘anﬂequilibriun constant,ﬁk;’uhere"' )
‘ It was suggested that the rate of sgonist—receptor complex (RA)
| iformstion, 19 is a measure of the rate of the production of RNV

/

'?,of agonist-receptor interactions, and the maximum response would
correspond tO an Ocmion of all the availsble receptors. ERRT ..

"'This theory was, howeVer, found inadequste" It could not easily S

g
R

- . Loed

; Jg‘;_‘:

Consequently, a number of alternative theories were proposed R

:ifwhich explicitly 1nvolved"afparameter expressing the innatefnm.u




relatively low: kag and therefore a low intrinsic activity.

i

o activity waa postulated to be proportional to the reaction rate e

I

"ﬁ in the hYpothetical reaction "p“" i‘”'.pfwrﬁﬂAlf“:Q:,”v j L |

, 'A,_k- 3

1 :

A + R RA’ - ReSponse + A +R. i e

L Partial agonists were thought to be characterized by a

!

o
-

-

However, even in this modified form of the initial theory, their

: action would not be adequately e;plained [91] The postulated

intervention of a rate-limiting change in an initially inert

drug—receptor complex implies that/there ia a unique energy

barrier for the formation of\the transition atate leading to~the vi,‘”

,..

production of a response. The rate constant for that atep can
1,, !

: therefore.not be used to distinguis between agonista and partial

The meaning of the intrinsic activity parameter waa

o subeequently reinterpreted?t reflect the fraction of collieions

a response [92] Thia atatistical definition doea not refer

to a fixed meehanism for the processes taking place and is there-e3?~i'“

fore more acceptable,than the previOusly suggested °“e-~,f;'"U

Y

L activity is often used to express the ability of an agonist to

P initiate a requnse.. Intrinsic aﬁtivf%i:s‘are assigned by

40

‘ conatant k3, which determinea the formation of the final producta '5’ .f

‘w




'h‘comparing the maximum reaponse of a given aponist to that
lﬂproduced by a. stamsifd compound.,:' . | _ | o .

) According to another theory [93], vhich can'be mmre effectively

*related to. events at the moleeular level, the rate of complex i" B

'iformation with peceptors would determine the response, rathef R
fithan it constituting an obligatory step preceding the activation ;‘c

.‘phase. A high stimulant activity would thus reflect not only |

. high rate of conbination with receptors but an -even higher rate hfﬁ‘:
ﬁof dissociation of the drug-receptor complex. Thus agonists

“would be characfgrized by a high rate olglfssociation k2’ partial

: agonists by an intermediate k2 value, .fii?ftagonists by a small
‘V_kz value.i While ‘the theory successfully accounts for the :]}-
r.bexistence of partial agoniats and antagoniata, its applicationb'
A f.in a number of specific cases leads to rather 1mpla ible results ?;

L presuppositiohs, to coneistently aescribe the molecular events ﬁ>.?7’

'-.f':involved 1n determining the Potency of compounds has led to thefff'h

f-;&change in the receptor, which would lead to molecular changes

.suggestion of a somewhat more specific theoretical framewogk [91] :'ffﬁ
QIt was proposed that in analogy to the interaction of an enzyme |

fiand its substrate, agonists are able to induce a conformational

jfresulting in a response.- In addition to the interaction between Ji

- a specific agonist As and the receptor :i.n;”

o
!




L contribute to potency, as well as thOSe that diminiah it,-

}\-_.

j-Antagonists will not be conaidered siﬁgp

'Wiof action is merely to block the aecess’obgﬁ‘; natural trans-.' o

, ndtter substance to the receptor site [94] } ,53 ,ﬁ:/

AS + R + R*As

'that reaults in an active receptor protein conformation R*A

there may be nonspecific interactiona (involving a nonapecific‘

| A +R2 R"‘A S TS

" A}
v

i B

2

B that«result in an, inactive conformation RfA . The degree to

‘ which molecules poasess the neceasary molecular features to induce

_van active rather then an inactive conformation would determine

',hwhether they are agonists, partial agonists, or antagoniata.

) The distinguishing feature of this propOsal is, of cdurse, that

.ﬁ?inding at the receptor may either facilitate or- hinder the genera—

R

tion of the reSponse. S

':_Pharmacological Data“,' : ‘r“.';f-'.

'V“!t‘.ﬁf‘

With the aim 1in mind of estab\ishing the factors that

1-review oﬁ\some of the more pertinent phaf”_”plogieal data,"uﬁ

3 now be given.‘

.available for agonists and partial ag ﬂ'at

rﬂ

gtneral mode

: ,-—4~

Pharmacological inveatigatious have shown that cholinergic "

aynapses within the ANS may be distinguished on- the basis of

-the action of drugs at these synapses. In particular, there fv--"‘a"f'"ﬁ

43



18 a similarity in the effects that ACh and muscsrine produce
at parssympathetic postganglionic synapses, while at low con~"

'centrations nicotine mimics the action of ACh at‘ganglionic

) synapses .

'uMhacarine‘ e , h‘. o ,Nicotine.‘ R ~/.

The division into muscarinic and nicotinic nerve tracts

is, howeveg not ab801ute.‘ There are many analogues of ACh

‘which like ACh itself, possess both nicotinic as wsll as-

muscsrinic properties. S E =

- a generalization of the trends observed in -a- number of diverse '"*

It is possible to classify the various chollhbmimetic o

agents that have been investig&ted according'to their muscarinic

and nicotinic stimulant activities.. Thqrordering of the compounds .

listed will reflect their ability to produce the ssme response .

as ACh at a given site and as such the information will be

_ tissue preparations._ It is therefore necessary to point out

dthat while the relative ordering is almost always tpe same

"at the various receptor systems, the number of moles of a compound

' [

required to produce a standard response may vary considerably.

3;‘fA listing of agonists based on, such a scheme results in four
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broad classes of compounds: agents that are at least as potent
as ACh at (1) muscarinic sitea, (2). at both muscarinic as well
as nicottnic sites, (3) at nicotinic sites, and %) agents that‘

are less potent'than ACh atbboth sites. The last class should,

_contain numerous derivatives of the compounds in the former -
13
classes, which are less potent than the parent compound It

Kl

fwill however be explicitely.limited to prototypes of compounds
structurally unrelated to those. ‘- d
Further it may be noted that in speaking of the general o
,features of agonists, it is often convenient to Tefer to certain
key functional groups such as the ether oxygen of muscarine or
" the carbonyl oxygen of ACh - even in compounds that do not“
explicitly'contain these‘but have chemicelly similar centers.'
ln such cases .the use of'quotation.marks will-serve to indlcate o
. the untonventidnal usage of the terms./
(1) Predominantly Muscarinic Agents ,v
. : N . _ 1
' s) L(+)-musqprine is the most stereospecific, though,
'not the ‘most potent muscarinic agent. of the four pairs of

Aenantiomers only the Cbmp0und having the following general

strqu:re (muscarine)

CHy /‘\ *cn ﬁ(cu B T

Lo 3’3
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v

'1s equiactive with ACh asa muscarinic stimulant [95]. The

compound epimuscarine

oo, )3/

+ 1s about a hundredth as active while the optical isomer |

D(- )-muscarine ia over three hundredth as active [95]

‘As will be observed with a11 close ACh analogues,i;he

effect of removing the terminal methyl group of muscarine is ta

‘reduce the activity. However the corresponding demethyl compound
' for epimuscarine ia almoet .as active as DL-épimuscarine itself [95](
" The 2~methy1atec analogue of musccrine is even less active at

[ <

"muscarinic sites than the demethyl compound [95] Iﬂpcontrast
4

to the large difference in potency between DL—muscarine and DL-- o
|

4epimuscar1ne both DL-4 S-dehydromuscarine and DF-4 S—dehydro- ﬁji
'epimuscarine are approximately equipotent to DL—muscarine [96]

; Muscarine and its cloae analogues all exhibit a- low nicotinic

yactiviry./ | B | B '
h) Another compound that is as potentba muscarinic agent

as ACh but has considerably less nicotinic activity, is L-cis--' ’

d2emethyl—4—dimethylaminomethyl-l 3-dioxolane methiodide [97] (methyldil— i;L

Cat

vasene)



- The correspondin 'trans is only slightly less active [97],.

e indicatlng that unlike in the case of the muscarines, the
Eelative orientation of the 2-methy1 and SZQuaternary groups';

is not . highly éritical. However, the removal of the 24methyl
. S
K ' "(
group entails an approximately thousand fold loss in activity, =

“’and the addition of a second methyl group in the 2 position
)

: 11kewise leads to a decrease~ineactigity [97] o L "g'v;

. c) 2-Methyl~5—dimethylaminomethylfuran methiodide (methylfuftre-e\
thonium) is yet another compound that is approximately equipotent - -

" to ACh [98] as a muscarinic agent but possesses a very Tow .j.zaf
,.' L nicotinic activity ’ "s-' -.f':' - A\:l : :

e

cH, f,iﬁ(cns) s

N The effect of reblacing the 2-methy1 group by hydrogen is to DA‘.’*".

reduce the activity by only a facton'of ten, while the Z—ethyl

RIS o

o compound is less than a hpndredth as activg [981 The correspond-">

.,ing saturated compound‘2—methyl—S-diMethylamfnomethyltetra— D

hydtofuran methiodide is also less than a tenth as active as the -

5.

' furan compound [98]3_



a . . Clearly all the egbnts !n thie claas contain an oxygen
: A : -
structurally equivalent to the ACh "ether" oxygen. in.addition
. to the- cationic head group.i Furthermore, optimum activity és

achieved only if thete is a terminal methyl group at a dietance

o . corresponding to the length of an extended five-atomnchain from Vw;;j“!;

— et - B,

ha the cationic group. The presence of a. larger alkyl group at L
@

that position leede to a decteaee in activity. Methylfuretrethonium

is conspicuous in that it does not contein an oxygen structurally

corresponding to. the AChocerbonyl oxygen,vas dO'mnscarine and

BN

: methyldilvasene. | hf”ﬂ{_ ,_J o "*xﬁlee

L

P °It is noteworthy that whileztﬂ&ee compounds have telatively
K T R

low aicotinic activitiee, the affinity of the nicotinic'teeeptor~ ,‘?3

for each’ hgent ie about the same as that of the muecarinic

receptot [99 100]

agent as are. the other two representativeb of this clase,'x

, but a higherpactivity than do the parent compounds.ui:

(2) Agents»that are both Muscarinic and Niqrtinic Agonists

":

°a; a) Acetylcholine, which is gen&tally used es the':eferenee

o

\compound for establishing the activity of other agents, is, by :
g
definition, a potent agonist. Bowevex, while.ACh is certainly

among the most potent muscarinic agents, there.gre.a humber of w
KU ; I . e L

nicotinic ageut, and tha ies_high natural nicotinic ac:ivity: e
\, - { 2 ] o

i B - 4.. ) J PR - ‘,.‘4 N
0 4" - ARSRIN R - PR P
R N . .. ‘. P S B

The correSponding demethyl compounds~a11 have a lowetoeffinity ,5yj;f
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b A h may merely be attributable to the fact that it is released in
' .- [4

: 8u h large quantities at a lodation very near the receptor site L. g‘

[101] As in the case of“ghe ‘:ompounds of the previous class, e

[ XY

the affinities ‘of the nicotin c site and the muscarinic site for

' ACh are about the same [99, 100]

The structure-activity relationships for- the muscarinic

P

° actions of choline esters -~

T '-ﬂ R-C-O*CH -cu2 N(CHB)

. o

i reconfirm the five—atom rule that was proposed fOf muscarinic

pgénts. A&n is clearly the most potent member nf the series
_While\~helformyl ester is considerably less adtive there isfﬁ
. ,«p .'

‘also a sgeady"decrease in activity with an increasing size of

. the R—group, beyond that of a methyl group [102] Aromatic

' hiesters ‘are virtually inactive as muscarinic agenés [103]

S
.

" In: contrast, there is some evidence that the optimum

’\nicotinic activity is actually reached with the ethyl ester [104]

:Furthermore -a high potency is also exhibited By aromatic esters -

o ° - 5

) particularly those with the aromatic group at the distance of
R a two-carbon chain from the carbonyl carbon IlOBJ

Carbaminoylcho%s.}iﬁe is both a potent muscarinic ‘ h " S

%v.

A
. -

C\O,CH CH N(CH

3 ",, ‘ E ‘ - )
: . - S H K 3 3
. ;o » "_. A . : 2 ; : Cos : T L e
ﬁﬁ nicotinﬁf% [99 165] ' Its intrinsic activity at, nicg‘t.inic(
/.~ R " " . ) v ‘~ &&"‘ ?‘ ‘ y /

/.
)-w yy. s N
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' sites was reported/to be twice that of ACh

& . GiyGCo-cH -cu—ﬁ(cn3 5

| possi%ih-structural arrangement of the binding loci at the .

R RN

o, : .

' The scereyébecificicy that the AChR exhibits in its inter-

actions with acetyl-u—methylcholine and

.0 :CH3
3 2 . ‘ ‘
A ' o
acetyl B—methylcholine [106]provides some insight into the B

e o - ".ov.“cu o
I B T
CH vC—O—CH- H N(CH

3 3)3

‘QQ n
receptor site.. o

 Of. the two Optical isomers of acetyl-a-methylcholine,_the x -

o .

o ﬁ?+)—compound is’ almost a hundred ‘times more active at muscarinic : '

sites than the L(-)—compound.l Nevertheless its activity is only i
3

bout one thirtieth that of ACh._ In contrast the-nicotinic‘f

site shows very 1ittle stereospecificity, the &ctivity of DL-
\ .

. acetyl-a-methylcholine being about one half that of ACh.

L(+)—acety1—B-methylcholihe is equiactive with ACh snd is

e Ty -
over 'two hqured times more actiwze 4:han the- D(+) isomel‘s

~ 1.
N

muscarinic agent The nicotinic ?Ftivity of DL—acetyl-Bfnethyl—
/

choline is almost two hundred times less than that of ACh and

s
the D(+)-i50mer is reported to be theAmore active compound.

b) While the configurational specificity of the AChR _2, )
E tgwarﬂs muscarine ‘its»analogqes is quite high, receptor
. ‘1-. . . N i °




@ ' T o
interactions with muscarone - ‘ o S " -

CH N(CH3)3

"are relatively non-specific [96]
In contrast to the coggounds of the previous class, it 1is

the D(-) ~isomer of muscarone that is most active at both - muscarinic

-
[
o

. and nicotinic sites. However, the difference in activity between

‘the two optical isomers is not very.pronounced -

Quite in accordance with the five atom rule, the 2- demethyl
compound as well as the 2—methylated compound .are 1ess active than-
mﬁscarone by a factor of ten; at muscarinic sites. DL~4 Sei. . |

_;dehydromuscarone is almost equipotent with ACh.. S ' d‘

t Aside ‘from the fact tha ACh is not a cyclic compound ‘the’-.
. main feature that serves to :Lstinguish the representatives of
,this class fr't3 *hose of the previous one is the presence of‘a .'
carbonyl group No doubt the marked nicotinic activity of ACh.
'and muscarone can'be attributed to some prOperty of that functional =
| group The data for choline esters seem to suggest that the |

requirements for stimulant activity are much more strict at

.muscarinic sites than at nicotinic sites. S ) e v_. RN

(3) Predominantely.Nicotinic AgentS"'"v o e -

.

, a) Nicotine and certain of its analogues are among the most

potent nicotinic agents known [107] exhibiting a ganglionic

~ » el P . . " .




'.stimullant activit§ ten times larger than that of ACh. 3-N,N-

. . 2 ‘ .
-dimethylaminomethylpyridine methiodide

is a particularly potent nicotine analogue being twice as .'
- active as’ nicotine.l ) } .l '

l b) Choline phenyl ether and substituted chor’ phenyl
ethers are. even more active nicotinic agents than nicotine [107].

In particular, the meta-bromo compound was reported to be forty
D v -

times more potent than ni‘cotine . o T

: o—cnz-cn N(CH3) 3

—

- At muscarinic sites the" aromatic choline ethers are
practically devoid of activity [108] while nicotine and its

analogues are actually 8&%@1%09] o »v . B
’ c) A number of ketoalkyltrimethylammonium conmounds [110]
“are approximately equipotent with ACh as nicotinic agents

‘Their muscarinic activity was found to- be much- less pronounced.

The 4-—ke’oamyltrimethylammonium ion is the most

. -



“ .

‘the'3—ke§052famy1trﬁmethylammonium ion afgsi

0

CH3—C—CH2—CH2 CH N(CH3)3

.lactive muscarinic agent, while the 3- ketoamyltrimethylammonium

oA

ion and the 3—keto-butyltrimethylammonium

0.

Il
-cn3 cnz-c-cu2 CH, N(CH3)3
.
CH3—C-CH2—CH -N(CH3)3

ion are considerably less active at most muscarinic preparations.

It is interesting to note in’ this context that neither the .

'2-ketoamyltrimethylammonium ion nor

- {) . s N ' .
TR .. 0

CH 3-‘-CH2—CH2-C-CH2'-.N(C-H3)3 ; ‘,;

)

“ I ,
“cH —cnz-c-cu-cn -N(CH )s.

verv potent at muscarinic and nicotinic sites. .
Although a: number of other compounds such as: certain n-a

alkyltrimethylammonium ions and hydroxyalhyltrimethylammonium '

ions were reported to be as active or more active nicotinic

Fo stimulants th'n ACh at specific preparations, inSufficient data
~are available to warrant the conclusion that these agents ‘are
.geﬁkrally potent nicotinic agonists.~ Ihey will therefore be

‘classed among the next series of cholinomimetic agents

* e
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An investigation of the preceding data seems to suggest

that the requirements for nicotinic activity are not very strict. -
‘:While the: high potency of the keto—compounds again seems to
-~implicate & carbonyl functional-group as-an- activating feature,
',which could have a structural and’ functionél analogue in the
pyridine nitrogen of nicotine-like\compounds, such a feature is'f
"clearly lacking in the case of the aromatic ethers, This anomaly

becomes even more pronounced in view of the obser‘; activities~

of the members of the aliphatic choline ether séries which will

i-be discussed in the next section., Finally, it sh ld be noted
-;hthat the fiVe atom rule does not appear to hold fo' nicotinic e

. ;agents, since the 3- ketobutyltrimethylammonium compound is-ﬁ

‘uabout twice as active a nicotinic stimulant as the 3—keto- ‘:.,p-,_p

~amy1trimethylammonium_ion.

L (4) Weak Muscarinic and/or Nicotinic Agents.j gﬁ;.;

a) Of the aliphatic choline ethers [110] the ethyl compound

- .._CHS-:CH2'°7CH2fCHng.(CH3)3 : _._-.

AN

"fis the most potent muscarinic agent being one tenth as: active LT

vas ACh at. most preparations. Methyl homocholine E*'TV’;” t-'h”_ﬂﬁ; ﬂliilf
- : f R B S BN
AR

v

"etbgr.and'nfpropfl'foimocﬁgﬁiﬁefeth;fﬁareeovet-onelfortieth BT
o evepapomdey,
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‘. as active as . ACh as mugcarinic agents.
. I
The. situation is somewhat reversed at nicotinic sites where S
.

th;\latter two compounds are almost twice as active As8 ethyl choline :

: ether.p Vinyl choline ether was also found to be more potent than ;.d

"~ the ethyl ether [lll]
b) Alkyltrimethylammonium compounds are generally much
less active muscarinic agents than ACh' hOWever in certain specific

preparations unusually high potencies have been reported for these t

wty .
B compounds [112] The n—amyl compound is by far the most potent .
: representative of the saturated alkyltrimethylammonium series, its

I'b N
activity at most muscarinic preparations being slightly 1ess than

Loy

that of the methylhomocholine ether.

Due to the scantness of the available data it is difficult -

to make a general statement concerning the muscarinic activities A o

of the unsaturated alkyltrimethylammonium compounds. However,
L

both the doubly bonded as well as. the triply bonded representatives'tf

have a sequence of potencies in agreement with the five atom rule

[113]. For the compounds having the general structure L

e

R—CHsCH-CHé4N © 3) 3 B

"'the'trans.iso ' pears to be more active than the cis isomer,'

' while for the compounds with the general structure N

Recusca-cai-cnz-u(_c%) 5



" e a e

: both isomersxhave the same activity.‘ The'strongest muScariniC»..‘ "\

activity for the unsaturated agents was reported for the compounds

| cu3—cuz-c zC-CH -N(CH ) R X

 and - R - '7“ Neom)
- R cn3-c_c—cuz-cuzfnCCH3)3‘

—_—

In- contrast to’ these alkyl agents, aryl and aralkyl
lcompounds are relatively inactive as muscarinic stimulants [114]
| The optimum nicotinic activity for the series of saturated
_alkyl compounds is. reached with the butyltrimethylammonium ion
&which is slightly more active than the amyltrimethylammonium ion.7.

The difference in the potencies of these agents ‘is not. attri—

~ butable to a difference in their affinities The effect of

introducing a double or a triple bond into the alkyl chain is

" to increase the activity slightly over that/of the saturated

~

' -analogue. The compound

ey
‘ 032'93-GHz-CHz-QHz-CHz-NKFﬂs)3

)

L]

].was reported to. be particularly active [101]

) Hydroxy-alkyltrimethylammonium compounds such ‘as choline

" are all relatively inactive as muscarinic agents {113] The

K

'optimum:muscarinic activity was reported for the compound B
P : B ' . «';
B _ao—cuz—cuz-c c—cn N(CH )5

'The presence of the'hydroxy'group»alsordqes not;appear'toi
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:‘enhance the activity of these compounds.as nicotinic agentsi
"'compared to the slkyl series. The compounds .
cn3-cu-c c—cn -N(CH3)3
and -

on

CH. -CH-CHz-CH ~CH, N(CH3)3;

’were reported to be particularly potent\representatives.

In summary 1t may be stated that the low activity of these
agents ‘may be due to the absence of some of the characteristic
v':features of ACh and its closer analogues. The member most
active at muscarinic sites in the ether series is indeed the
fcompound whose ether oxygen is structurally more similar to the‘

'vcorreSponding ether oxygen of ACh. Surprisingly, however this

is also the least active nicotinic agent. This would indicate

that the. presence of an ether oxygen tends to enhance muscarinic

@vactivity while it actually diminishes nicotinic activity. .

V- - In the case of the alkyl series the ability to conform -
"to the five atom rule seems to be of prime importance in determining‘
‘_muscarinic and .to-a lesser extent, also nicotinic activity. S
“The presence of an. unsaturated region also appears to enhancerthe

l*nicotinic potency of these compounds, as‘yell as those in the etherzgiiggit

W

series. S - '_ L ;' t”"f_ o



: (S)t Miecélleneous-Agents !
A numper of potent muscarinic agents possessing structural
featuresﬂdiffeting from those of the cloee analogues of ACh

have been reported. The most noteworthy examples are [100, 113]

. L ' LS I
pilocarpine .
. ) "1

NfCHZ-C;QfCﬁZ-N

" oxotremorine - E
_aand-.'f ' a

o
;? i
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IV._'Q‘MOQEL FOR _CHOLINERGIC RECEPTORS -
Introduction co _“‘ | 35 ' R i
' P S 4 . R
In Chapter III evidence ‘was presented for the fact that ,//
. the AChR ig_a_mﬂetomolecule«With chemoreceptive properties for hmri‘w:

a very specific class of compounds. The approach of an’agonisf
"causes a perturbation of the state of the receptor as well .
as perhaps its immediate membrane environment, whioh!initiates

‘a chain of molecular events culminating in a,physiological
response;‘ Presumably there;is a local region.atfthe receptor
that has the genetically endowed disposition of being able ton
interact specifically with the class of compounds that qualify‘ .

as agonists. In analogy to enzyme systems, this may be termed ERTR

" the - active site of the receptor macromolecule. e & has\already: ’

been noted that there are two functionally different AChR's;.f_“i~ t;f

"'which may be distinguished on' the basis of the effects produced

o y 7
o by musoarinic and nicotinic agents.¥§§h§ question can be raised

as to whether this functional difference is ultimately attributable; ff
to a difference in the chemical substituents of - the respective S
active sites of the two- types of receptor, or whether it is due

| to a different structural arrangembnt of the same substituents.'v .
‘In extension a similar question applies to what is presumably

the same type of receptor in different tissue preparations \A.'

: 13
e where the amOunt of a. given,agonist required to produce a standard “,u‘

,3~response can vary considerably. Thexexplicitninvestigatioa}qf“e"::v



“this point~will be‘deferred'until'some pertinent'facts have
been discussed, and unless stateg?otherwise the term "Ath" f
‘ will be rather indiscrfminately used to - apply to any receptor
V- at, which ACh is an agonist. o R ‘;igpg, |
’i In Chapter III a preliminary attempt was made to identify

the molecular features cOmmon to phanmacologically active agents
of a given class. On the basis of that inveetigation, as well
as the information available on suitable enzyme systems,.a C

model for the active site of the AChR wilﬂv

presented in this

»

Chapter. A more detailed study of the structure—activity relation-
ships of agonists and partial agonists will then be undertaken Lo
- to refine the model. Further an attempt will be made to rationalize'"

the difference between muscarinic and nicotinic action.

0~-..

Rec,_eP'“r Models o R TR e S AR
Before proceeding with this scheme a review of some of the

many models that have been proppsed is in order. Due to the present

lack of knowledge concerning the.detailed architecture of the g° -

receptor active site, most models have been limited:to sketching
' the rough compartments sterically svailable to agonists and

' to depicting the approximate posi!iohs of local positively and
negatively charged regions.‘ Since the observed structure—hV:ti

S activity relationship for agonists is stricter at muscarinic '?

sites than at nicotinic sites, models for the muscarinic receptor =
are particularly numerous.,'"1:}_’_';gfl_fjfhsqﬁ"“ffu77 o ﬁ'bjiff

N
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-

One such diagrammatic representation of- thE’muscati iec

7receptor ‘was given by Beckett [115] The model entai ‘an anionic o

'cavity to accommodate a quaternary nig;ogen, a. positively charged

| group about 3 A away to accommodate the ether linkage of -

L m_muscarine or,. the ester linkage of ACh—and~its-analogues, and

":and its analogues, or the co jugated ring of the furan analogues e

1

another positive!y charged area, about 5= 7 A away, to accommodate ‘

rJ

the hydroxyl group of musca ine, the carbonyl oxygen of ACh

. 85 muscarine. Further that uthor\suggests that there is a

' - distance from the anionic grouK'

ﬂ‘lregion of accessory binding f:r antagoniats, at an even larger':'" -

D

+

.

According-to another model or the muscarinic receptor,

";origﬂnally put forth by Belleau[llG] and modified by Friedman

hf[llB] the agonist binding site consists of two distinctly dif- e

‘»';that would initiate a muscarinic response. _f
i region is to orient the agonist molecﬁle so that the.cationic

"attractive forces acting on the ether“’oxy en and the terminal*ﬁ;‘

1head group can. optimally bind .at’ the anion c site. Twov'

5methyl group, and a repulsivé force act%hg on the carbonyl

o .

2ferent areas. There is a small negatively charged cavity, and

‘-‘_Aa larger, less enclosed compartment.. Due to the limited size ,';f‘,} VIQ

of the anionic site optimum binding of the agonist cationic~ A’@n

\ . B B

jgropps would not occur.. However-small organic cations,/if they o

¥

‘”approach closely enough might induce a stronger interaction :‘_7-*‘

Ceny

The sole function of the groups ac the larger secondary

Rt

N

T e



'oxygen of ACh or a. structurally equivalent group, are suggeated |

"

tto be involved in’ thia process. r
"', In. contrast to these previoua models, where the emphaais

s

'has Heen on electroetatic interactions between the agoniat and :
; vahe receptor, SchuelergpropOsed,that,the.ahility of the agonist ¢n;fﬂ¥¢f
g L ’

}'molecule to’ polarize the ﬁeceptor subatituentS'may determine its S

e activity n17] On. the basis of some’ cslculations he postulated i?-

- n" =

S : that for any series of. related groups on. the agonist the potency

v [

decreases ‘as the absolute value of the polarizing force varies 'v;;f't,ﬁvﬁ
. ..l_ ” .‘ ') - o X ﬂ»._, ‘é . .-
from‘that for ACh.v f:A"Qf "?m.j' oo ' .;‘_ S }‘]‘{,51»'

"': .As was already 1ndicated thd’task of finding a model that

- . ('

. can explain the binding of agonists at nicotinic sites ie not '. B

- easy. Hey '8 propoaal ElOB]that optimum activity 18 aasociated‘

with compounda that can adOpt the polarized fbrm ,g,?f:.f,

" *l ‘ ’; _v. . ‘v_ ‘ . 6 6+ . + o RN B R

.v‘ - o - . R—O"‘CH CH -N (CH ) : Cpn : ': L :. N . : '» . B

o ) o e 2 3 3 . ‘4 .v T "t‘ . o r~;
: 'wouldosuggest that the complementary binding region at the AChR ia S

7negatively charged.‘ On the other h@nd Kier has concluded from

-,his EHT calculations ofcnicotine [118]that the binding regiOn aﬁjr;fﬁf“

‘_‘J/

. corresponding to the pyridine nitrdgeﬂ of nicotine should be

”i.positively charged. This latter proposal is eupported by the

r

finding of ang and Long [119]that 1n phenacyltrimethylammonium fdf

7 P

>compounds the nicotinic potency decreases as the electron density

‘ around the carbonyl oxyéen decreases. : :'rijiefr Ti" o

-

: ‘\“9 L
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,these models are actively involved in copjunction with an

- 2 * o

‘a series of ionic processes Recent experimental findings

somehow leads to a change in the" conductance tb ions.

62

It sho ld nyt be forgotten that ultimately the static

T w * LT

. receptor substituents that are the distinguishing features of

! . i

agonist, and perhaps a membrane constituent "in bringing about

Jihdeed suggest that phospholipids may take part in such a - : ";,

\u"

mechanism. Therefore a prdposal put forth by Watkins to

- ' .\‘.

-
explain the mode of action of agonists [50] and extenXEd by\
Ehrenpr is to incluub autagonists [ 120 ] may be particularly

pertinent. In this formulation account is taken of the fact

that the AChR is an integral part: of the synaptic membrane

and that the membrane lipid phosphatidyldholine‘ has a polar
/

:group resembling ACh Agtachment of ACh and other agonists to

. . S
. O
1 ) i

_the 'ACHR is thought to: disrupt the prOtein—lipid binding, which

>

o _ cad /', 3 ‘ e

)
-/ S PR
associated state d e '//’ ACh l
_ protein -
3‘\§f’CH3 )
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' The phosphate grOup of phosphatidyl choline is believed v

~to be 1inked to the xp);oteln by two points -' the phosphoryl— c(?" A‘j

i .

oxygen and via a metal ion“which separafes if{the binding process.
w0 M \ . }
Ehreggreis has further« uggested ‘that the role of antagonasts

y4.

 In- analogy ‘to the ca e of AChE t‘he ability of agonists to displace
- ‘,‘ »
s,&rategically bound water ‘molectﬁes on the AChR which are o
f ) ‘ ":, ;‘ )
thought to be requi ed for the transport of ions through por,es .

,A;&ﬁ_' ‘in the membrane, is suggested. by that )author to be an' explana- ER
“tion oﬁ their actikuty. . .. ST R w
‘ 1 . O .. Qr. -"

2 This brief su/rvey Wil.L have indicated that there is no general

agreament about the modes of binding of . agonist molecules at.

L

‘the AChR active site. The opinions of,,uvarious autho%sidivq-ge ; ag
¥ ‘

rather sharpl.y over, the uature of the i‘nteraction hetween the :

PR A' ) ..;_ . o . LR

TR A e R R

s



[ . . . ' . -

,carbonyl group of ACh (or structurally equivalent nucleop“zic_

-thoups on other agonists) and a complementary site at the ~ v (

-receptor. Beckett implies that ;| binding interaction with a-

' -

positively charged receptor region takes place while Belleau

postulates éhe presence of a nucleophilic group resulting in
| a repulsion of- the agonist. In order to explain the pronOunced )

. 'nicotinic activity of the compOunds cf class two (according to
»'the scheme of Chapter III), the possibility of covalent bonding‘

' between the carbonyl carbon of these agents and a basic group at
h'the receptor has’ also been invoked [95] AlthOugh the details

~of this bindiﬁg, process have remainecy unelaborated a similar , |
: interaction -can evidently not take place with such ‘potent nicotinic
- agents as the choline phenyl\ethers and the niastine analogues.

The subsequent need to postulate multiple binding sites to explain

the action of agonists at nicotinic receptors must be consideqed e

a weakness of this proposal Y .

i1

' On the-basis of a number of7general;§onsiderations'derived )

Qe

-~ ’2

from the study J§ enzyme—substrate and enzyme-inhibitor relation- L
ﬁships Triggle[lOO]hds suggested that there~exist at least o

two distinct modes for the binding of’cholinomim@tic agents at.

2 the AChR._vOne receptor region is thought to be responsible for:

w"The ‘most direct eq;dence put forth "i}"j'/fi

'-1in favor f this propo&alerests on the trends in the—differenceqp




N s
P £ .

"‘ between the free *fnergy‘ of‘binding of 'an agent and the free‘

) _energy of‘;(b; f8% of the corresponding compound lacking the terminal
methyl gw r a series of polar and nonpolar compounds

- conforming to éxe five atom rule [121,] The order of the in— B

‘cremebtal change in free ewgy for the binding of a me,thyl -

«
v ¥

fgroup was reported to be?;b:_‘.

. o

',AAChN_'- methyldilvasene >> mEf:hyl urtrethonium > props’icholine ether’

e ~ nicotine >> nzl-amyltrimethylammonium ion. v
4 ~ ) .-- ; -

The fact that there 18‘£ comparatively large difference in the_
value of this qpat?tity’for ﬂolar and ndnpolar agents wds cited

‘as. evidence for the overall %ifference in the binding mode of

{

‘these compounds. v

R If this argument were correct it w0u1d be \ecessary to

reclassify the agents considered in Chapter III according to
." - ‘w{ a . .
R tﬂfeir yolar character, and two distinct binding sites would _ e

.'have to be investigated._ It seems, however, that the reported

trend in the incremental change in free energy can be explai‘ned
e

. in a different fashion. There exists strong evidence that water

'y |

‘at the surface of a protein is much more structured than bulk

I

: phase water [122 123] This suggests that as a molecule approaches

h the receptor, it will be separated from thé solvent layer——that - '--. .

\

- surrounds’ it in the bulk solution. The enthalpy change for the_,
' deso:{vation step wirl be largely determined by the number of '
e \. hydrogen bonding sites ‘a molecule posisses. Onerc,an _prgpose

e

65
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/
that~the effect‘of-introducing a methyl group.next to one of -
/

these/polar gites will be to partly shield the site from the
~“.bu1k solution 'Which would lead to a lower enthalpy change of

desolvation. Ibr tng compounds used in the above study, this

shielding effect would be expetted to be particularly pronounced

o em

in the caae:‘bt ‘}ch ﬁnql merhymﬂ

Biso

ene, since in these agents
‘.'- ) : ¥ %w -
the methyl&%ﬁbgp 48 next to twojpolax’

”mites; It therefore'seems'
‘?"‘,-‘_..
5Fat the . repor§é§ ﬁtend fn?the incremeﬁtil change in free energy :

* AR % .
wﬁa“ﬁg e’ in the enthalpy

change may largely
change of desolvation rather than a difference in the»enthalpy

. ‘kbinding at the receptor. Nevertheless a solvation effect . A

aqiﬁﬁ be responsible for the relatively big diffgrence in values

’

- for propylcholine ether and the n—amyf%rimethylammonium ion. .A

'separate binding mode ‘at the AChR for the latter compound there~ -

e . /

fore does not seem out of the question.

yoo : - : g

Proposal of a‘pbdel_for the AQhR‘Active'Site . . e :wﬁf? ’

The preceding"examples sug@@st that due to a lack of iq— Rl S
formation concerning the ;;ceptor active site there is a :_"(%i;iﬁgifg'
certain amount of freedom in the vatiety of models that canL ;‘:;5x;{“f'
be proposed The critical role that calcium ions and possiblgﬁg’ 4

’“ .

: also 1ipids play 1n ‘the production of -a membrane conductance ,'?
7 change indicates the need to take into account factors oghpr than B
just the Optimum binding of poteii agonists in designing ' |

S T S =

' receptpr models.
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The recent finding that the AChR isolated from certain i
"tissues is. partly proteinic ‘in nature, gives some support to”
the frequently encointered pioposition that agonist receptor~
interactions resemble enzyme—substrape i:teractions. "It must"”':”"'""
rbe born- in mind, however, that in contrast to the’ action of -
,enzymes, the AChR presumably does not promote a making or

breaking of covalent bonds in the agonist. ,This possible similarity
" 1n action suggests that,;in order~to investigate what binding |
'groups may be present at the AChR active site, it might be useful
to study enzyme sxptems that can specifically bind ACh-like
substrateka¢ Furthermore since the involyement of lipids seems..

_probable, the focus will also be on enzymes that can accommodate‘

the polar portions of lipids in their active. site - in particular

ve oo~
<

the phosphadp group of phosphatidylcholine.

“

, AChE is an” enzyme that possessgs these properties. Not"‘__ B
only~are ACh and some of its esteric analégues Substrates of‘the :
-Aenzyme, while the. nonesteric analogues act as inhibitors, but -
there are also a number of phosphate and phosphorothiolate

) compounds tha‘?are potent eompetitive inhibitors [124] of the

amino acid residues that constitute the active site only two

<'are not directly involved in ‘the enzymatic activity, and thus S ';}d f
serve solely to bind the substrate specifically [44] This is

. Ny
~the anionic residue, presumed to be the a-carboxyl of glutamic R

jacid and an.unknown acidic group of pk 9 2 which probably acts
- as a proton donor to the ether. ongen of- ACh and its analogues,f ‘ T
. l s . 5

as well as to the correSponding oxygen in the phosphate group

of inhibitors. . L o ,;.; .



Another example that might be pertinent in this context
'is bovine pancreatic ribonuclease which is Bne of the best
.'defined-enzymes in<terms of both structure and function [125].

A / T T

7The enzyme hydrolyzes RNA in the - intestine, to produce 3'—nuc1eo—'

tides., The initial binding of the substrate depicted below,
involves the fixation of a phosphate 1inkage by means of a

histidine and a lysine residue.l

.

, ‘ : ﬁqu; = ‘ ' . ' ‘ T
; Clearly histidine ‘acts as- a proton donor, while the lysine‘

. . ‘Jn"..v -"'
chain interaéts electrostatically with the relatively delocalized ’

*'.15” formal negative charge on the phosphate group The point of _:”_‘

o \<.interest is that the polar group of phosphatidylcholine could

. be similarly bound at the AChR as was suggested by Watkins t

\ 4

If ACh indeed displaces thsiiipid its carbonyl oxygen could
v’be attached to either one of the two binding groups. '

: As was already indlcated, the presence of‘a terminal methyl : S
\gFoup on cholinergic agouists is a factor ‘that influences the 1, B §7

activity of these compounds -at mUSCarinic sites and, to a lesser ;
"extent also at nicotinic 31tes. The three serine proteases -‘:f'>

'chymotrypsin, trypsin and elaStase - offer evidence that the specific |

u-;_ﬂ
¥



’:.'case the specificity of action is: determihed by the ability of

vbinding, and ster

'at the enzyme.' L” Lo ‘_4.

" site. It ‘is possible to make a preliminary specification of

B S i//' I
. . ) . ' s " o
) 4 . ' . . _91‘5_ " .o
| "o S AT wa ‘

-

fit, of substrate portions immediately

.‘importance [125] Chymotrypsin breaks only thosp peptide bonds .

bonds adjacent to positively charged side chains, wﬁile éﬁbstase -

.attacks bonds that lie next to. very small side chains. In each ‘

PR v

a section of the substrate to occupy a complementary region

'c'-

; These e%amples provide some information concerning the nature
aw\

"y of ‘the amino acid residues that may constitute the AChR active

\. .

- the types of interactions that would take place between agonist

~
., )

molecules and four hypothetical receptor‘hpnding groups Each

Q-

adjacent to t e moiety aoted upon by the enzyme ‘can be of decisive

.

C e .

ﬂ .
receptor substituent will be named according to its complementary o

. binding site on a prototype of the cholinomimetic agents, i.-e

‘oxygen, and the terminal methyl group. The type of interaction

a

’Suggsfted to be involved will be chosen to reflect the 1argest ]

component energy of the tg:al energy of binding. r

" The following modes of binding may be postulated

l) A predominantly electrostatic interaction between the_

quaternary ammonium group and an anionic site - gossibly«ther\*~‘

‘carboxylate group of the conjugate base Qf ‘1utamic acid.

 the quaternary ammonium grOUP, the "ether" oxygen, the "carbonyl"f'3

69

,.adjacent to large hydrqphobic side chains, trypsin cuts peptide f"'w'”

T
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substance at both types of AChR

. ulated reflects upgn ‘their activity. As was. shown in Chapter p’

2) aHydrogenAbonding betweén the "ether"'okygen_and'a proton.

' "donOr-group

3) Hydrogen bonding or an electrostatic interactiOn between

the "carbOnyl" oxygen and'either a proton donor species -

‘-,
possibly histidine - or a positively charged amino acid residue -

perhaps lysine. Cun .

4 The steric fit and/or“Van der Waals bind%ng of a'methyl or
other small. alkyl gr0up at’ a distance of approximately the‘}.
length of an extended fivedatom chain.from the cationic head
group | ‘ | ‘ h '7,ﬂ' ' | |
The explicit specification of the amino acid residues,

that may constitute the receptor activé site, is_at this point

} in th ext . Chapter Further it will Bﬁ%noted that no attempt .

¢ -

"has’ been made to distinguish between the muscarinic and. nicotinic

active site. The model outlined above is complementary in its

.70f

: ‘only tentative, and a more. detailed discussion will be ven .

binding characteristics to ACh which is the‘n tuial transmitter‘_;ﬁ

Relation'of'Binding td”Activitv, , 'ﬁi ’Qij .

It now remains to investigate ‘to what extent the ability

B

of agents to be bound at any of the sites that have been post—‘

g

III the affinity is generally ékpressed in terms of tﬁe pD

value which is believed to be proportional to the: logarithm of

Sl

)



......

.?1‘

the equilibrium constant for the receptor-agonist interaction
As such the quantity is also releWo the total free . energy

‘ change of binding. It was already mentioned that the energy of
"desolvation constitutes part of the free energy change of »
abinding, and that consequently caution must be exercised in
using affinity data to discuss the binding of agents that differ

in. their overall polar character. Nevertheless there exists‘

t

‘ ample evidence, for a number of sufficiently similar compounds, '

3 \

that differences in activity cannot always be attributed to dif—' e
, AR

'_ferences,in the energy of binding at the receptor.' Thus it was

: found for example, that the affinity of the muscarinic and nicotinic
L I
receptors for the compounds of cyass one (and for ACh) is about ;

!

- the same. However while all thése agents are equipotent as '-g/f'

[

' “y:muscarinic~stiuulants, ACh is a more potent nicotinic agonist -

-imthan the compounds of the first class.i : o
| The most’ probable explanation for this lack‘hf correlation
‘vbetWeen ‘the total bi!ﬂing,energy -and the activity of certain
.; compounds is thét high potency is in part deterﬂ!ned by the |
d;r_ability of agents to affect the rate of the rate-determining\ i
istep in the production of a response The magnitude of the response
presumably proportional to the number and the average life-time

of the ionic channels that are opened., Thus activity may be

fassociated with the ability of compounds to either lower the ]f. -

'»-energy of activation for the opening of a pore,'or to raise

the energy of activatlon for the closing of a pore..
‘ 8 m?'.' AN
T ,z;-;?f_ ’

R



" It would seem thatQan obvious dbjettibn-to this‘proposal

based- ‘on the principle of microscopic reversibility, is that

«

«.any change in the energy of activation would equally affect

the rate of the forward and the reverse reactions.l The life—

‘time of an open pore would thus after all mainly be related

i.: e., the energy of binding. There is a reason, boweVer, 3hy
/

ﬁ:.this objection may not be a valid one.‘ . “.J“ei' _/' 5/_1

L solution than inside the neurone. Ah opening of p

‘to the thermodynamic stability of theuagonist-receptor complex, Vf.‘

It has already been mentidned that the action o the sodium'1§§*‘

.pump leads to a larger concentration of - sodium ion;/

res 4n the
Y K ,‘\4

:membrane wouldglead at least looally, to the establishment of

an ionic equilibrium, and at the.same time, to/a change in the

_ , o A
. , . .
'»chemical environment of the receptor.' It is concefbable that,

e ,_.’—n.

~as a result,of this process, a new reaction pathway for the

v

membrane

closing of a pore differing from the one required by the S

RN

»principle of microscopic reversibility, may become available.

in the external'

LT

xS

i,ssﬁﬁf"

One may speculate that these molecular e@ents could constitute S

"a control mechanism for synaptic transmission. The initial .

L

Whtransmitter receptor interact%gnAwould lead ‘to the fbrmation o

B POy

i In order to assure the closing of the pores and the subsequent

regeneration of a concentration gradient upon the completion of

"nfiguration requiiyd for the maintainance of a pore.-

of a therm. ynamically relatiVely stable complex - a recaptor/' _.d’.;-

_the ion. exchange processas, the altered chemical surroundings of .?g



;the receptor”could ajt as a catalystﬂfdr the displacement of the

>'2) The presence of molecular features that 'lead‘to a kinetically

4stab1e .agon

environment~

iAgoniSt Binding at the Model Receptor Site

-.butyl acetate'

’v "‘- N' N ‘ | f{ _...'.' . "

'

transmitter;u Finall

'by AChE would terminate the sequence of steps involved in the

'synaptic transmission.

On the basis of this proposal it may be suggested that the
main factors responsible for the activity of agents are:
1) The _presence of molecular features that lead tgdstrong bind—

ing at the receptor active site

: e
.eceptor complex in the equilibrium-state ionic

e
. Wi

. RN ; . i
5.,( . : & A *? . .
&In order to determine the specific nature of these potency
& - R

promoting factors, an investigation of the m&des of binding of

vegonists at the receptor active sitedpostulated above will now

be undertaken. o

o

Q) Binding at the Anionic Site o L '.‘z'j _'

1

The. presence o£ a, cakionic head group appears to represent '

the minimum requirement for a. compound to be active at the A%PR.@;

' This is evidenced by the fact that ACh 1s about. three thousand

times more potent than its uncharged isosterz 3 3—dimethy1—-' '

. CHy=l0r0~CH,~CH,-C (CHy) .
R iy

h B

I
A

the hydrolysis of%the transmitter substance

s

73
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As a survey of the more active cholinomimetic agents shows,f

‘the cationic group is ‘most" commonly a quaternary ammonium

"% -

s function. However in a number of compounds, such as nicotine, ' ﬁ
arecoline oxotremorine,and pilocarpine, a tertiary ammonium B .
‘”function.may be present instead “ d‘h ; ."“WM“”“ ] .

‘ The stepwiae replacement of the methyl sdbstituents in o 'fi%

the quaternary ammoniumagroup of ACh‘by either hydrogens or-

~ethyl SUbSttluents leads to'a steady and rapid decrease in ':F'&;L‘”‘_fl

P

activity at both nicotinic ‘and muscarinic sites.. One possible

3

E explanation for these trends is that any change in the cationic

group will lead to a correSponding change in the'binding dish ﬂéé”"ﬁ/

‘to the. receptor anionic group, which would also entail a les‘
-,than optimum binding for the rest of the agonist moIecule. _'_ i;;';.'

IR

"1Further it has been Suggested that the ability to hydrophobically 9 -

\sr-k" () et

: finteract with a nonpolar region, in'which the receptor anionic ,"

.site is thought to be embedded may be 0ptima1 for the~ag;nts

lfvuwcontaining a trimethylammonium function..fﬁ s ,yf't':: L

-x'w
ol

ih(2) Binding ‘at- the‘PEther" Oxygen Proton Donor Site i
n With a feﬂ‘notable exeeptions, all potent muscarinic agenta
‘icontain a center that can act §s~a'proton acceptor at the distance -
. “of approximately the length of a thro ~tom: chain from the : »lv
S 'quaternary nitrogen.: Most common’ m ﬁll COmBounds of the /
»\lfirst and second classes, t.his is ' "m?: atom. T v

In certdin caSes the nucleophilic site is at a larger distance

. from the quaternary nitrogen.h However it is no:ew

et



a

vthe receptor hydrogen bonding site..

o N

_ all these'agents are'tertiary ammonium compounds. Perhaps a

shift due to the closer binding of the cationic group servesu.

)
to bxing the proton acceptor center of these compounds nearer to

<

}‘The relative. trend in potencies for the’ aliphatic choline»

\'.{,

ether series provides indirect evidence that hydrogenybonding

¥

is involved. It will be. recalled that ethyl choline ether is

ab0ut twice as potent a muscarinic agent as the methyl homocholine

and the. n-propyl formocholine compounds. Assuming Optimum
orientation, the distance of the oxygen atoms in the 1atter~:wo

cases to' a receptor group facing the ethyl choline ether oxygen,e

‘ - would not be Sufficiently 1arge to cause a significant change

Cin electrostatic or polarization interactions.< This notable

At

I O

— v

orientation and distance dependence of the interaction seems

75

instead to be due to either covalent bonding or hydrogen bonding. A

Since ethers are known to be relative : uareactive, only the 1attet
possibility appears to be likely.‘»" : ;' I'; 5-\‘A

’ There exists considerable evidence that binding at the ‘

ether oxygen" site greatly promotes muscarinic activity. Thu3~

while methyl homocholine ether and n—propyl formocholinb ether

- are only slightly more potent than n-amyltrimethylamlonium ion,

L3

"all the keto-trimhthylammonium compOunds are actually less potents

: .-,than that agent . Further it will be recalled that D(+)-acetyl-o*-

o a

‘fhmethyléholine Was found to be a hundred times more active\a



‘.,'.
~>

&

©

“oa T
S ,/ - . P o

. ’ : \ﬂ.”‘L. o & ‘ - o
muséarinik stimulant than the L(~) isomer.. If @he ability tc- T,

T A 9

interact

”ﬂeeptor binding sites complementary }o L(+)-
@

umed t ‘be 3 criterion forﬁpotency, mDIECular )
iR , t\}( o s ‘
\ models clearly ,}Eo@{that the a-—méthyl group of l'f(- —acetyl—o— :

muscarine i

' methylchobine WOuld greatly i- fere}with"the bimging of the‘"ether"

KL

. of theyi)(d-) isomer would appear to w much less Qf a nu:[qsance .

'capacity : The fact that that agent is nevertheless nof as potent;:.
uoo.g-. .

"as ACh may be attributable to a confggmational constraint dUe

oxygen of that compound : On the” other@;and, the a/methyl group ,"-'

Y L

'to ‘the presence of the a—methyl groupﬂ and perhaps to/the steric -

[

hindrance that that group e&periences at. the rqieptor.¢‘y7 h\, ‘.lﬂt,,

: . .r o .
In contrast xo the ‘case of the muscatinic agents, it seems
.. n.? ] Qo v

d&fficult to estgblishtany orrelatlon between the ability ta

Q . ‘ SR

':tbind at an "ether oxygen site and“hico;inic activéty. Ie’has

4

. veﬁy active. It is- questionable thatathisifrend can be attribUted

3\ S

‘already been noted that foJ the aliphabic cholinevethers the

-~ -

: in actnvity. On the o-her«hand the compounds of\the first

!

and the.sedond classes, which differ in their nicotinic activities,

o

all possess the proton acceptor(group required for hydrogen

7bond1ng -Finally, ,_e aromatic choiine ethers are the most potent

Rl

nicotinic agents known.' In thl% context it may be pertinent to f

w

<owe -

2 e T Lo ° B \ ’
s e . i4 N - S e
. . L =

.

L \_/QQS:ibility of incred;ed bitding tendsgtq‘pe assocrated’ﬁ?ﬁh;a ) R
. 1 )

T
‘o

‘ choline phenyl ether is _;y

to solely a»difference in the strength of the bond‘formed with '.:\ T

T oA
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éThe’ fact that both the keto—alkiltrimethyl&mmonium agents, By

. the ether oxy en. Perhap*s» the observed 5§ crease in pot%cy
8 Q, n AN

‘1s dye to the p‘gsence o“f a feature that promotes the abf-‘liz‘q*

’/

As v - '.~-:4.' 3 - . u,i “
‘tion of the agonist—receptor co;nplex in the:}&atter two cg@dunds.gu_

which 1ack an ether oxygen, as well as DL—acetyl—a—methylcholine o
are almost. as pG‘tent as ACh, further 'suggests that the ability :
to bind at the ether oxygen site is nﬁt essential for nicotinfﬁ

o ¢ .. ,'”'?

activity. E The same holdsJ of course, ‘for nicotine and its . ;r,y

analogues »which areﬁact ? ',more potent than ACh but do not .

d : Lo

pogsess .an ethe‘r d"_Ygé‘_ o tructurally equivalent proton ST

oxr group‘-. -i.,,, . .?_x\_'

V‘ e - . <

""toractions with ~the "Carbonyl Oxy‘gen" S,ite L ,;“ S

4

e R & L ol
. QAs Was already indicated there is some question w}nether L e
. '(j g e RE T T

the receptor—érpup, that specif;[gally interacts with agon&sﬁ?z y ) {'

= 0

functions correspondlng to the ACh carbony], oxygen, is ?roton
ol NI

d'onor group or a positively charged amino acid residuer,r ‘, 0;;" Voo

\

The high activity of methylfurtrethonlum, which does not

\ o

. .possess_a protom acceptor center other than the ring "ether
ot . v \

-'l ' oxygen may be taken as evidence that muscarinic agents do not . BRI Y

\ | _. . PR e

‘

o form a hydrogen bond w1th the receptor "carbony’l oxygen site. :

‘\
This is further born out by the’ fact that the structurally similar
\ s

_ tetrahydr‘o‘fiiran compound is ten times 1ess potent. : It seems \

s \ . Vo
that -the-,,'larger potency of. methylfurtr?ethonium cannot therefore \

,'.-r L RN ! . \

. g
.. . . i ) . . o .
e -~ . N o . - ..
o [ Ao B e o o S . o e oo
: : - . Tl . . ) . . o -
' T . - L Lo ! .. . [EEE S\ B
. - Y N CorTNT PTE . [ A i
M N N N N . N o T . - " _llr .
. v

_ be attr\ibuteﬁ solely to the presence of some structural feature “'(\ -

leading to a stable agonist receptor complex bUt 'that a € ’ \\
o o

e N
iy
4
.
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- - . l‘ " . ) - '.‘"3." .
- - K a . B )
d N & - s i ":;?-\ m
‘ - L - '
o specific interaction, wh;lch the furax? ring may. pa;ticfﬁar_e in is
invol d' | In particu‘lar the attx;action between the ring
B 24 ectrqn cloud and a positiVely««charged receptor group
R
*m"’ M‘_'“*;v: SO e .
' y be implicated._ T »oos e e P
. “W . ) J R
‘ Further evidence»that a' jsbsitively charged gwup is’ present RREEE
; W
-n,‘,
‘*at muscarinic sites is provided by the s'!ru,pture-activity oo
uog ot “’_.' B 1 - s
relatioqshf,kp for unsaturated ,alkyltrimethylammonium'. agents. iﬁ T -

: . R ' L4
.‘ﬁ ft ‘as, noted that thé 2 3~unsaturated and the- 3, 4 dnsa ur

TA e Bt VANt #;-:/ .
J’"”.,W"m com ounds are the most active“ representatiVes of the erﬂs-r, Heru
S P Rt
R &r ,r;@
e “'ﬁ« ith ability of a charged ecept;or group to pqlarize the "y ,x,‘.,‘
. '.\."'.‘ "V; ‘A‘ g O - v B w, % - 0 ‘h‘ g' ) i
: saturated bond may be of importance.' Since the longitudinal e
. 3& i o,
L2 . o
polarizability of these bonds is known to be larger than tﬁ‘é“&“* A '."
. R - .79 . o 5
> ' tran's'\?ersé pddariz"ability, the fact &-hat .the trans&z 3- doubly S
- » & 2 \'_/A
5 'bonded compounds are more acwtive than.the cias—isomers may reflect L
the ori@ntation to the receptor group that these agents -can v
, : P Fwer S
o adopt Thl’i’s' -‘the .longitudinal component of* the polarizability.
’ '” l i -
would be particularly large for the following c
- ) , S
‘~. the trans—is&ner S Ll o .
r’ . ’ . R . - s
) . “' . \_‘1‘1 : . -
- . - S
» - Cﬁ * t C
IR Tt +7 AN g
. , > (CHy) 4N \\C/.\R "
L Ay !
foom e - g LTl ey
N 'T.W‘)!; e Lo . . [ oo T \\'Vv\b - :’/' -
e wnich would correspond to the ACh conformation e \\.\
| : | P K
lq" ° ‘ ' «‘.ﬂ"t;ffa o R <
. " ; | o
e » 'Df‘n : N - ﬁ N "i~
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v e - oo - ‘
' - R N é » ":‘{“ : ' '
‘ ‘ ~ . ’ ’ ! . . . ;" N ' '.:-
Ty . o ; ‘ C FCH ., ' ' -y
U e AHZ N
y Wl , A 3 3 . . 3 . » . g ' "
. - No °bind'ing configurationf for the c’is¥i'somer; ‘that confofms to. . l
. "' ° 4 Yo 7 K ,’ . o

the general stereochemical features of ACh appears to. be suitably

it

‘ﬁﬁ;l - orientbd for an Optimum podarization of the double bond to occur.. :h T
;iﬁy': _;?,r There is conflicting evidenoe.as to whether the\ability; :_3;;‘f;f§;;
:: h ,i.A a co&apund tg&&nteract with the carbonyl OXyge7-:aite .‘;‘T;k |
o . , . et oMY
- & jomotes muScarinic activity. . The fac& tahat the keto-alkyl- e Ee
;;'iiii trimethyl;mmonium agents are leas potent than the n—amyltri—.-‘evi-, f?
g?f; ?f(; methylégmonium comﬁ%und suggeeaerthat ginding atf Peceptor . o
LW : e " .
'va group servss to dECrease the c::cbld:ty.\,L However, hh low activ%ty . :0
o ’- oﬁND( )-acetyljy'" hylchqline‘is ;r;aumably due to the disrupt#ﬂﬁ .A°f¥
effect the=B—methyl groupfhas upon the interaction of the carbon;;‘ﬁa H
. w o e Ty e e
d;'t . oxygehaaith the f9ceptor group - an indication that binding __f‘ﬁ

g A 1]

at that site tends to incrqhse the-potency.

-

o : ”.; ﬂh It has already been mentioned that méthylfurtrethonium ui v
Y i oo .
considerably more~potent a muscarinic agent than both the: B
. . oo ‘ 5 " .
correspondidg tetrahydrofuran compound and the ethyl cholide ether.‘n_ -

The larger activity Vas attributed to. the ability of the Euran o .""h'!f
' ring to interact with-the receptor cationic “carbonyl‘bxygen '

site.J(\learly~the energy of binding involved would .not lead to " R

3

B

o a greatly more stable agonist—receptor complex than in the case

: of the other two agents cited It seems rather that the '53 _ S

— interaction serves to orient the fhran ring so that it can -
Y

efﬁectivel¥§§hield the cationic site.,, . R S

‘:a“f’ The forces leading to a disruption of the.agonist receﬁfor o

v E2 .
. LN

- ' : ,'w"- co ,}' . 1
| 3 o A I —glt ‘
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p_ of thé agongptwpolecule at. both the proton donor:si

- .
-~ \“ PR
N

)y
I

¢ complex were suggested to be“ionfc in nature. -The receptor

' regiu;s tg;t WOuld be moat susCeﬂ%ible to their attack would

hY

:therefore ‘be either the anionic or the cationic sité Since the

Q

¥ -

- ability to bind at the formet. site is shared by all agonists, P
a perturbation of the binding would :not lead to the obserﬁed s

AN

-differences in potencies It Seems rather that the receptor‘

region -that might be af‘fe'c.ted by the jonic "forceS'é‘ ther ‘€ationic
% X - R - )

carbonyl oxygen group

LA . T Y.

, - . ~' . x5
One may propose that it is the degree to which the binding
R .,§ .

AN - o - '-,‘;

‘as the %gtionic site serves to protect the cationio gro&$ from

-t i ‘ o
¥ . N
the impinging ionic forces that determines its muscafinic actdvity
~'-;x‘§) Sy v . C ey
There is some evidence thaépthe carbonyl oxygen" binding /
N e e

"

groub at nicotinic sites*is a positively charged amino acid residue

- L

3

ratherathan a proton donor group. The fact that the nicotinic
potencies'of the 4{keto-amyltrimethylammonium compound and the .

- N
3—keto—amy1trimethylammonium compound are virtually the é@ﬁf

-

indicates that the forces involved in' binding ‘the carbonyl groups

" v

of these- agents do” not depend strongly on the orientation of
[ . Ta- \8

the interacting groups. The order of the actlvities of choline

ethers .'f,” S S

choline phenyl etheﬁ;%

Lt DI . - - Lo
T3 - . G . £

sugge ts that the abllity of the receptor binding group to . ) ‘

polarize these agents may be of - importance.' Similarly the fact

o R T TR IS

. . A - .
A e T L S VU B L, U PN
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I [\‘_

. the carbonyl oxygen 'recgptOr group is directly related to

‘~ group, as in n

]

N that can bind at both 81tes the relative strengths of the~' tf”

) interactions would determine the nicotinic activ1ty 1 Thus a i

their. nicotinic activity, whi&e the'ability~to bind at the

sensitive balance of the attractive forces td either binding S ‘

‘that the presence oﬁ;@n unsaturated bond in the alkyl—trimethyl— '
]
ammonium compounds is associated with: greater potency alsg

aeems to implicate a polarizing force. ' Einally the¢ pronounced
¥ B -

nicotinic activity of the compounds of . the aecond claas, compared -
> . L)@” o

‘to those of the firstdclass,'may also in part be due to the high

polarizability of thg.carbonyl group. : : "; o .A“vi

It appears that the ability of compounds to interact with

>

ether oxygen site actually leads to a reduction in activi;y.
- . P - T

.-that the absence of an’ether oxygen :

. ) o

:e'and its”analogﬁes or ih the keto—alkyl— R

Ihus it has alreadyi‘

-

trimethylammonium agents,_is associated with a high nicotinic ." L
R ' .
potency On the other hand the aliphatic choline ethers, which v
o §_ .
lack ‘a group that -’ can effectively interact with the carbonyl

s

~ oxygen"' binding ‘site but which do contain an ether oxygen, age A

‘~
‘

even lességntive than the amyltrimethylammonfum agent. In fact_.

the least active fepre:Lntative of. that series is ethyl choline .
R - MR
dther which would be bound most strongly at the "ether oxygen

) cos
A

< .
These trends would lead one to expect that in th -)mpounds a

v .
3 .
o8 L
o, R YO C I T
‘ . @ Q“, o

l' .0 ‘ !
site_may be.invohyed.. In thp compounds of the first class the “F.-.-vgi -

-

e
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L

of the secondz class the a'.-,"‘_. ac&ionvto the rsitively charged

h‘v,.'” S C A A -t
B ’ . ’ y' . - I'd ' N . \‘ -
receptor X " would be stmnger. , S T g T

ey

d v

Invoking a similg ;h\asoning to that used above, it may be

la:ied that two, fact;ors d%erﬁt‘ine thé nicotinic activity of A&

‘,\.agent: " the degree tg.‘which 1ts binding at the "carﬁ%nyl oxygen" 5 ks

-site ser(ges to shi*eld athat rqceptor group from the disruptive

R

ml ionic forces, a! well as thé degree to whicl%its binding at, the

: et'her oxygen site does.;ﬂ;t promote the action p

’ '; Ad i { -
. . B . o '
The aromatic choline ethers may owe their ¥ c,t._ivi%y‘g", : 'g

e be strongly bound ‘the size of .the phenyl group mig?nt be sufficiently N g

'.._large to nevertheless protect the cationic site.
', o’a .~ ",«
4) Accessory Binding Sites and Steric Fit )

The potency promoting effect qQf the terminal ,xnethyl group}“""’w

'-’:" w‘ .

of agents in classes one ax‘m@two has%eeu attriﬁgted to the binding i
of that group, its steric fit, and its role in thq,desolvation e

:

. step.‘ It seems that none of these explanations are entirely

- .

adequate to explain the larg’e 'reduction in muscarinic activity

kN

v that is associated with the replacement of the group by a hydrogen. .

L The ptbésence of the terminal methyl func'tion may serve to ' \ )

~ R “ PR U
o protect the receptor active site from the‘approach of ions. The

- ) "low muscarinic potencies of' the. bulkier choline esters, as: well
I - as the two .d‘imethyl -analogues ofmu’scarine 'methyldilvasene andv' : .

L g muscarone, suggest -the muscarinic site is very compact. - The

. . .«
S . . . . . N

Cav R}



i characteristic features
. 1

R ey R T
WX \,,\i» . : ‘
p A S RI

oy

I

less active thannmuscarine and; that desmethyl epi

[y

muscarine is almost
o N
. equiactive with epimuscarine.
S

Perhaps the binding arrangement 15-'-{~
;» that’ leads to an optimum binding of the two oxygen functions of
R epimuscarine also involves a
. 9’ J. -7"- ! 7

displacement of the 2-mafhy1 group from
,the strategic positiod accessible ‘to the 2~methy1 group of muscarine.
J}. N L]

As a mesult the rec‘or ‘binding compartment might become Just

Vas yusceptible to the attac! of ions as 1f ‘the methyl group were
; . RN . Ty PR 9

: . - . o o .9; .' f“ Lo ad'a

-’v “ aPsent " ' " &Y o .‘ ' '< . r} E ? . ! -

L

the preceding discussiOn im was proposed that ‘the nicotinic

? binding site considerably resembles gbe muscarinic site in its

However the relatively high nicotinic .%;
activities_of bulky choline esters and ethers suggest that the !

IS

correSpondﬁng‘compartment is not very compact.

The pronounced ..
* B :,b ' o
potencies of the aromatic choline esters’ may even reflect the

presence of accessory binding sites for the conjugated rings of
these molecules.' 4

- . ‘.
oy ) . A
.. o o .
. ? .

Y

Structure 'of the Active Site '

‘ present at both muscarinic and nicotinic sites.

reason to assume however, that the amino acid residues that

o The ‘same type of binding groupsrhave been suggested to bé

~ @

- an anionicv to
group, a proton donor group and a catidhfc group

There is no



-

constitute these groups are identical chemical species at both

‘types of neceptor active site.’ X | A s

ibonding interaction may‘be offered if on% assumes that the f

é
. fore lie in the angle 6 that subtends between ‘the proton donor

It was proposed that, with the exception of the choline
phenyl ethers, the ability of‘agents to bind at the proton ‘donor.

site is aSsociated with:a gecrease in nicotinic activity‘ fThe R

' *difference in. the nicotinic aé&ion of the. compounds of the first

and second classes was attributed to a difference in their f‘

relative strengths of binding at the prg%on donor siteﬁgnd the

i

cationic site.' The prOnounced muscarinicNuttivtty of t%esec

agents was. suggeateqﬁﬁé be re¥ated to their abfliﬁylto bind it .

- both sites. LR ey -\ 7’;:-‘ o ' 1, L7
5 M : @

. , 5T T a
‘An explanation of the Hifferent effects of the E'drOgen

" v oo L.

-"-. -‘5\

‘nicotinic and the muscarinic sites do not have the same RE ‘;nﬁ'/

v

: structure;' . S . .

Since the portion of agonist molecules most sfrongly bound

~

’ is presumably the- cationic head group, the receptor anionic

~b

‘,region may constitute a primary ancﬁoking site. The only degree

\_‘

~ of freedom left for the interaction of an. agonist molecule with

the remaining bindi (4 groups would consist in a rotation about

that point of attachment.‘ The main difference in the construction

of the nicotinic and muscaranic binding compartments might there- ~

P . o

group and the cationic group . o S f_’:_ o : d,b



(cat

,nﬁ

(anionic site) L )
- N SR
. oy
oton donor site) . }¥F.
At muscarinic receptors the .ang uld be such that near optimum

binding pf agogfﬁts at both these groups

receptors it‘wo“

»
aé the two sites would take place.

'be larger, go that a

. I,;\ _ ‘ ) o . Lt .

o . Oy

hic site)

<%n occur.‘ At nicgginic

competition for binding

E
I
| ~
. ! .', : -
-y
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. Q N latter two receptor groups serves to\stabilize the agonist-recepté}or Y

B ":3 @3&1 be, used tovinvestighte the: interaction of select agonist '

o _ _‘A.}Cl
V_. THEORETICAL TREATMENT

Introduction . -~ = = o R,

In 'the pr‘eviou’s 'Chapter an attempt was made to"determineQ

[ wsthe mature of - the region responsible for the binding of pagonists o

Vel
. . at cholinergic receptors. ﬁt was suggested that thﬂ following

3 ‘-‘ AN "~"_.\

‘binding groups are present at both’ muscarinic and‘ﬂicotinic sites. ,i'-j"' S

~ oy ‘

an(anionic, group, a proton donor L8roup, and a cationic group. :

-,

Further it wag,proposed that the activity of agonists is related

's-

_ -to the degree touwhich the %ction of these agents with the CT ey

»
P

| complex. As was indticated, the stabilization wou]Jd in’ part

be determined by t&e' strength of the binding, and mlso indirectly ) '
“by the *amount to'which this binding leads to a 1oc zation of 1:‘ :

certain portions of’ the agonist molecule at strat‘egic positions
. S _ A

‘at the rec'eptor active site '

i - st .

In this Chapter the theo’retical method described in Chapter ]EI .

molecules with the postul*ted receptor binding groups. : It is
P v" M _“.

within@the scope of tﬂis approach to determ‘}i.;le"‘fhegnergy
diagrams corresponding to, the linear approach of two molecu],es

"} (interaction energy Vf. fseparation), as “{vell a to {h&» rotation

- CIE . Ty

ef one molecule with res.pect tq anoth?r ’{inter-action %nergy Vs,

G angle) In the follOwing treatme:!? both typesa of diagrams will

be utilized f R T IR S0 SR
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s ' " The "linear approach" curves for the iﬁteraf.tion of a number '
of. select agonists with hypothetical receptor components will be .
E studied and the energies and separations corresponding to the :
minima will be determined The results will be sed to investigate
- 'IA .
the degree to which .an. agent 8 ability to. bind " the: receptor

groups is related tqq,}ts potency. .
h‘_\\ '

\\Curves correSponding to the rotation of' 'egoniSt? abou't
e <Tu ' .

~

0' A

itsuquaternary nitrogen with respect to a f',

p . A AR
: 11/ be presented i‘n order to estimate the ’ urque resulting'from/y’

t'.v*
1 »

: |
f’ fort_‘es acting on the agonist molec\ile.,
_ﬂm.wr . -

j. g 1t. shoul .he noted tllat the pertu\rbing eﬁtects of the :lonic e
» \ .‘ }‘:Nell as’ of the receptor porti:bns tha%,are not part f' \9. "
‘ -’ct-ive site, are: n,ggI&cted in’ these calculatiOns. , \
Preliminary Considefations - S 3 - |
R N . S . " Ao
s j 53 ‘:Vr' the ’clomaponents of the receptor‘active site have been‘2
Qescribed rather sohematiéally. For the purpose of carrying out ‘- U .
4 Sl ’ '
A quantum mechanical investigations it is necessary to conSider in | .‘
#/ detail what aminoe acid residues may .constitute these bim'i.)é / '
groups. Certain proposals pertaining t.'b thi\s question were ‘ "
"/{, L ‘ already made in the previous Chapter. B T o - . .
| | 57 It was suggested that dn the c_se o)E the‘:xeceptor anipnic \
function the caﬁ‘boxylate ion of., r_he congugate ba'se of'.lkglutamic S V
A g ‘;\: - : :
N ) ;-;-‘ \ BTN |
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SR A 'ma'y‘-be'involved. However it is alsq‘_p“&&sible t:hat

- ' ion of “the conjugabe .base of L—aspartic a’cid

- eom o w ows mm -

) . R . . | . q
- | Ao

Shar c%stitutes that grou’p PSSR &; e o R

In both cases the~ same amin(o aeid segment wou' 4 b xi:s'i‘t;lef,

A . \ ',o

will be- ass ed thatwthé’*anetate icm
'%f}
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- \ :Ls a suitable model system for represerlti;g,the 9ignificant e

\portions of the two amino a.cids. S __3' ; ) ‘ ‘ S AR
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T; will be cﬁksen to represent the.twc pdsitively,&harged side

There are a number offamino ad&d residues t%ap mi'
of .

. -\..

S constituz@ the'receptor protoﬁ donor group.
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been mentloned that the honjuga
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fféquehfiy]performs the role of a proton donor at enzyme active

- sites. Ly

In view of the limited scope of this work“a calculation of

the interaction of various agonists(ﬁith all the eligible

\\'

hydrogen bonding groups -~ some of which can occur in sgveral -

stages of activation depending on the neighboring molecules -

~ seems rathex.unwarranted Instead a different avenue of approach

will be adopted. P B

The compound 4-methylimidazoléa

. Oy -1 ‘ ’ ‘ -
. % e ~
. . e ‘NI ‘-
| . \Y\H - v > -

which resembles théiside chain of histidine, will be used as a

prototype for weak proton donors while its conquate acid o
. ./'
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- one, The l—nitrogen of b-methyl imidazole is nég&tiyely cha

"site.

wh

Y
~ s

will serve as a- prototype for strOng proton donors.
An eXamination of Fig. I, which depicts the charge distribu-~
tions of' both forms, will indicate that the choice is a reas nable
b,
which suggests a weaker hydrogen bonding qapacity for that center\\_
than in the case of the conjugate a¢id, where the corresponding
nitrogen carries an effective positive charge.’ ' ¢

Another aspect,that needs to be clarified, concerns the

conformation of the agonist molecules at the receptor active
. A .

. . N - o .
o X-ray crystailography has been employed by several- workers

-D26 127]to elucidate the structure of’cholinomimetic agents in /,

G

‘the crystalline state, Of the molécules to be investigated in this

work only acetylcholine [128] L(+)-muscarine, and cis-2 (S)-methyl—

4 (R)dimethylaminomethyl-l 3- dioxolane methiodide [129!have been ,_\_

studied using that technique. K
The relevance of this structural data for considering the

conformation of the receptor~bound compounds may be seriously

questioned. The conformation of-an agonist mqlecule at the

'receptor may be thermodynamically less stable than that adOpted

. in the solid state. N

Q antum mechanical calculations of the preferred éonformations

of a, umber of agonists have also been carried out.
Beveridge and Radna [130]have investigated the potential

energy surface for the rotation about two of the bonds of ACh

using the INDO method. They were able to suggest several'stable

]

91



. wns baaed upon the. crystallographie strncturee, while a fully

e | Kilvasene. The geometries of the other agente for hhiehzcelcula-

conformations for that molecule._ g .' . - . o

-~

rmations for L~muscarine and D~muscarone.

Similar caleulations sing the EHT method have led Kier [131. 1321
to propose pr\?erred conf#y

e

In both caaes tHe aide c ine containing the quaternary ammonium

function are predicted_t be nearly fully extended.

Again it may be questioned whether theae celculated structufE;;

.\ .

which refer to the molecudee in vacuum‘ reﬁlect the conformation

|‘ :
The folloqing conformations were ehosen for the compounds R -ﬁ
/ , .
for which calculatiens vefe performed in this study..-The-
T b, :
geometry of the ring systeme of muscarine and methyldilvqsene

at the receptor glfe

extended conformation of the snbstituent chains was adopted._ St
y

The geometries of ACh and methylfurtrethonium were adjusted to

fit that of muscarine. The optimpm coincidence of the quatannary- ’

nitrogen, "ether" oxygen and terminal'methyl group positions wae

used as a criterion¢ Fig._II ahowa the degree of coincidence

that exists between the structures of ACh muscarine, and methy -~,.f-

ions were carried out, were based upon ‘the ACh geometry.- |

-

Standard bond lengths and bond angles[t33]uere used to determine

the structure of molecule portions for which crystallographic *;:yg7:i‘;fi5?

e

i

/

teaults were not available. L
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) : l:indr;nce. s:lncl tha orionhtion of tha teccptor groups to the | -
_____ | _bound agonist ﬂolecule need not cbrrupond to tbe optimum orienh— :
: tidt? for bindﬁ.ug, no attempt wu ﬂadc tb de M the configuration #
o cortelpopd:lng to the ninimm enetgy. Inocuﬂ. in ce:t.pin casu, -
| - the calculations fo: two diffetent binding contiguratlons were
performed tn order. to. eptimuw the dexr« to vhicﬁ a ch‘lnge in |
| the orlenution of the \nteracting mleculén mfluencen t:hz o " °
,"relatil.ue qrder o.f the bind:lng ene:.‘giu. ' - g : ; R
| m-,-,lt, :%,‘_ .  , = . 1: ., .,‘,-\ -‘ ) . } : - _... ‘ '
\ ‘ Calculationa us:[ng ;he AVE SCF uthod of I'ran and parbo
were petformed fot Ach.« mocarine. uthyldilvtune, nathyl-'. oL ‘. L
| furttet:jjoﬁium, ethyl cholinf athér, denechyl ACh, didmthyl ACh,
& ce




“
o
4 “« .
.
.
g
° .

‘ivxc. n?‘ “f |
E Acu—Acmm zqﬁ@ INTBRACTION
2 #‘ ‘ b .

PO

e

96

‘
J




o
§

“ENERGY (keal/mole)

A
Q
]
2

/

~ FIG. IV
- ACH-ACETATE ION INTERACTION N

{ \ . o
W &

T

<

OVERLAP

N

~ paBcTROSTATIC S

Lo e e '

| - DISTANCE(4) =~

- 1



- - R s

-

electrontatic energy curve nearly coincides with that for the

i
total energy curve._mzwrm“;Aw ‘ muiymu;lu;“m_;n_HAmmcm-mm~~»-+—~rwj¢_

[N - P

Qonsequently ic waé considered sufficient to celculﬁte only

the electroatatic component energies for the interectiono of )
' demqfhyl ACh didemethyl ACh, and trideuethyl ACH with an acetete / ;
‘ ion. The Same mode of approach was" ‘chosen as in the ebove

: ° s
’ calculation. The resulting curves are shown in Fig. V, and the

pertinent data is sumnarized in *?ble I. N -

- The interaction energy diagrams correspondingnto the linear
approach of the- compounda ACh (Fig, VI). nuscerine, nethyldil-
vasene, nethylfurtrethonium and ethylcholine ether to 6-nethyl
imidazole. at two’ orientations, and to its conjugated acid were
determined Thqurder of the calculated binding encrgieo vas ot
found to be essentially the same in al1 three cases. ?1 ;'g'i'L‘,,

Calculationa for the incetactions with the conjpgare aéid of

: 4-nethyl inidazole were not carried out for” pparations of less -

than 3 A berween the ke centers, since the‘polerization_cont:ibun~————————

'-.tion wns found to be very lerge in that range. This rather suggests

.that the error due tbe neglect of the polarization ih the celcula—\
tion of the overlap energies nay aleo be relntively large.
 The rwo orientations chosen for the imidezole ring ere
- shown .in Fig, VI. Orienta;ion ) represento the optinun
"‘orientation for the hydrogin bonding of the proton donor group

.the ether oxygen of nuscurine It is proposed that oxiente—

2

tion (1) correeponds to che configuration for'which the change in“ ;”

.-/

.
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. . TABLE I. '

.‘ » : _ . \ ) o - : . : ﬁ%\.: B B

INTERACTIONS WITH THE ACETATE ION. o
. SEPARATION AT CTROSTATIC ENERGY
MiNDuM (R)

N

_ DEMETHYL ACH 8.1

. DIDEMETHYL ace = - RE

'TRIDEMETHYL ‘ACR - gls S

SENIMDY (an/mi.n) B
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o 1nteractfon of the qunternary ncthyla-noniun 1on

. Y

R . . ' - \‘ o ' ‘ .' : : "| :
the forco of attraction betwean the agoni(t and tho proton donbr

- s

;rﬂug.lfor a rotation about thq quacernary nittogen center, 10

1p2

Yo

of Ach wﬁ:h 6ﬁmethy1 inidazole (oricntatiog{(2)l a:z givqn in

g Pig. VII. and tha cufbe ipr the total interaction tnq;gyoil lhown

in rig. VIII. In or&er tb estinate tha cgytribution due to tha e s

.’»‘ “

1ntaraction betunen the quaterntry~1on pottion of the agonist

-olecule and the prston donor sp‘aciu. ra cncuncaon of the B

".

leaat gapid. T e I '_',‘ s - .\"
. . - { ' ' \4 . 0 . .
YT The curvco ohowing ‘the conponent\energie- for the 1nt¢ractioﬂ




1

. e
v :

ACH-4-METHYL IMIDAZOLE INTERACTION _ .

- FIG vII

=

o -

\ OVERLAP

1 L RS

S

o
.“

|

8

i
-
o * -
- .
-

DISPERSION -

o]

. | "_-,:",

. '

I ST e
- | CN |

T LN
. |

Caht
M

.

40

 DISTANCE {A)

e




.

ACTION ENERGY (kcal/mole)

-

TOTAL INTER

,.'3.6 . T l - 1 l ! l-’.A‘.l

45}

< 104
» '

FIG. VIIT - - B

ACH-4~METHYL IMIDAZOLE INTERACTION.

(.Y

Sel W
3 e

TR R TR

Q



¢

FIG. IX
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A ~ . ‘
t:hc ACh carbonyl oxygen lona pa"lrn. Oriantation (2) uprounu

5 a path that th neatly co-linear %:I.t.h thn carbonyl carbon-oxygen bond,

!
' and could thus@ba expeeted to lead to. the largut po‘lar:l.ntion of
-that bond. Por the ume #uson t:hat was g:LVen abova. the calculn-

' .t:l.ona were not perfomed for separations of leu than 3 A iﬂtween .

the carbcnyl oxygen and the nethylamonimn nitrogen. A @
/ .
s:tnce all of the :l.nteracting qoleculea have a. net poaitive

] clnrge most of the curves for thel total 1nteraction energy ahow T ST

incrusing repula:l.on with decreasing internolecular npaution. .

:v_In order to estimte the contr:lbntion due to the mteraction L

. beman the quaternary portion of the agonists and t:he mthyl— -
e aillonium :|.on, cah:ulations of the Mteraction of the quatemry . '.j

‘ methylamon:l.m 1on w:lrth the lattet :I.on were carried Qut for the',

sm nodes‘»ﬁ approaeh as nsed above..,. / \’-J;;- R ; ‘

B

The/;eiults for the ‘various :l.nt.eractions with the nethyl- ‘ S

: anonium ion ara sumarized 1n 'rablee v and VI. N

- -.’_-centetc vere deternined. Ihe cnrvea reflect the chmaq in t:he
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e ' '/fecilitate the hind:l:ng of the agent at the other eites ney reedily o "".'-.».-'7-‘_

E _..groupe of the quaternary ammnixm function of egonists by hydrogene

~

IQ

at a separation of 3 X in. the other two ceeee. - B "“‘
The reeulting curvee for the component energies, and the u
: totel energy for the interections with ACh are depicted in Figa. R

' x1 - XIIIw. The pertinent date is sumarized in Teble"VII. .. "

k24 et m b e e han e wen e e e e+ e

* Disewssion” < C T U

.

Before attempting to relate theb calculated ‘reeulte to the
“ . pharmawlogical propertiee of the various egoniete :lmrolved -

it nay be deeireble to examine in detail the epecific featuree -

“ e s
o . . B

"of each of the interection proceesee. ' o,

.‘(l) Interactions with the Acetate Ion e

g

I.n the model for the AChR binding compartment put fo‘tth in .

, hapter IV the anionic group was portreyed as e-primary anchoring

e te for the agonist moleculee!.( The reeulte for\he ACh—acetate e

ion ieteraction (Fig. IV) show that. .while the buding energy
A /

r:l.a indeed verty large, the cnrve for the total .finteractiﬂ?ﬂenergy '

' 'is quite shallow near the minimm Thie icete that the

force conetraining the ACh molecule at the eeperation corteeponding
'v.to the minimm is not very great, _;nd t‘h.at amell disp,lacments to

: take,place. . ' s ‘ Cah . g T
It vas noted that the stepwise repleceient of the nethyl S

1eads to a steadyl and repjd decreaee -in activity. » One a:plenetion

for this trend was that denet'hylation leads to a clo:er binding




- ig the overall steric repulsion due to the methyl -groups. In .

'“;'addition demethylation also entails a decrease in binding energy

I
: increaaing overlap componen

\

.
!
"t

' distanee for the interaction with the receptor anionic group.
This was’ suggested to entail a less optimal binding for the inter- ’

| aetion with the other receptor groups. PR ,'5 L

@ . ; ) (

\
Fig. Vv shows that .there. ia indeed such a shift in the position

of the Finima for the interaction of the various demethylated -

”analogues of ACh with an aqgtate ion.A The closer” binding is --
E presumably attributable to the increasing localization of positive

'tharge on the quaternary nitrogen, which leada to a stronger'

electrostatic attraction £0 '‘the anion, as well as to a reduction

(see Table I)\ior the first two demethylated forms, while the

‘ tridemethylated ACh analogue is actually bound more strongiy

118

-

-

than ACh. - Further it s noteworthy that the curves (Fig. V) o E"

. become progressively less shallow near 'he minimum with the removal

3
R S

of methyl groups. This suggests that the forfe constraining an -

o

: agent at the separation corresponding to the minimum increases with

,

demethylation.‘ f,_' o 7._'i,f;~ L l‘,t "_; . ,' _Ev;g

(2) Interactions with the Proton Donor Compounds. ,’..

- Figs, VII and VIII are representative for the typei‘of curvea

0

that were obtained for the interaction of agonists with 4~methy1 -

_idﬂdazole and its. conjugate acid‘ In all cases a aharp minimum‘;fv-*

' resulted mainly because of the Superposition of a rapidly

-

t, fIhe electroststic energy wha

s . . R R

St ea

- vdecreasing polarization contribution upon an even more rapidlyf:.;;fjfu'vf




P 4

P

- with portions of the sgonist nolccnlo other thsn the cstionic :

-

~ for the internction of the componndsflisted in 'rsble II with

| cnergy constitutes the largesr. conttilmtion to the t:ocsl intor. K \ (

gonerslly found to be relatively slowly varying. and the- dispersion

energy alvays constitnted t:hs mllest contribut:ion to the totsl

v

energy, T .- .7 j

An cxaninstion of rig X indicstes thst the total onergy for .

i

‘ thc inteuction of the qusternsry methylsmonium ion wit:h lo-nethyl

inidazole is slowly varying.s »This suggests that the' observed O o

" ohsrp minima for the intersctions of agonistb with thc same

proton dohor compound ‘are primarily due to the :lnteractions '

.....

£unccion, i. e.. the "echcr oxygcn, nnd its neighboring groups.

_,,,} . YTha. order of the absolute vslue of 'thc binding energies Dy

&

4-l|ethy1 imidazolc (orientst:lon (1)) is ,' . ‘

,i

mcsrine > nethyldilvuene > ACh > uethylfurtrethoniun 5 : "

ethyl choline ether : o -

2 A

T

In uch casge, with thc cxcspt:ion of Anh. the cl.ectrostacic ( ‘

actinn encrgy st the Jlinim !‘ot a.‘l.l the agenta cited, tho

co-pancnt encrgy corresponding to the polsr:lzstion of A-net:hyl

iliduole by thc sgonb; munts to ovet 802 of '3gthe t:otsl polsrizs—
tion encrgy. '.l'herc is only s mll varintion in 'the values for ;
ﬁc mrgy of polarizstion of t‘hf. agonist nolmles by:the ro“\. v

R

donor. : None of ghc trcnds' in-' 'ths conponent cncrgies for s11 :

fivc conpounda am:ear to cortespond entirely to t:he trend in'”f

thn binding enersieso -.4 ,




The ordcr of tho uparat:l.on- of thc 1nt¢racting -oloculu R
. , o 3
N at the ninim :I.n

o

ethyl choline cthor > uthylfurtr.;boniun > uethyldilvaum ~
| | mscari_ne > ACh. - o " s

The data given in Table III mdicatea that: tha otdcr of t%
abaolute value of the total m:eraction eherkiei at thc l:lnimn

| 'for the mtqraction of the nme conpounds vith ls-nethyl midu‘ole
""\~\~.,.(or1enuuon (2)), ' G T;jf“_l»-j;j T

B I

L mcarine > ACh ~\net:hy1d11mm > uthylfurtuthon:lm > athyl

.

‘ chol:l.na»nthcr.



- at a- -eputation of 3 A. for the 1ntenv.;tion ‘of tha fiva ‘sentl L

lpecified above with the conjugate lcid of 4-ut:hy1 iniduoh

) .
i

(orientation (1)) il ('rabh IV) ey

mcu' 'e > nethyldilvuene > ACh > uthylfurttethonim > et:hyl

i Te | choune q:hez

e
. R

/ 7\ In mh cue virt:uuy the entire binding contributibn il S

due to the po;at:lzation conponent. Unlikn for ':he mtenét:lona o

.-'with Ehe weak protou donor. the interactil.on mrsy rcaul!;iug'

'\U,.

vy
TR

fron a polarizaf:l.on of t.he agouista ic llrger than' that due t:o







interaction between the quaternary ammonium function of the 5 'zli :j,;

, agonists with the methylemmonium ion. If one sdbtracts'

--\

the qnergy for the interaction of the latter ion\with the

quaternary methylammoni*m ion frém the totel energy at each

point of the interactiongenergy diagram, a net attractive inter—

o action results._ The minima in these ourves preaumably correspond
to the optimum interaction of the agonist portions other than thh

k quaternary ammonium function, with the methylammonium ion.r_'; . i;v“

0v

~ The order of the total interaction energies listed in Table';‘d;,]~

i/

i V, for the interaction of the 1hree compounds cited above with '

- the methylammonium ion. (orientation (1)) is ';gf“
o ,..-m.t‘IiYid_‘i‘iveééne' / - ACh > ;.Wé’éﬂfiﬁé'f‘.' o

P L

The interaction with muscarine is seen to be least repuledve.*LAfbgp

However, the order of the absolute value of tbe same quantities,

’ thnn the cationic group is least attractive.

The trend in the electrostatic component ener‘f”:jljif'”L' o

molecule by the cation.. The o‘Limum separation‘for the interaction




.

WO tsentso. " : o SR

A o E ' L e

'I'he otder of the total intermcion enetgiu for the

corresponding :lnteractiona (Table VI)uwith the nethylamonim

ion :ln orientation (2) 1&




.attached nt the anionic nnohoring oite, a rotation about the
_ -“quoternary nitrogen night lcad to oithor an optinal binding at
"jxf“'the proton donqr site (oompoundc of the fitst: class), or an

"‘optinal binding at tho cationic site (compounds of the second

‘s, the. relative o

~f§§;~muft"”?+class)““‘for“lsﬁns!;ibli‘fo interact with botﬁ sI

R t.tj forces of attraction to the taceptor binding groups vbuld thus

}o“‘f 'detornine QS: nicotinic octivity., ' ”'-‘Q -,z-;'”:""' : s |
The qu tity of 1nterent fot an investigation of the change |

A’n

‘1:1n the binding_propefties with a rototion auny fron a givon

. L )
_binding group, 1a the alope of the total 1nteraction enorgy curve. -

o Uhichnis prOpottional to the torque resulting frqn the fotce }‘

”{f,;of attraction than Jcts onkthe agonist'uolecule.

The eurves for the chunse 1n the interoction energy with

o ehat, it an nerea -ﬂi the suple of rotucion, che

T-i.t*electrostaticnconPOnent becones nore repuisive or less attrad%i#a, "5' s




. R | '. ‘ A'. ) . ‘ ‘ .l ‘I‘
-tolqtivo ability of - the respective binding gtoupo to.attracta..w @
r__the ACh molecule by weans of a rotation about the quatotnary

.fnitrogen centot.. The teoulca indicato thac for a lufficiently

3

:wuak proton donor the. force of attraction to tho cotion may be ".‘

L '\ -

The order of the olopos for tho 1nteraetions vith nethyl-

| stronget than the force due to tho hydrogon bonding intetactiﬂn. o

Vdilvnsene 18 . L - o : : 'J

. -troug-pfotoh'dooor'>‘eat1on ~.wu¢k proton dooor;f»
‘ &, . S : L
7,ror this agent tho £orce loading to a biuding with thp cation

.il not as great as in tho cooe ‘of Adh. Only for a woak ptoton '

e
L

‘donor uould ‘the- correopondins intoraction be able ‘to balancq
- tiie _hydrogen bonding 1ntoraction. f B ] '-fffﬁ;ui'w

The order of the slopes for the intetactions wlth nuscarine

- s S . i : ' o .

IO 1*¢tronz;pfotnn donPF,>~wéqﬁ”PIQQOﬂ“dﬁhaf%’*¢‘tiﬁn: e

) LIRS B . A , . -: PN “.

:ﬁoIn :hio .case the aLope oprrooponding to the total enorgy curve ;
' \for the binding ﬂith the cation 1: actually ntgntive.  It lppearavri‘ﬁf':fﬁf
_}that a rotation awuy fton the binding gronp ﬁould lead to a -

ololight decrease 1u :epulston. Conaequently‘the force of at;:ac- jﬁ

.3t£on to zhe proton donor wonlﬁ oo onopldnonted hy the £or0a

‘f .‘due to xhe cation-ogonistv1nteraction..
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‘ ‘*‘ Lo B i g N . . N . R [APEE 4"‘ ‘ " A I' 'l
. *:gf‘ gJ‘ “.hicldingvof Ehe catiﬁui; funccion‘b suitably bpuﬁd agonixt

: ‘Portionsw Au exanination o

‘“!g$': - f.factorn, uaing thc cdlculated racuitl.‘willxnow be undettaken.

,\'

SN poundu 1nvest1gatedl}n,the previous Chapter is . . o

. ' . B 4 ¢ s

- . . . - ke . Voo ’ TR

- ' . i A e ER S R R
ACh = methyldilvasege uéguacarine E] methylfurtrethoninm >,

EERE R S

'n'ﬁhevpotencies of

e @affy@m;;gma#sn‘e; 5 ot reflected:




(e

T

‘ HJ_The‘loWer-potency of:the'ethxl‘chdlinéAeﬁhei,compared E%.the:fi'f

" of tiethylfurtrethonys may'beféimilarly explained, Metliyl-
fu retﬁonium 18 ‘more stroegii'bound at the proton donor' site
‘ and Presumably algo at the eatien;esite v N g
T There is gope questibn whefﬁég'it is valid to_compare the i
role that bindiné—;ie;;gi; déﬁetﬁig;ng the ;ctlvity of agents
- that do'ggt have: the game neﬁse;;qffproton acceptor cent;;s.
‘é' The difference in the stability‘ofiihe respective agonis;—recep;ar

f,-:‘_ ’of,sorvatioﬁeof the coﬁpo@nds“iﬁvoiﬁea; For example, methyl—;j
o ’ : . o
furtrethonium would be expected to be.a poo:et leaving group, -g;',V%:T

f\V in an aqueous environment than ACh muscarine,\and me;hyidil—“‘;’)jf~jas

)

vasene .

-

at both~receptor groups~wbu1d thereforalb%;

Pf. ' '
furtrethpnium than that of ACh, muacarineeand.methyldilvasene




- o_

“”felectron dense regions that couid shield the formal positive n

ﬂfor the dow activity'of that agent.

Role of Bindiog at Nicotioic Sites .

-‘agoniet at the cationic group serves to promote the activity,_

"while the binding at . the proton donor group in most casee diminishes‘il

i'binding position at the other group. Agente of the first clasa el

5 would be bound at the proton donor site, while aggnﬁs of’khe

'ﬁ??} The observed order of the nicotinic,activittee'

L '

‘- Lo A T R ‘ v

o ) ) S ‘ : . C ¢ - o : ' i

‘may be due to the abi?ity of the receptqr hound furan ring to

protect the cationic group.' The oxygen etructurally correeponding to \

the ACh carbonyl oxygen in ACh mueearine and nethyldilvasene,
N

‘ , and the conjugated T~gystem of methylfurtrethonium conetitute

.cherge of the - receptor group._ The lack of a eimilar feature in s

- the ethyl eholine ether molecule might in part be responaible

[

Se

P o. P - -
./ . : ¥ S,

f‘It was prOposed that at nicotinic eitee the binding of an

Az ."

X, v

‘the activity._ The nicotinidﬁ?inding compartment was suggested

'to differ from the muscarinic compertmenz in that the angle betveen jir

it

_the two receptor binding groups is largerﬂ, A rogation about the

- quaternary nitrogen would be requifed to bring the mo!ecuie ?::“'

L

I from the optinum position for binding at one group to the optimum

vi

7

for which celculations were performed is

I



";(neelured on,the,froﬁ reetusvpreperationf[92- 110D f:

.binding at the proton donor group. This indicates that the

' at the catibnic site promotes nicotinic antivity, while binding

. at the proton donor site diminishes the activity.

{

ACh > nethyldilvaaene - nathylfurtrethoniun > musﬂtrine S

o’ ¢ L . ‘ T \

(neaaured on the cat blqod preaaure [94]) o ”\Q

c1ear1y bhe two sets of dete do not 1ndicate the same ralative ;;QLJQL'

+

U potencies for mnacarine, methyldtlvasene, and methylfurtrethonium v

It ia noteworthy thatvin bdth cases the order

L. Am> ne?hy‘i‘l_il_vﬁaeﬁe? musearine [

ﬁwas reported. The same trend for thene three*agents ia alao
-ref}ected in the enlculated energies of binding at the cationic

- receptor group.. The reverae trend 13 found for the energies of

ealculated reeults are 1n agreenent with the proposal that binding

L ® 'f"

The high aetivity of agents that preferentially bind at ””x

the cationic site nny again be attributed to theit<|uggested

¢
» role in protecting that reeeptor §roup £rom the 1onic euvironnent.

o

” /.
S

It is aignificant that the trend.in the nicotinic potencies of

ACb nuscarine and methyldilvasene also parallels the trend in

©»

ri;f/?f;



.'~ffexpected to be more potent than methylfurtrethonium snd the ethyl

| .
\,
Sy

: e . ‘
difference of the respective activities night therefore prinsrily

be due tq the difference in the binding energies at thnt receptor

gtoup | . | | S |
‘The activity of the agents thst sre expected to be more i?
Frf;optimally bonnd at the‘proton donor“site"i.ve.'ﬁﬁscarine,j;f“‘”f:ffT‘f:
-ethylfurtrethonium, and the ethyl choline ether, is presunebly S
“due to their ability to protect the cationic site, in spite of
: their less favoutable orientation: The faptots thst would R
determine the potency of these compounds are'; the strength of R
| '.the binding, the electron density of the portion of each molecule :::Vi
:“. facing the cetionic receptor group, and the dietsnce of these o
"lyortions to the receptor group. . e o

. bn. the basis of the first two f:ctors musgarine WOuld be

dcholine ether.‘ HoweVer the order of the binding separptions for w

"kg‘the hydrogen bonding interactions wae celculated to be

oA
: e

n.; _/7

ethyl choline ether ? methylfurtrethonium > muscarine. ,4; -

?Perhaps the relatively large activity of the ether,;neasnred cn‘?¥Ab

7‘_the frog reetus prepar ion, is due to its more favourahle hif

' orientation to the cationic group, resulting from a greater”



' ;receptor complex.ﬁ \ffi* ’)Ji‘w;r:“

' \‘euggeeted to be 1nvolvad in the prqde;}ion oﬁ a pharmacologieal

5>teeponse will be elaborated

L e

s S o A T

"_"Mechanism of Aecibn-‘\"e[V f;}Q ST PN w?v‘;f—f;frﬁ

The discuselbu in the preceding sections he- nhown that the

e calculated rehults 1ead to predictions concerning the mode of —1§:¢;;"

-'tction of ngoniste that are in agreement with the machanigm‘“'qﬂh_;

J’poetnlated 1n Chapter IV., It uae ptopoeed that the characteristice f['[_
.”*of the agoniat-receptor group interactions determine both the |

".ﬂthermodynemic as well as:. the kinetic etabili:y of the agonist-e3* ff;“.ﬁ?

SRR .-W.e;"
In this eeetion the details of the mechenism that was .?if‘.7:f{[F5%

k \ v : 3

"(1.) Steps :l.n the Mechan:l.em



loads to the diffusion of soma ngo,ist molecules 1nco ghg |
Portion of the solution 1n the neigbborhood of zhe teceptors ,vai
(AE4), which contains certain 1ons a: non-equilibriun concentrn.'nnétii
tions. The intera°t1°“ °f th‘ ‘SOnish with a :gceptor andlor S

)

1-??71:3 immediate environment (Watkins mechanism:'causea the opening [;ﬂ*




conmining a suitable cationic function. The nagnitude of the

i







a pernanent pore. In thc reotingastate'an\éxtendad calcium f?“" }f;f}

particular, the'binding of rhe polﬂt portidn‘of phosphatidyl—' J
:lcholine—at’Zﬁe*active—site oﬁwche AChRaaighﬁ—p:evide~anvanchoting—“

"f site for Ca” 2 and thus promote the formation uf the complex in

the vicinity of the receptor .fﬂ]iﬁg‘ff"'\“:'




4) Dispiacement of ACh ifpﬁ'ﬁ ";.?gfl', i‘ ‘nn i 'i f::i',.ﬂ

As the ionic procesaes taking place through the pore reach

: completion the ionic environment of the redeptor changes. The-i:‘i:;-f

’

exehange of aodium ione leads to a rcduction in the qoncentra- n: .

,'_,i-._.g_. A _tion o£ NaCl in_t,be.vicinity_ofr t;he :ecepaorf——Since monovaler@ = ~—~—'—-—'

g O [ I ERRE
P . C o S .ot e pora i Tl

i ¢ations are believetf to destabilize a Ca 2-—plwspholipid associa-

1

tion, the formation of a complex wpuld be favoured upou the -ff'

. "V

completion of the exchange procesaes. The qpproach of anians j

could serve to diapIace the agonist, end thue initiate the closing

of the pore.;?i?iff7“7 ',{ﬂ;ﬂ?;“ 'ﬁ R ’:jqiff;fina o

o 'jCBnétruEliien’i.'efi" ;'hé‘ -fAk:u'vlé "s:ite'j S
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t

.e difference 1n the construction of the respettiVe reeeptor .; .

. oites. In thio context it may be worth noting that, by virtue

’ of 1ts porehforming function, the AChR is prosumably cloaely

'i~are known to vary with the amount of cholesterol and ptoteins

L

B
associated with the non—polar portions of the membrane Iipid._’”"

E j’they contain, it may be sutmised that the environment of the

L leaa to a change 1n the biﬁiin; prqperties of”the recoptor. 5m¢n¢ L<{f

receptor in the membrane could affect the tqrtiary structure of

the teceptor protein to spme extent.‘ A elight change in the

'.relative position of the hialing groupe at the active sit tould

The te‘“lts °f the quantum mechauical culculationo<reported Vfﬁn

”i}(ﬁin the last section show.that the energy of‘\inding ofCACh‘at ’fffﬁnfa' 
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