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SUMMARY

Usirmg exteruded 1I#{252}ckel timeory molecular orbital calculations, two equnahly prefen’m’ecl

confon’mnatiomms of time mmicotimmiunnm iomi imave been pm’etlicted fm’onmm total energy nmini-

mizatiomm as a fummnction of geonuetr’y. Time calculated confornmmations are in good agree-
menmt witim reporte(l nmunclean mimagnetic resonmance (NMR) -pretlicted conformations of

several mmicotimne (lel’mvatives. In only one 1)rethicted nicotiniumim ionm confornuation are

thmei’e found to be two atonmms, including time quaternman’y mmitn’ogen atonm, of conmmparable

charge anti inmteratonmm distammce to timose found in acetylcimolinme. Specifically thuese atoms
in the nicotiimiuimm ionm m’elate very closely to time quarten’nary nitm’ogemu anti carbonyl

oxygen atonuus of acetylcimohine in its calculated preferred conformation. Timis obser-

vation permits time prethictionu thmat time two principal atonmms necessan’y fon’ nmicotinic

activity in the nicot-immiumnum ion are a quaternary mmitrogen atom arid a negatively

cinar’geci atommm about 4.85 A reimmoveti. As an adjunct to time study, aim extenmded H#{252}ckel

theom’y l)OPUlatiOml anualysis of acetylcimohine in its calculated preferred confornuation

indicates a slightly nuegative total (� + �r) charge density on time ether oxygen atom.

1 NTHOIH’dI’ION

Two pomnmts of view’ prevail conmcernmirmg

time key electm’onmic features timat are nieces-

sary in a molecule eliciting imicotimmic

chohimmem’gic activity. rfhIt fist l)Oinut of view,

advanced by Hey (1, 21), is timat activity

is dependent upon time I)m’esence of a pam’tial
positive cimam’ge a suitable thistammce frown

a quarten’nam’y mmitm’ogenu. Hey based mis

opiniomm on observatiomis of time activity of

a limumited ser’ies of sunbstitumteti pimenyl-
choline ethmers (I) mm w’imichm time n’inmg sub-

stituenuts were graded accon’(iing to them

ability to witimtln’aw’ on’ tlonate electroims
mesomumericahly witin m’espect- to tine ethmen’

oxygen. Substituennt s wmtindraw’inmg electromms

mmmesomnmerically were foummmd to enmhanmce
activity. Hey presummmed from this evidemmce

timat nmaximnmum nmieot mimic activity wound i)e

foummd mm tue t’holmnme ether series wimere

polarized stm’mmct-umres like (IT) commtn’ibute

appn’eeial)lY. This ��‘:is Predicated upon time

assumption timat time nicotinmic agent acetyl-
cimolinme was similarly polarized (III) when
absorbed at time receptor.

0- CH2-CH2-N (CH3)3

(I)

R’�’�� (n)

CH3_C-0CH2’CH2N (CH3)3

(m)

Bam’low annd Hamilton studied a series

of nicotinme analogs, pyr’idyhnetimyh and

pyridyletimyl tlialkylammmines substituted in

time a, /3, anuti y n’ing positions (3). They
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mnoted timat /3-substituted pyn’idirue deriva-

tives were genen’ahly nuore active. rI�hmey

reached the conclusion timat a sligiutly

positively cimarged secondary site was

necessary for activity . Time range of dis-
tances proposed for this site was 3.4-4.5 A
from time oniuni gn’oup.

Time seconud point of view, based omn a
study of ester’s of cimlom’ine by Sekuh and
Hohlanti (4, 5) , is tlmat a partial negative
cimarge at sommme distammce fronim time oniunu
group is essential fon’ nicotinic activity.

Timis muegative chmam’ge is assummmed to be imm a

position analogous to time partial imegative
cimarge assignetl to time can’bonyl oxygenm

atonm of acetylcimohine (III). Colenmuan,

Hunmmme, anti Holland (6) fur-timer justified

this point on time basis of a study of a

series of pimenylcimohimme etimers; thmey at-
tributed their fintlimmgs to aim immdumctonmeric

effect on time n’immg, time same sunbstitument
�ffect observed by Hey. They suggested

thmat time partially negatively polarizeti
ring provides a secondam’y binding feature
in time nmolecunie, pn’esumnmmabiy comnmparable to
the pam’tially negatively chmarged can’homuyl

oxygen of acetylcimohimme.
On’nmen’od (71) studied a ser’ies of sunb-

stituted benzoychmolinme esters (IV1 and

� - 0-CH2 - CH2 -N (CH3)3

observed that electm’on-n’eleasimug substit-
uents enhance activity, presumably by

increasing the partial nuegative cimarge on
the carbonyl oxygen atom. Thus, time view

that a secondam’y negative site is presenmt.

in the molecule was supported. Triggle feels
that the combined evidence of Hey,

-Ormerod, and Sekul and Hollaimd suggests
the need for tw’o secondary sites, one
partially negative amid time other’ partially
positive in cimaractem’, such as found at time

two oxygen at-onus of acetylchohine (8).
Barlow and Hanmiltonu lmave conupared

time activities of (+) anti (-) nicotine mm

an effort to ascertain any significant

difference (9). Such a finding w’ould tend
to implicate the presence of a third site
mm the molecule, inmuparting stereospecificity.

Timey observed a vam’yirmg clegm’ee of specific-

ity fr’onim omme group of r’eceptors to anuotimer.

This sunggests some vam’iation in receptor

stm’umcture. r#{231}���y felt timat diffen’ences in

activity as an agonist between time two
isomer’s could be a differ’ence in efficacy

rathier tiuanm one of affinmity. Barlow con-

eludes t-hmat stereospecificity of nicotine
nmay inn fact be a result of a portion of time

nmoiecule located in a less active isomer

functioning as a tieten’memmt to affinity ratimer
thamm time actual pn’esenice of a third

phmam’mumacotlynanuic group optinmmal ly p1 ace� I

mm time nuore active isonmuer ( 10).

This wor’k imas beemi sunummumarizeti by

Barlow wimo leaves open time question of the

mmatunre of time secondary bindimug site (11).

It is evident, fm’onu an examination of

time structures so fan’ n’efer’red to, timat there
an’e linumitations in the umse of their structures

to mmmap tine nicotitmic receptor. These
himmmitations arise fnonm time fact t.imat (a)

time structures an’e nmot comnfoi’mmuationahly
n’igitl, at least mu a classical semmse. armd (b1)

aim assignment of m’elative chuarge of key
atoms has been basetl upon valence-bond

intuition and/on’ �r-electm’on-only mmmoleculam’
orbital considerations. Imutieed, as will be
simowmu shortly, time assigimimment of a positive

cimarge to time acetylclmoline ether oxygen

is probably incom’rect., tending to invalidate
nmamuv assumptions upon whicim the charge

of this atonu is based.

Timem’e is nmow a quantumrn mechanical

method available that will permit the as-
signmemmt of conformation and charge in a

molecule. Time methuod, devised by Roald
Hoffmann (12) and known as extended

Hiickel theory (EHT), uses a single

paranumeterization to calculate the eigen-
functions and eigenvalues, with overlap
and all muonhonded interactions inclunded.
As a result, the total energy, calculated

for all valence electrons (i and 7r), is a
funuction of assigned geometry, the preferred
eonufom’mation beinmg pi’esunmied as that

hmaving time lowest total enem’gy value. The

numethmotl hmas met with considerable sunccess
iii predictimmg preferred conmfon’mumation of by-

drocai’boims (13-16) anti recently of hetero-

atonm-containing nuolecules (17-19). A

recent theoretical study of EHT calcu-
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lations (20) has revealed that time metimod

indica tes l)n’efel’l’ed commfornmmationms conm -

parable to conmfom’nimations predicted fronmu rub

inmitio calcumlatiomus, indicatimmg timat EFIT
Is nmmon’e furm(lanmenmtally soummd thmamm onig-
in-mall)’ commceived.

Aniotlmem’ recemnt sturdy by A.danum, Gn’inmi-

son, arid Rotlriguez (21 1) lmas dealt with

tine l)an’anmmeterizatiorm of a (luatem’nized
nitrogen. ‘I’lmey have confirmmmed timat panam-

etens tlS((l l)� us in-i a pm’evioums stu(ly (18)

amid in tine I)n’escnmt study have yielded
reasommable ciman’ge denmsities on adj at’ennt

c-I I bOmm(ls, wimi(’in com’relate ��‘ehh with

N�MR chemmuical shmifts, thus lenmdinmg some
justifcatiorm for’ tine use of time nitrogen

1)aramneten’s. rfimel. won’k imas tended to
dispel sonmuewhma t time commcern we expressed
befom’e (18) about the use of timese paranm-
eten’s.

Jim our 1mevious tecliniqume to study

nuuedicina 1 chmermuica 1 pn’oblenms associated

witin connfor’mmmation (18), calculations of

acetylcimolinue and muscar’imme gave geo-

metrics vem’y close to timose found by X-

lay analysis of their’ cn’ystals. Timis coin-
cidenuce, coupled with the facts that time

two mnmolecunles possessetl identical b)iologicah
activity (nmmunscam’inics) amutl that calcu-
lations shioweti timat time imeteroatomnms were

sinmmilarly disposed in time tw’o molecules,
leti us to time cormclumsioim tinat EHT calcu-
lations nuight l)e applied to molecules in

biological media. Wimile timen’e hmas beeim imo
defimmite relatioimsinip slnownn anmonug crystal
stn’uctu re, ca icun1ate i preferred cornfornuru-

tiomu, and conmfonnmmationu imm solution, time

possibility of its existence imevertimeless is
immtriguing and tleserviing of considerable

attemntiomm armd testing. it is reasonable that,
if a calculat-eti bar’rien’ to m’otationu about a

bond is quite imigim, solution effects would
imot be sunfflcienmt to ovcn’commme it and that

time en Iculated preferred commformmmation
���ommltl n’enmmaimm unnmchmammgcd mm solution.
�inmuilam’ly, pertunm’bimug influenmces of receptor

surface featunn’es would be immatlequnate to
alter’ pn’efern’eti conmforimmat-ioim in solutiomm.

Omme simorteoimuing of time EHT numetimod is

its exaggeration of enmergy barrier heights.
Only i)y commmparison w’ithm bonds of corn-

pam’able conmuposition anmd with known bar-

riei’s can an approxinmationm of tm’ue values

be realized (18). A second simortconiming of

the EHT immetimod coriuprises time extrenme
values obtainmed for time cimarge tiensities.
Altimough usually of correct sign and

internal relative values, they are quanti-
tatively exaggerated.

In view of these successful applications
and with timeir limitations in mind, we
sought to apply EHT calculations to the

pm’oblem of time nicotinic receptor. In this
study we considered time muicotinium ion,

since it is time archuetype of nicotinic activity
and it presents time least complicated

conmfon’mnational possibilities of time nicotinic-
actimug molecules discussed. Also, findings
from a recent NMR study dealing wit-in
con formation of nicotine derivatives w’ere
available for comparison (22).

CALCULATION S

We ermmployed time sanume pam’ameters aimd
techniques descr’ibed in our previous studies

(17-18). Time calculation was made on time

rmieotinmiummm ion (V) since this univalemmt

cationm is likely to l)e time active numolecule
in vuo (23). We assunmmeti timat time pyridyl

ring amid time N-nnmethm’vl group wem’e trans,
based onu chmenmmicah evicienmce (24). The bonti
lengt-ins ammd bonmti anmglcs ursed mm time calcu-

lationms were timose conmnmmomuly assigned to
bommds of commmpamable on’(ien’ (251) . For timese

caleulatiorms, a planman’ ring model was unseti
fon’ time pyrm’ohitliimen’ing. Timis is not a tn’ume

picture of time ring; imowevem’, it is likely
that time pyr’r’ohitiine ring is a free or
shighmtly restricted pseudorotom’ (‘26), i.e., a
ring for’ w’hicim nmo single, simumple, nommplanar
stn’unetumn’e will accumrately n’epnesent time

molecule. Time Psemn(loroton’ conmcept was first

pn’oposed i)y Kilpat.nick, Pitzer, anti
Spit zen’ (27). With free i)seutlorotation,

time assmnmimptioim of ring plamman’ity woulti
n’epresemmt an averaging of all nonplanar

possibilities, arid thus iuot seriounsly alter
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the calculated barriers to rotation of the

pyridyh ring. For convenience, total-energy

calculations were made for every 60
degrees of rotation of time pyridyl ring

through a full cycle. Population analyses

were perfornmed on confon’nmations at time

minima. For comparison and as an adjunct
to the study, the population analysis was

calculated on the basis of the preferred

conformation of acetylcholine (18).

RESULTS

Time total energy calculated by EHT is
plotted against the angle of rotation of the

pyridyl ring, time zero angle taken as the

conformation in which the two starred

bonds in (V) an’e eclipsed (see Fig. 1).

139.0

>

>‘.I139.5

4’
C

0

0
I-

140.0

Fit;. 1. Angle of pyridyl ring rotation and

calculated total energies for i/ce -nicotinium ion

It is evident from time relationship of
rotation to total energy tlmat two virtually

identical numininma exist, i.e., there are two
equally prefenict I conm foinimations, at 120
and at 300 degrees. rfimc confonnuen’ at 120
degn’ees is preferred by only 0.013 eV. Time
two calculated preferred conformations cor-
respond to time two pyridyl-ring rotamuuers in

whichu the pyn’idyl amid pyr’rohidine ring

planes are perpendicular. The calculated

barriers are of virtunally the same magni-
tude, about 0.9 eV.

A population anmalysis is repnoduced, iii

part, in Fig. 2 for the pn’eferm’ed rotamers

H 0.125

/ C�

N

-0.911

Fin. 2. Population analysis for i/ce pyi-idyl ring

of the nicotinium ion

Charges are net charge densities (a + cr).

of time pyr’idyl ring of the nicotinium ion.
The ciuan’ges arid values shuown are net

charge densities (if + 7T electrons). For
comparison, the charges calculated by

Adam and Grimmmison for unsubstituted

pyridine an’e repr’oduced in Fig. 3 (28).

0.04

cvc� C-0.12

� N” 0.30

-092

Fin. 3. Population analyses for first-ia W atoms

of pyridine

Cinaiges are net charge densitics (a + �). F’ionm

Adanm and C)rimison (28).

Key interatomic distances calculated i)y

time EHT method are simowni in Fig. 4 for
the 120 degrees rotanmer anti Fig. 5 for tue
300 degrees n’otamen’. The popunlationm

analysis for acctylchmolinme in its pn’efem’n’e(i

conformation is shown, in part, in Fig. 6.

It should be emumpimasizeti for’ timese ehectromu
density calemnlationms onm both nicotine anm(l
acetylcholine that time numerical values



Fin. 4. Interatomic distances (A) and net total

charges for the 120-degree nicoticcium ion

conformer

Fin. 5. Interatomic distances (A) and net total

c/carges for the 300-degree nicotiniurn ion

conformers

240
;180

#{128}1

Acyl Group N to:0
Rotation Angle,degree Detonce, A

120 493

80 5.07
240 5.40

N to C:

D,stonce, A

4 52
4.52
4.52

N to -0-

Distance, A
3-33
333
3-33
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represent the net charge over both � arid

electron orbitals in time molecunles. This is
a truer representation of the atonu’s charge
anti its sunhsequent coulonuil)ic inter’action

role than just ir char’ge densities �vhiciu imave

been customarily calculated. As has been

simown (18), rotation of the acyl portion
of acetylchohine through 120 degrees

-0.390
0

II

OH,
-0.026

Fin. 6. Interatomic distances (A) for preferred

conformations of ace lyicholine

Acyl group charges are net charges (a + �r).

produces a constant mimimminumunum. rfherefore

the N to carbonmyh-oxygen distances an’e
reproduced Ion every 60 degrees of rotatiomm
of this grounp iii Fig. 6.

DISCUSSION

To estabhisin ann inimpon’tanmt point before

conmsiderimmg time imicotinium ion results, it
is imustructive to exanminme the population

analysis of acetylcimohine in Fig. 6. Time
imet total charge on time ether oxygen atom
is clearly not positive ; inn fact, it is slightly
negative. A valence-bond positive cimarge

has been assignmed to timis atom traditionally

due to consider’atiomi of time �r electron sys-

tern only (III) . Wimenm considering the forces
involved in time reversible immteraction of a

dr’ung molecule with a receptor, it is quite
pm’obable timat time total valence electron

composition of time atonm must be considem’ed
in a point-cimarge numodel. Based on mohec-

ular-orbital calculatiomms, it is incorrect- to
consider thus as a partially positively
charged atonu. Previous conmmpan’isons in test
molecules and acetyichohine must now be

reexamined in time highmt of timese consider-

ations.
Time calculateti pn’efem’red con fornuationms

of the nicotimmiumium ion an’e in agreement wit-h
a n’ecently reported study by Simpson,

Cr’aig, anti Kumler (22). Thuese authors
determined NMR cimemical shifts of nip-
propriate hydm’ogen atoms of nicotine and
several qunat-erima my derivatives of time

pym’rohidine ring. Timey conclude that the

“extreme coimfornumations” (energetically
least preferred) were those identical to

ounr 0 ammd 180 tiegree rotamers. It is
interesting that neither time NMR evidence

nor our’ calculations indicate that the least
preferred pain’ of conformers would be at-

60 and 240 degrees. An examination of wire
models reveals imo apparent difference
between the 0, 60, 180, or 240 degree

rotamers as far as time interaction of time
ortho hydrogens on the pyridine ring and

the adjacent cis imydrogens on the pyrrohid-

iniumm ring. Time Thompson, Craig, and
Kumler study only speculated that the

preferred confornmmation lay somewhuere

between their two “extreme conformations.”
Because of the virt-uahly identical total
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energy for the 120 and 300 dcgn’ee notanmmen’s,

it is impossible to specify time preferr’ed
confornumation. Indeed, it presents time
interesting possibility timat two demonm-
strable isomers of time nicotiniunm ion exist.

This same possibility w’as suggested by

Barlow and Hamilton, wino nmoted the
considerable m’estm’iction to pyr’itlyl ring
rotation in models of quaten’nary nicotine

ammalogs (9) . No such expen’imcnmtah ol)ser-
vationu has been mmmdc to date. rflmis may

possibly be tIne to a n’elatively low barrier

to interconver’sion of time two rotamers.
Time quantitation of this barrier is not
possible fm’om EHT calcunlations, due to

their known exaggeration of energy barrier
imeight-s. However’, m’ccent work has sug-

gested that the barrier to n’otation about
an sp2-sp3 carh)on-carbonm is fairly high
(29). An answer to time intm’iguning possi-
bility of there being two isonmmen’s is heinug

sougint in our laboraton’y. As a w’on’king
Imypothesis in time present study, w’e must

consider both n’otamcrs as likely conufom’-
mations of the rnolecunle.

The population analysis of time sub-

stituted pyridinuc ring (Fig. 2) reveals a
charge-density pattern sonrmewiuat different
than that of umimsubstitumted pyridine (Fig.
3). The major chmange oecumrs at the carbon

atom involved in the interring bond. This
atom acquires a slight positive elmaracter.

The only two atoms withu a total negative
charge are the nitrogen atom, withm a imigim

negative charge, and time carbon atom meta

to ht, with a modest negative cimarge.
In an effort to shed light on time original

question, viz. the electronic elmarneter of
the secondan’y binding site remote fn’om time
quaterinary nitrogen in time nicot-inium ion,
we imave portrayed time two rotamers calcu-
lated as possibilities in Figs. 4 and 5. The

net charges and key interatommuic distances

are included. An obvious molecule for

comparison is acetylcimohine, a potent

nicotinic agent that was subjected to con-

formational and ciuam’ge-density calcinlations
in our previous EHT study (18) (Fig. 6).

We have sought in this comparison to find
an atom in eacim molecule with a simumilar

electronic charge and of closely comparable
distance fronm time quaternary nitrogen

atom. These contiitiomms are found in the

120 degree rotamumen’ of time nuicotinium ion in
Fig. 4. Time pyn’idimme nmitrogen atom has a
substantial nmegative cimange and is 4.76 A

from time quaten’mmany nitrogen atomn. This
is very close to time situnation in acetyl-
choline (Fig. 6) , in winichm time negatively

cimam’ged carbonmyl oxygen atom is 4.93 A
from time quan’ten’nuan’y nitrogen atom when

time acyl group is in a 120 degree orientation

to time etimem’ oxygen-cam’bomm bond. Thus pos-

sibihity is enem’getically permitted since,
according to our calculations (18), the
preferred conformation extends over I 20

degr’ces of aycl group n’otation. No otimer
set of circunumstanmces, viz. comparable

change anti coml)an’ahle distance, is to be

found mm either I)i’efen’reti conformation of
tine nicotinium ion.

It must be borne in mind thmat it is not

justifiable to equate high biological activity
wit-h binding alomme for any drug which is
an agonist. Two factors are involved, af-
finity and efficacy. It- is likely in this work

that w’e arc tlealing \vitim a coniposite of
botim pimenonmenma. A clean’er insighmt into this

may evolve fr’ommu funr’timen’ studies on other
nicotinmic agents, particularly thuose whuose

activity is greater turin nicotine.

Time conclunsioru to he drawn from t-hmese
observations is t-hmat time secondary site of

binding in time mmicotiniumnm ion is a nega-
tively chai’gcd atom aimd that its receptor
involvemcnmt is eonmmparable to that of the
cam’honyl-oxygen atom of acetylcholine.
Bothm of these atoms are of comparable
distance (4.76-4.93 A) from their respective

qunaternary nitrogen atoms. Thmis suggested

relatiorushmip is portrayed in Fig. 7, which

4.85±01 A

Fin. 7. Key features of a proposed nicolinic-

acting moleenie

shows gm’aphmically time key features of time

nicotiimic-acting molecunle. This does not

preclude time possibility of additional

secommdam’y points of binding, but evidence

for’ thmemmmis not apparenmt from this study.

Futunn’c work on othmer nicotinic agents
should extend these findings.
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