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Fxt emio!c-o! H#{252}o-kcl timeoorv ammo! I lit mo-limo md of port tlrb)at ive coimfigtmraticimi immleraetiomm usimig

luuo-mtlizo-ol omrbitals (PCILO) predict stnikiuugiy different- results loin lhc commlonnuatiomu oil

imisl tumiun mc- c-at iouuis. Exto-miol Hfickol theory 1)redicts that i)Oth mommou- timid dications shouuld

-xist mis mimixtures oil Irans tumid gauche forms, as observed msith XMR studies mm scilutiuomm,
ssimo-no-tus PCIIA) iir(-dic-ls ti strounig prc-fc-ro-umcc of time nioimiocatiomm loin h-he gauche lormim a-mid ouf
limo- dliOtlliu)ii four time Ira-us forum, mis simomvii by X-ray crystallography. 1mm order too rc-solvo-
thus oiilu-mnmmm, imouumempinioal ab inilio computatiomms imavo bet-n j)orlonnied for tho lmvo spo--

(-ic-s. �Fho-v cooumfirm lime ru-suits oil lime PCILO calculations and indicate that the intrinsic- cciii-

fo)rnitltiouumal prefu-renc-es oil limos isolated molecule courro-spoind closely to the crystal structure

oltutmi. 1mm ourdor too elucidalo- time sibutition pnevailiimg imu solutioum, the- principal imydratioum silo-s

(01 lImo- hmistmiminmo� eatioomms iuavc bcomm do-termincd by calculations ab inilio, and new commforma-

hiomumol o-tmo-ngy mm-ups imavc- boon c-immustnumcted for limo- hydrated species by the “supernuoulo-eulo-”

ajupnoot-mo-hm msifhuimi the PCILO umui-himoci. Tho no-stilts indicato- that hydrated cations should have

i_i nmuehu mvo-aku-n tcndo-nev fimaum frco oirios four aIm exclusive conformatiomm and should exist in

sOultIliO)um t15 Ii mixture ouf qaue/ie mimic! mans forms, ium loisc- agreement ms-ith NMTI results.

Similan coomputmutiouns are rtj)ointocl Ion time rare N1-H tauto)mcn of histamino-. Coimforma-

hiommal mimic! c-li-c-f rommie cliffo-rc-no-es mippea-r bet-mseemm the t mso mcmi meat-ioummie taut oonmers , msimic-im
mimmi:’�-ho- oil sigmuiuic-amico- Ion bimc-ir muolivity at diffoneiml ncccpbors.

INT100IOUOTIOiN

Histmmmnummc (Fig. I ) is a mmiuulo-culo- (of I)ri-

immarv immiPontanec imi �)lmarmmmmucuulogy, o-xertimmg

pcmmserfuml and Sl)OOific I)h�Si0 uhi)gical o-ffects.

fri iimus ro-o-o-mmflv l)ecmm immuo-im interest,

botim timo-uoro-tio-mml mine! o-xpcninmemmtmil, in the

comifoornimutiomimil proipenties cul this nmoleeule,

simmcc-, as msiflu omtho-r J)imaniummiOolougieally tic-

i]uis \\O)nk -a-misSuIp�)ourteo1 by Grant A655-2303
fromum the (‘entro- Ntotiounial de lmo llecherciie 4ciemi-

tiImqmnu-.

360

tivo- t-oimmpoounds, miii tunmdcrsfandimmg oil its
eo)mufonmntitional 1)elmavion is cxpcc-lc-d to 1)e

imuiponta-mmt- for clueidal-ioim oof it s nmo-cimtimmismmm

0)1 aclioon.

Suurpnisiimgly, different theorel ic-al mioo-t hi-

t)ds have ied to strikimmgly diffcnemmt results-

a relatively rare pimemioimuenon. Timo- first

imuolecular uorbital eaiculatioin ms-as performed

by Kio-r (1), using cxtu-nded H#{252}ckc-l theory

Ion mommomcatioimm a of 1�ig. 1, mshieh is the

prevmmilimmg tautonuc-nic and io)nic formmm uml

hisfamumimme at pliysioluugical pH (2). Tiio-
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(0 , the predonuinant nmomtocat ion at physiological

pH, with torsionm angles T� mimic! T2 indicated (the

forni showmi correspoumids to Tm = r2 = 0#{176}); b, the
rare mumonoocatiuomi ; (�, the dicmmtiouni.

toursion angles considered mso-re Ti = r (N1-
C�-C6-C7) and T2 T (C:-C6----C7�-Xi),

previo)us stUdies omm sinmilmmr cmmses imtiviumg
showmm that- limo- third tcursioumm angle, r3 = r

(C6-C7----N�--H9), nuay ho- fixed at- 60#{176},

1800, or 300#{176},correspondnmg too a staggo-red

positioin of thmo- N+H3 gnuoup smith respo-et to)
tin- C6-C7 homid. (Tho- lorsioun aumgle r

betwo-en the honmded atonms A-B--C--i) is

the ammgle i)(-fmvo-en tho- piano-s ABC tmnd
BCD. Vio-mvcd lronm the dircefiomu oil A, r is

pousitivo- four cloockmviso- mimic! ncgativo for

(-(ounterelo)o-kmviso- rofafiouns. Timc- value r = 0#{176}
0�0 orrosponds 10) 1he plaiuar-cis arrammgemmmemit
of bonds AR and CD.) The first oil those

toorsion angles dcfimies but- po)sitioon of the

iilamio- of time- side c-lituini mvith respu-c-f to lime
pltmnio- oil the niumg, anmol lhu- si-c-o)mmc!, the toni-u-

latiomi of time catioimmic ho-mid svitlm nespc-c-t tom

the- rilmg, e.g., tiaios oor ��auc/oe. Time results

imidicate a slight prc-!crcmmo-c loin mmtrans con-
fornmatiomm (Ti = (iO#{176},r2 = 180#{176})mvithm fmvco
secoimdarv yaue/me eumergy nuimmimiia : ounmu- mit

Ti 60#{176},r2 = 60#{176},0.5 kcal/immcile tii)(iVe lime

gloubal mm4iniimmunu, timid time secoumd mit r� = 90#{176},

T2 - -60#{176}, 1 kc-aI/nmoho- tmbouve tiuo- ghoohal
nminimmmunm, mvifh the piano- oil the siclo- c-haiti
almvays oobhque to that (01 the rinmg. Tiuc-si-

exfc-umo!ed Huckcl limo-tort’ re-stilts weno- -omm-
firummo-d rcco-nf ly l)V Gammo-l liii amid cool laluo ira-
tons (2, 3), msimomo-stimmmafed that time lran.s- c-con-

lonmmmo-n is 55-GO (-� mit o-quilihniunu. (kmtic-lhiui

et al. mulscu exto-mmdo-d their e-c)nmmjuutatiouns tom timo-

tautommmu-rio- mumtmumumcaticmnic forum Lu (l’ig. I ),
mmhich lhc-y c-sfimmiate to be 20 � at iih�sioo-

logical j)H, tmnd lou limo- dipromtonafo-d fourmim

C, msimicim siiimuld prevail at lomsv pH tumid lion

mmhic-im tho-v pno-clio-to-o! mmslight lurtimo-r ftuvoor-

iuig ( �m65 � ) oil time loans lomrnm : global emmo-rgy

muminummiummuat Ti 70#{176},r2 150#{176},migainm ms-if ii

tmsoi qauc/oc umminiumma,one at Ti = 70#{176},r� = 60#{176},

0.5 koal/tmmmolo ahuoovo- limo- giooi)al uommo-, tunic!

ammoutimo-r mit Ti = 1 1 0#{176},r2 = - (30#{176},1 .3 kemul
aboovo- fimu- gloobmul oummo-.

Sfrikimmgly c!iffc-mcnmt ru-suits minis oobitmuimmi-ci

iiy tho- PCIIA)’ mimo-tiuoocl (4). Tiio PCIL()

c-oumiounmmmafiuiiial cmmo-rgy muit-ip four limo- juniimc-ipmml

tmiutuoniuo-nic- loorni oil flit- nmommmo�mutioni (1�ig. in)
is n-jun ucluo-o-c! iii 1-’ig. 2 (msho-re I iii- muiiniimimmo

of o-xl ei-ic!o-cl Hfieko-l lheoonv i-i Ouuij)til mmlii ohS

mint- milsuo simo.osvmm loon t-oonimpanisommi) . Timo- no-suIts

imudic-tifo- a �‘o-rv nit-at gloobal o-no-rgy nmimmiimmuun
for mmqa-uc/ie foonnn, smith the j)Itmuii oil t iii- side

c-Imaiim ouuulv mumomc!c-mmitclv immehimmo-ol mvithu no--
spud too flint ouf the nimmg mit Ti = �30#{176},r� =

- 60#{176},mvhic-im is o-lemirly sfromngly stmubiiiz(-d
by mm c-loose appnummuelm i)o-tms#{128}-cmi flu- imo-gmmtivu-ly

c-hango-cl IN1 tufionu oil liii- rinig anid the mmmii-

Imuouniunum gnouup. (loin clistribtiliomum oil 0-1(0--

tn(umuir o-lumongo-s, so-i- Fig. 12.) 1�imo� locus tourmuu

is o-mmlculafo-d too be ai)out 1 1 ku-al, nmoole

ahovo- this glombal mninmimmmunm, ms-hmio-lu nmu-mmums
that limo- coonmpoouuiol is o-xpo-o-ie-c! to o-xist

almumomsl OO)mmuj)lotOlV ihi liui �ja-uc/oe fionun imu its

isolmitu-c! statc-. Thu PCIL(i) results loon limo-

dipruotumnato-ci foonmim (l-’ig. le), pni-si-iutu-c! iii

1 The miluhreviations iiseol mire : P(’IIA), J)-rtunr-

bativo- coumifiguration imuteractioumu using loo-alizcd

orbitals; CNI)O, comimpiete nueglect of difleri-nitial
overlap ; SCF, self-eonisisto-nut field.



120

60

r- 0

-60

-120

E

I �-

120

H
. C.-

-�- #{149}t:? E,

A2 � � 60

A � � A I 0

E2 -� � � - A?

60 120 180 -28 -‘�0 -�0-180 -120 -60 �

--s

60 120

362 PULLMAN ANI) PORT

Fmoi . 2. J)(�//() -oonfornioitiooial o-oieigy niap of
/uostaooiioie 011000010Ohtl(000 (l-�ig. Jo)

Isoocnmergv uurves iii kilocalories per manIc are

SliO)Wmi with respect- to the global energy niminiinmtmnim,

(o)nisiohu-rec! as zero energy. E1 , E2, amid E, more

eoiorgv mninimiia O)f extended lIimekel theory cab-tm-

Imot ions, iii ommclem of increasing uiiergv. C’ is the
gboolual mnininmmmnm ouf ( NI )() ooumimpiutations. A m is

the gboohal eiiergy mniiiimmmuius at iou/jo of the gauche

foirmits ; A2, the Ioo�al emiergy mimimuimnuno ezb in-itio of

the troioo.� fourmims, 21 keal, miiole alu(ove A � . I! is the

(rvstal uo)nifornuat ioumi of lmitotidiiie (5).

I’ig. 3, inmdiomute just. time ouppomsito-. They

pm�Otiit1. mu vu-nv stnoumig jino-fencno-c of the

cu)mmipoUhic! lo or to lu-an-s eo)mmlornmmut ii on, mvith

timo- gbuibtul o-miorgv muuimiinmiimmmmit Ti = 120#{176},

T2 I MO#{176},tuli(1 ml closo- Icucal cno-ngy mmmimminmmummi

mit Ti = 00 ± :300, �2 = l�0#{176},I kc-mml/mmuoie

tib)OiVO liii- glomhtui ouno-. 1mm fmuet, ms-lit-nmr�

1MO#{176}limo- mshmuolo- nammgo- of limo- loans- fuonnis at

mill vmulues O)i Ti is enmc-lomso-d liy thu 2 kcal

immoilo- to unit o Olin. limit-, t lii- sttii)ilify o of t ho-sc

lonnms elo-anlv I)o-imig ohio- too iimiuuimimizmmhiuumi of

lime- ncptnlsioumi bet sso-o-n f-lit- fmso u j)ositive

cemmto-m’s iii this o-ummmlomrmiimifioiii . Tho- �ja l�e/ie

forums arc- Pno-diu-tcO! lii ho- mul)OuUl � ko-mul numole

huighmu-r in i-umo-ngy fhmami flit- baits lommmm, mviuio-h

mimmiy t ho -no-ho un - be o-xpo-ost u-oh ho no�iicscnl

aimmmoost immuioiumo-lvlime isoulato-ol stab- oil l.ho�

OuuiiiJ)O uhlimo!.

It is tioums evmo!onmf fimmit limo- fmso) l)m000-(-(!tuuu-s,

o-xt o-iiolo-d 1-Ifio-ko-l lhoourv tutuol PCIIA), ic-mid

too SU1)StmtmitimillV diffo-no-imf ni-salts, tht- first

pmu-o!io-ling tloo- c-omo-xistc-umo-o- of (/aule/ie and

12

Fici. 3. PCILO oou,oformatio,iu�l energy ioiap of
h i-staniin-e dicali(000 (Fiq. Ic)

Isoueiiergy curves iii kiloucalories per niole more

shown with respect too the gicobal energy mmminimmmumim,

considered as zero energy. E1 , E2 , and E, tire

energy minima of time extended H#{252}ckel theory

calculations, iii order of increasimig emiergy . (‘ j�
the global nmimmimimummmof the CND() colnptmtations.

A1 is time global emiergv mmmininmunm ab in-itio o)f the

trans forums ; A � , tue energy minimnumim ab i,u-itiou of

the gain-lie forms, 8 kotol/mmiole above A1 . I/i

112 , tumid H� are cryst al comifornmations of time dica-

tiomm of histamimimie (6-8).

Iran-s forms for botim c-atiomus with a- sligimt

pno�do ominance 0)1 t he loans form, scoummewimat

greato-r imi the dicatioumm than in the mono-

eatioon, and thu secoimd predicting a strong

preference of timo- lmvom cations loon different

lomrmmms: of the moinocmutio)n four time gauche

lomrm, mmiud oil tiuo clication for a (mans form.

Thmo- PCIL() mmmotimo)d is mmmorc highly ro-fimued,

booth c-oummc-o-ptuaiiv mimic! tecimnicaliy, t-iman cx-

lemudo-d H#{252}okel himu-ory, mind its restilts Dimly

thus be c-ommmsidc-ro-d mmmoire plausiblc� tu priori.

?ilouno-ouven, o-ahu-uultmtiomms carried out by time

nmetlmods oil c-omiiplu-te (2, :3) timid iumfo-nmmmo-di-

mit-c (9) no-go-ho-ct oil diffo-rcimt-ial overlap temud

too agro-o- mvifhm time PCIL() pncdiefioons. The

results oil limo-se o-milc-ulmmtioumus are imicluded in

Figs. 2 amid �3.

Al I luougim I lie c-u)mmmputatioumis imtive been
t-tornic-d otut loon isolated mmmolo-o-umlcs, it is

custoumummmry to) si#{128}k o-oonmfimnmmtition by c-ommi-

l)ar�s��m� msit-im mivailabic- tXl)enimmit�mital data.
Iii liii- preso-mmt- case tmsou typi-s cii data are
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available, one for crystal structure, (ubtamed

from X-ray amid neutron diffraction sttmdio-s,
and the other for the situation in solution,
obtained by NMR studies.

Strikingly, and perhaps again surprisingly,
the experimental situation parallels time
discrepancy between the theoretical pre-
dictions. X-ray results for histamine are

available only for the diprotonat-ed form,
which was studied in three differemut crystals:

as the diphosphate mounohydrate (6), tetra-

chlorocobaltate (7), amid bromide (8). The

three crystals shomv a trans arrangcmu4cnt

of the ammonium group relativc- to the
ring (T2 180#{176})but thro�c different- values
of r1 , o-ciual, respectively, to 90#{176},0#{176},and

0 30#{176},thus courresponding clciscly to the go-mm-

era! prc�dictioin of the PCILO map (Fig. 3).
No X-ray dat-a are available for histanuine

mmuonocation . The closely related histidine
monocatio)n, homvevo-r, imas been abumidantly
immvestigated by several groups (10-14) ; in

this case the NH+3 group almvays appears,

in hot-h curthorhombic and mo)mmociinic

crystals, to be gauche with respect to) time

ring (and the COO- group traios), witim
Ti � 57#{176}aimd T2 � -59#{176},which is very close
to the global energy minimunu of Fig. 2.
This gauche arrangement correspuuimds to an
mt ramolecular interaction betmsi-cn t-im�s NH+3

grouup aimd I-he lone pair-hearing atonu Nm of
time ring. Immdced, a recent neut-roumm diffraction
study, which iuodicatcd the positions oil time
hydrogeim atoms (5), explicitly simowed timis
interaction as a ho-mit hydrogen bound

N1 . . . H-�N+8( . It- was assumed covo-n 30
years ago that hist-amimue itself could form

time samo- type of int-ranmolcculan boumid ; in-

deed, it was considered a prenc-cjumisit-o- for
activity (15).

Although these c-nysl al structures oml)vi-

ously represemmt sclccto-d stable commfiurma-

tions and cannot be extended to) outher possi-

bios fonmmms, they clearly imply that- iimtra-
molecular electrostatic forces, evidemmf- imu time

results of time PCILO computations, arc

domninant at least iii these cases, with a

resulting net- prclerenct� oil the gauche loorm

for mncommcoprotonated histamine and oil time

trans fournm for diprolonmated histanminc.

The second group of expeninmental data

refers to) the situatioun iii aqueous soolution,

as iumdicatcd by measurements of NMR

ecouplimmg o-onstammts loin limo- c-timane-like pro-
tons on at-onms C6 and C7 of time side chain

of imistanmine. 0mm time assumption that (ran-s

and gauche founms arc tho- only ones j)reseimt,

it- is possible to estimmmate their relative pro-
portions frommu these measurenieimfs. Two

such studies have ho-en performed for imista-

mine, one by Gancllimm amid co-workers (2, 3),
amid the other by Ham, Casy, amid Ison (16,

17). Bouth predict csscmmtially equal propor-

tions of the trans and gauche forms imm mono-

protonated hist-amimme, wit-h significant favor-

ing of tho- trans form iii the diprotonated
specios. Tho- sccommd pro)tomm increases the

proportion oil the trans confornmcr from 47 %

to 67 % according too Ham el al. (17), and

from 45 C/ to 55 � mio-eourdiumg toi Ganellin

el a!. (2). Thos energy differences hc�tsvccsn

the loans and gauche conformers imi solution

are thus predicted to be extremo-ly simuall

(less than 0.5 keal/mole). The data provide

fl(�i iumfcunnmation ouum thc- to)rsion mummglc �Ti

These solutiomi no-stilts sco-m in very close

agreement- wifim time predictions of time ox-

t-endo-d H#{252}ckcl theory calculations, amm im-
pressic)Im empimasized by time fact that t-imis

appano-ni agrec-memit extends to studies on

diffc-rcnl mmuet-imvlatcd histamines (18, 19).

Wimcro-as X-ray crystallographic results

favumr lime PCIL() c-onmpulations, NMR

studies in sculuf-ion support- the extended

H#{252}ckc-ltheory computations. It is generally
assummied h-hat time situation in an inert solvent

eonrespo)nds mimore closely thtmmm in time crystal

to commiputations for isolmml-cd mimoulo-eules. Here,

imo)msovc-r, mse are olo-aling mvith aim aqueoius

solutioun, timid limo-no-lore it is difficult to

det-cnmmmimme omm limo- i)aSiS of time existimig data

mvhicli of time Iwo c!ivcngo-nt- comimputations

i)etter r(-prcsemits the initnimmsic o-onformational

pncfeno�mmces of imistmmnminc mono- mumid dica-

lions.

To resoivo- timis clilenmmiimi, mm third, more

refined mo-Ihool is do-sirable. Boifim lime cx-

lcmmclu-ol Huekc-l mimic! PCIL() jirceo-c!uncs tune

scnuio-mpinieal all -vmih-mieo- elect non mo-I imods

intro)dtueimmg oliffo-no-mmt mussunuiut iomms and sinm-

jilificatiouns. Althoough lime PCIL() luru)c-u-dtlre

is munch nmo)re 501l)iiistiomited, it is oluoubllul

i-hat time to-mimimibs of limo- (-xto-mmoho-ol H#{252}ckeI

t hecirv m50)ulld! mmbanolon I ho-in pnoo�o�sa1s comm
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this basis alono-. We fiuu-nefuino- mipphico! too the

problemum time ab inhti() noumempinical SCF pro-

cedunc.

AB INITIO SCF STUDY OF HISTAMINE

MONO- AND DICATION5

We used the Gaussiamu 70 pnograumm (20) omum

aim STO3G basis (21), mshicim imas I)co-n ap-

plied sueeo-sslully to mi nummmber oil o-ommfournma-

tiomual studies (22- 27). l’our the imisianuimme

dication time geornet-ry 0)1 rcl. 6 ivas used,

amid for the nmommocmif-iouim that of ref .12,

suitably nmodified, since it relates to imisti-

dimmo-. Rat-imon thmmn re-evaluatimmg Ihe mvhoile

cormlo)nnmaf-iomma-l map, msimicim is expemmsivo- imu

the treatment ab inilio, ss-t- Sihim�)ly calculatod

the energies of all the trans and gauche comm-

lormers hV rc)tatmg time ring (varying r�)

as time side cimaiim is fixed, wit-h r� 180#{176}

and 60#{176},respectively . This seenmed a justi-

fiable approach, since lit) study immis yet

suggested that a fonnu othen thaim trans or

gauche (i.e., eclipsed) siiumulol be at tin o-mmcrgy
imunimum.

The vaniatiomu imm ab in i/ia c-umo-ngv oil time

loans amid gauche forms oil hisfammmiimc- mimommo-

catiomi as tho ring is rotated is shomsn in

l-ig. 4. The emmergy oil tho- loans form vario-s

little as time ring is notated, noit surprisingly,

simmce iii this lonnm time nimmg-side ehaimu imitenac--

tiomms tine nminimmmal. Time gauche lomrnm, commthe

oIlmen hand, shows a pnommo)tlmmo-ed mimmiummunu

ili the no-giomm of Ti = - 30#{176},tt)rncsj)o)Imding

clearly Ito I-ho- immto-nmicfioui out time N#{176}H3

group with the lone pmmir of atonu N1 of time

ring. This interaction stabilizes the gauche

form over the most stable t-i-ans fornm (r�

- 30#{176}to 30#{176},T2 180#{176})to the extemml of
21 kcal/mole. These two minima lie close
lou I-he corresponding I�CILO minima of

Fig. 2.

The variation imm ab -mum energy of the
trans and gauche forms of diprotonaled
histamuminc is shown iii Fig. 5. Here agaiim time

emmergy oil the trans form varies little as time

ring rotates, but has a snuall miniummumum
tcmward T2 ‘ 180. The gauche form is almsays

higher imm energy than the loans one, with a

mmminirnummi iim the ro-gion of Ti = ±90#{176}.

Timis muminimunm, imomsevcsr, is ai)out 1 1 kcal/

ummole higher imm energy than the lowest trans

iourrn. Again this situatiu)n agrees with the

PCILO results of Fig. 3.

rJ�,h at) -inztio results thenc-fone support limos

PCILO predict-ions oil extremely strc)ng

favoring of the gauche Icunnu of the hist-arnimme

mmmonocation and the trans forum of time dictm--

f-ion. The energy differeimces are approxi-

mmmatclv as large as iii the PCILO predict iomms,
iumdieahiimg I-hat as far as the theoretical
nmo-thods are concerned this is inoleeci the

situation imu the isolated molecule, which

oui)vioutmslv is also preserved in the crystal.

The gncatly reduced energy diffcrenc-es oh-

sonved in Ni’tIR expeninment-s in solutioomm, as

indicated by the coexistence of differemit

forms, presumably result from strong solvemmt

effects. Imu tinder too verily this assunmptioum

�E 4
cal /mole)’

50..

40 -

30-

20�-

10

-180 -120 -60

FIG . 4 . ( ‘oonputation-s oib in ilio for fliOn-o)plOtonated histauoi-i oie (Fig. la)

‘flits (‘mitrgies of the gauche (-m-� = Cu00) amid trans (T2 = 150#{176})formmms are calculated as functiomis of TI

tot momigtnltor imicremmuemmts of 30#{176}.The emmergies are expressed mi kilocalories per mmmole with respect to the

giolual numiimiuunmn (Tt = - 30#{176},T2 = 60#{176}; total energy, -353.9110 tutommuic ummiits) , which is takemi as zero

otmiemgv.
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(kcai/mok
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C

FIG. 5. Coniputations a-b initio for diprotoiiated histanoin-e (Fig. ic)

The energies of the gauche (r2 = 60#{176})and trans (T2 = 180#{176})forms are calculated as ftunctioims of ri

at angular iumcrememmts of 30#{176}.The energies are expressed in kibociabories per mimole with respect to the

global minmimum (Tm = 180#{176},T2 = 180#{176};tu)tal energy, -354.2018 mutomimic units), which is taken as zero

energy.

we attempted to introduce a solvemut effect
imitu) the compUtatiolmS.

INFLUENCE OF SOLVENT

rllhe influence of solvcmmt tin limos eouhmfo)rlmma-

tion of histamine cations was studied by time
‘ ‘microuscopic supermolecular’ ‘ approach,

which consists 0)1 fixing water mmoleculcs at

the most favorable hydration sites of time
cation and calculating the conforniaticmnal
mimap of the new “supermolecule.” The mmioust
favorable imydration sites are determmmined
by studies ab initio on mmmodcl coinpomumids,
fohlcimving the procedure indicated in ro-fs.

28-30. The- co)nformat-ional nimmp of limos ho-ms
supernmolecule, represcimting Imydrated his-
tanoine, was constructed by the PCILO

method, as time hydrated compc)ummd is f 0)00

large for comnputatiomms ab mi/jo. As limos

PCILO results have been shomvn above to

reflect corrcsctly the ab initio results, lime

procedure is justifiable.
Although � cannot expect that limos o-rmtino-

solution behavior of hislamimme camm bo- c-x-

plained by such a reduced trcatmenl ,

expect to) 0)bttiili a reasonable indiealioii of

time directicnm and magnitude oil chaimgo-s mm
conformatiommal preferences oil time isolaf ed
molecule when it enters aqueous souluhion.

From this l)oint- of viemv the inclusiorm iii the

computatiomms oil the essential water mole-
cules of timc- first hydration shell should bc

�)arficulanly significant. To ouur knoumsledge
this is the first attempt at such an extension
in time field of ciuant-um molecular co)mmfo)nma-

tiomimil studio-s.

Calculations ab mum for the ethylammo-
niunu cation (29) amid histamine suggest four

principal hydration sites, which are shown
imm I#{176}ig.6, togetimer with the energies of
interaction calculated on aim STO3G basis

by the superniolecule appro)ach. In both

mommo- amid diprot-ounated imistanmine time

ammmuoniunm group can form three very

ii �
/ H�-

I /
/CH?CH?NH O\

/=b� �1

HN�,N s-- -

/H
7 \ H H

5 kcal/mole /0
H (a)

H H

P

--- - � 28 kca� mole (eich)

-� � 28 kc�l/moIe (eich)

/CH?-cH?-��-H �

�
H N�N� HH

19 kc�I/moOe ____-r

H
(b)

FIG. 6. J-Ii/(lration zitez i-n nina-a- (a) an-il di-

protonate(l (b) Ii istoz-ooiioie

The immteractiomm energies, in kibocabomries per

mole were calculated ab i,o-itio (STO3(1) at N-O

se))arations of 2.7 .-\ o�nm the NFI,+ group and 2.85 A

omo the imimiolazole rimig (e.g., refs. 29, 30).
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agreemnent with recemut expeninment-al studies

on the ionization constammts of histamine

and derivatives in aqueous solution (31).

Figure 8 presents the results for the

hydrated dication (Fig. Gb). In this case
milsou substamutial ehaimges tire observed in the

___________ ___________ resulls for I-he isolated mmioleculc depicted

imi Fig. 3. Although time global cno-rgy mini-

mnum still corresponds too a trans form (Ti =

120 � � 180#{176},T2 180#{176}),it is iiow� himilcd to) nar-

ro)ms. valuos of Ti associated \vitlm the ammf-i-

60 planar arrangenment- oil the side c-ham with
respect bi the ring. Moreovc-n, a lomeal

energy niiniinum appears 3 kcal/mumolc aho)ve
1- 0 the global omme, four a gauche confounmmien at

Ti = 180#{176}, T2 90#{176},and ano)ther one

-60 5 kca-l/nmole above the global omme at- Ti =
-90#{176}, r2 = -60#{176}, suggesting timo- possible

/� occurno-nco of such comulormers imu equilibrium
-120 � with the predominant trans one, but in a

� smaller prouport-ion thamm expected for the

� - mmiono)cation.
-180 L � -6�0 � 60 1�0 ��80 Altogether f-he no-suits for time hydrated

1- o-mltio)mms indieato- a striking influence 0)1 lhe

su)ivafiolu effect- omi mmuolceular eonformatio)mm.

‘sloono-ovcr, tiuis o-ffec-t, svimieh lends lou reduce

time o-xtrcmc situmufiouu iircvali-nt ion isom-

ltutcd nmolo-cules (to vu-mv stroumg l)rcdomi-

umamieo- of omuc- of limo- oounloonmers, tran.s iii.

FIG. 7. I�(’IL() (o)Olf()!010(ltO()oI(ll eooergy iiio�tp of
Ii y(lrated -noonoeatioon of h is lanui iu c (Fi q. 6a)

Isoeumergy curves in kilocalouries per nuoule tire

siiownm wit-h respect too the gbc)bal enoergy nuiniinnumn,

t ako�ri as zero emiergy.
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ostmergelio-ally lavorablo- luydrogemm bomids fo

watem- (28 kcal/nmole each). In the mono-

protommated mc)lecule a loiurtim ms-titer molecule

camm act as proton doinor to the lone pair on
N1 (emiergy, 5 kcal/unole), while in time di-

protonat-ed species it can miet as a proton
accept-or from the N1�H hound (energy,

19 kcal/niole). The high hydrogen-bomud
energy when the nitrogen is ciuaternized is a
imotable feature.

With this mvater fixatiomm scheme as a

starting point-, the PCILO conformmmatiomual
energy maps for hydrated eations are pnc-
sented jIm Figs. 7 amid S. Figure 7 gives the

results four the hydrated nmonocation (Fig.

Ga) and indicates a profoummd change wit-h

respect to the results for time isolated nmole-

c-ule depicted Ihi Fig. 2. In place of one deep
uiminimummm for the gauche forum in Fig. 2, we

mmoms- ohsc-nve gauche (Tl = ±60#{176},T2 = ± 60#{176})

and trans (Ti = ±30#{176},T2 180#{176})minimmia

of eoiual eimergy . Time loans miimimna are moire

extended and will thus ho statistic-ally

favored. The results suggo-sf time lum-o-semmceof a
mmmixturc of conlonmmuers in solutiomi, mvitli a

predominaimce of the trans form. No hydno-

gen bond is mio)ems c-xpcted helms-co-mi I-he

emiticumuic imead aumcl lhe iniidazole nimig, in

180 ---- ------�- -- -___________
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gauche) , brings the computed results into
qualitative agreement wit-h the NMR dat-a
for the corresponding molecules in solution
(a mixture of tautomers with the trans Icirm
predominating, to a greater degro-c in time
dication than iim the monoeation).

Although I-he trend predicted Ion flue

solution effect is certainly significant, we

are reluctant to assign it a ciuammtitative
value bec-ause of the approximation in-

volved in the imiodo- 0)1 approach. Thus it
seems probable that lime energy vaniatic)ns
as a function 0)f Ti and T2 may he snmootimer

than depicted, because, for practical rca-
sons, we did nO)t- optinmizc the positiomns of
the wato-r molecules for (-ach value ouf Ti

and T2, nor did we take immto aeeouumml the
effect of the next hydration shell. Nevenlhe-
less I-he essential features of limo- trend

certainly depict correctly tho- o-voulution
from isolated molecules to time siluatioon in a
water solvent. The trc-nd is a huffo-ring onc-,
diminishimmg I he ml ran-molecular attractive

interactions promimient in the isolated nmcuno-
cation amid reducimmg the int-ranmoilo-eular re-
pulsive interact-ions pronmimment in limo- isolato-d

dication, thus bringing the two spocics closer

together fronm the viems-poimut of o-oimuforma-
tional possibilities. Under these circum-
stances it seems imecessary Ito admit that
the solvent effect has a stronger immfluence on
the molecular confornuatiomu than crystal

packing forces, which secnm to alter very
little the intrinsic preferemices oil isolated
cations.

The results also permit a ralioumal cva!ua-
tion of the significance oil the ext ended
HUckel theory conmputatiomms and cml their

apparent agreenment mvith the situaticomi in
solution. This agrc-o-meimt has too be c-ion-

sidered as largo-ly accidental ; i)crhaps a

better explanation is that , by undc-rvaluing

both attractive amid nu-pulsive intramolec-

ular interactions in isoulafed molecules to
the point of finding mio significamit- differ-

ences betmveen the slructurc-s of tho- moimo-

and dications, the cxt.c-ndo-d Hucke-l method

corresponds to somc do-gros- tom limo- sit nation

produced by thc- ilmlcrvcnfioumm of solvemmt

moleculo-s and thus satisfactorily do-scribes

the sittuatiooum in ssater. It eoouulel be said timat

ext-ndo-d Huckc-l theomnv tako-s tho solvent

effects into account mvitimonil mollomving Icon

them, html- I-his gives unoha- o-redit to time
method . This unmsilf ing ‘ corrceI ion ‘ ‘ for
the solvent effect , ounce immcluo!ed for time
basic histamine skeleton, is svstcnmatieally
carried over to its donivahivo-s, muecomuimling
for time satisfactory correltifiouuu loumid by

Gammellin et al. (2, 3) betmsc-o-n the osxleimded

H#{252}ckel theory iiredictiourms mimic! time Ni’�IR
results for a serio-s oil metiiylhuisfammmimmcs.

Rare Illanocation Tautomei- (Ii’ig. ib)

Our discussioim 0)1 the rnommu)ealiomi oil his-

tarnine was limited to time N3H imiufomer

(Fig. la), mmhich seems too ho- time preolcnmmi-

nant species at- physiooloogical pH. In vu-mv of

the P”#{176}-astudy of Ganellin et al. (2), iii usvcvcr�

I-he tautomer N1-H (Fig. lb) nmmiy he

present in aqueous soluliomi imu hit- liropor-
tiomu ouf about 20 %. It mmmust timcnefoorc be

considered a possible active spo-c-io-s cof
histamine, at least imi sonic of its nianifesta-
lions, particularly as histamimmo- is kmucmmvrm to

ac-I at a number of reco-ptons. We- therefore

extended our studies tom this ttuutcommmc-nic

forum, iii hcitim its isolmuteol timid imyc!ralcd

st-ales.

Figure 9 presents the o-omufourmational

energy map of the nmoomuuoc-tutiumn oil h-he iso-
lated N1-H tautomer. It-s distinctivc- feature
is the location oil the glombal eumo-rgy mmmini-

mum at coordinates repro-si-muting a gauche

conlom-immer (Ti = 180#{176},TI ±60#{176}) with a

secondary energy immininium, 0.5 kc-al/moie

above the global one, at T� = 1 20#{176},r�

-60#{176} (amid synmmc-trically at r� = - 120#{176},
T2 60#{176}).This c-oniomrmmmo-n differs fncunm the

predoonminating N3-H omme, iuomvevo-n, in the
stereoehemTuical features related too tiuo- toirsion

angle Ti . As alro-adv stato-c! in time iNTRO-

DUCTION to this papo-r, fhe tc-rmimuology
�jane/oe or trans rebut-c-s too tiuc- vmmltme cif the
torsion angle T2 . Aim inmportanf- so-cond

conformatiormal feat urc, imomso-vcr, is given

by Tl , whose value detc-rmuiino-s the over-all

plane of lo)cation of tho- sido- chain with

respect to the ring. Tl = 0#{176}or 180#{176}come-

spoimds to the C5-C7 1)oummd localeo! in tIme

plane of the inmuidazolo ring on time sido- of

atom N1 or C� , r(-spcctivc-ly, mine! -r2

90#{176},to its lo)cation po-rpo-ndio-ulan tom this

plane. The preferred co mumfommimmifioinus of I lie-
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180

120

60

Ti 0

-60

-120

_180 -‘20 -60 0 60 120 180

Fio, . 9. PCJLO confoironatio-,oal energy onap of

monoeatjo-ot of rn-re N1- -H Ia-oitonoer of histanoine

(Fig. Ib)

Isoemiorgy curves in kilouoalories per mole tore

showmi with respect- to the global emmergy minimum,

takemi mis zerou energy. E1 , E2 , amid E, are energy

muminummma- of time extended Iltickel theory calcula-

tiomis, imi order of increasing energy. C is the global

energy nminuiniitunm of CNJ )O calctilations.

tmmo tmuutomumers, X�-- H amid N1--H, differ es-

senfiahlv by Ihe vmuluc- of Ti : whereas in the
N3----H taulomnmc-n afuimim (17 i5 positioned

slightly above i-he plane of time imidazole
nimig oumitime side oil N1 , it is iii the plane of the

niimg bitit- 0)11 time side of C4 at the global
mumumminmmuunumoil time N1-H t-automner and sounme-

mviumot tobuoivo- limos plane of time niimg but slill

on time sic!o- oil C4 at time secondary 10)0-al

muiinmimliumui ool this fmuutoummmer. Apparently the

ropulsiommu hctmso-o-mi flics positively charged
ammmmimoomiitmmmugrotup amid time positively cimmirged

N1 is I0S1)uuiiSii)li loin lime switching of time

amimmmuooniitlmmmgroutup lii time sido of C4 in I-he

Nl�--1-I ttu-ulonmu-n. Although this repulsion
does muoot so-i-n-i too bit st-nommg enough to make

limo- loan-s commfonmimer of time N1-H tautonmer

time J)mt-fenrc-d omuc, limo-re appears in Fig. 9 a-
itucal o-mio-mgy mimmimmmummmfor the plamuar-trans

lonmum mit Ti TI 180#{176},4 kcal above I-he

gloobmml ouno-, timid timis represents another dil-

loromuc-o- bo-tmveemu time N1-H t-automer and

time N: H one, imu mshicim limo- energy gap

1)o-tmvo-c-mi flue lmsou loorumms is mumucim higho-r.

For cuommmputatic)mm of limo- conforrnat-ional

eno-ngy map of hoe imydraled species of the

N1- - H tautommuer, time hydration scheme of

big. 10, immmplyimmg 4 attached wato-m- mmuole-

cuics, ms-as used. Time rcsuitiumg colmio)nmmia-

lional enorgy mmmap is nopresented jim Fig. 1 1.

Surpnisimmgly, at first sigiut, it siuoms-s a

glouhal eumergy minimmiummm for a gauche form

with T� = -90#{176}, T2 -60#{176} (and time sym-
metrical coordinales �rl = 90#{176},TI = 60#{176}).
Exanmination of time correspomiding model
indicates that this particular lormn appears

to l)e stabilized by an interaction of Ihc- lone
pair of time oxygemu aloumum of one oil the ms-ater

nmoleculcs attacimo-d too the N+H3 group mvith

I-he hydrougen alommm of the N1-H bond.

Should this somemvhat questionable con-
formation prove incorrect, the results of

Fig. 1 1 would suggest a possible couexistence

of other �jaucIme commfomnmations (Ti = 150#{176},
TI 60#{176},and the symmmmmuctricai o-oomrdinates

Tl - 150#{176},T2 60#{176})msith lime loans one
(Ti T2 180#{176}).In contrast to I-he situa-

lion prevailing wil.h limo- imydraled N3-H

tautomer, Ihe gauche emuergy minimum in
I-his case is still 1 keal/niole nmore stable

than time trans omic. If thus appears possible
that time tmvo tautomers imave somcmvhat dif-
fero-nt eommfourmationtil pnefereumces, timid this

siluatiomu must i)e kept in mimid in ro-lation
lou time pimmmrmmuaeological activity oil histamimme,

especially sinco- lime t-mso 1-automers also differ

in a number of clc-ctromiic properties. Figure

12 simomvs the distributiomm of time eleclronic
cimarges in the tmvo stable trans eonfuormumers

of the tmso tautoimmo-rs (o-onlonimmatioumm Ti =

30#{176},r2 180#{176}for t-atilommier N3-H ; con-

lommmmatiomm r1 = T2 1SO#{176}four faulcumcr
N1-H). Time disfimmc-t diffc-renc-c-s in charge

disfribtmtion an- -leanlv visiblo-.

�N- Triinelhylhistano lit-c

N1\-IR results in soilutiomu (2, 1 7) iumdicafe

that eli- mind panlicultmnlv Iniimmefimylmitiomm of
the amimmo nil-roigemm of hist amimme c-ations

incro-ases stibstant-iahlv lime prouponl-iomm of the

trans form i�u time o-i1tmilibnium nmixture, up

to mihcout SO % iii limo- Inimmmo-Ihyl clo-nivalivi- of

the nmommouo-al-ioin oil lho N3-H Immuloummuer and

to) about 90 % iii time tnimo-thyl do-nivative of

the dicatioun (2). We investigaled Ihis phe-

nommmommc)n, using time monocat-iomm of the N-tn-

nic-thylated denivativo-s of I-hue pro-dominant

N 3-H tautoumen. Time coumlonmmuat i(mmimll energy

nma-p 0� this denivalivos (Fig. 13) inmdio-a-les a

very significant o-hmimmge mvitli no-spo-et to time
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FIGURE. 10. Hydration sites in rare N1-H tautonoer of histcznoiioe (schematic diagram-)
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FIG. 11. PCILO coioforouoatiouoal energy otoap of

hydrated -nuooooation of Ni-H tautomer of his/a-

noine

Isoenergy curves in kilocalories per mio(ile are
shown with respect to the global energy mmmimmimunm,
taken as zero energy.

parent nonmethylated conupound, whose
conformational energy nmap was presented in

Fig. 2. Although a gauche form at T2 = 90#{176}
still represents I-he global energy minimmium,
it is associated with a different value of

Ti ( = 180#{176}inst-cad of ±30#{176}in the present
approach) and moreover is imearly de-
generate, with a local emmergy nmimmimum

(0.5 kcal/mole al)ove the global one) cor-
responding to a trans fomnu (Ti = T2 = 180#{176}).
N-Trimelhylation thus has time obvious c-f-

feet of bringing clo)ser time gauche and ti-aims

minima, thereby increasing the relative

importance of time loans confornuer mvith
respect to the situatiomu in I-he parent cation.

The replacement of time amino imydrogen

atoms by methyl groups mmianifestly imihibits
the very strong interactiouns ohsc-rved in the

parent compound between the N�-H bonds
of the cationic head and N2 of I-he histammiinic

ring. The theoretical results for limo- isolated
molecule, however, still suggest slight pre-

domimuance of a gauche form, mvlmo-reas the
NMR results cited above iumdicate a strong
preponderance of the trans formmi mi solution.

In order to solve this puzzle, f-lie conforma-
tional map was recomputed for time hydrated
form of the monocationic trimethylhista-
mine. In this molecule there is one outstamid-
ing hydration site, consisting of atoim N1 of

the imidazole ring. The calculations were
thus performed for lime supenummolecular

species of Fig. 14, and the resulting con-

fornmational energy map (Fig. 15) shows a
distimmct displacement of the global mimminmum

loivard Ti ±30#{176},r2 = 180#{176},comno-spoindirug
to a trans form. No specific energy mimmimum

tippears for any gauche form, mvhicim svo)uld be
2-5 kcal/mole higher in cimergy Ihaim time

trans for��. In this case again tho o-xplicit

inclusion of the solvent effect by time super-
molecular hydrated model bnimigs theory
and experiment into close agreo-mcnt.

CONCLUSIONS

Time principal conclusioins ssimiclm c-mimi be
drawn from this study are timreefoold. First,

fronm time nuetimodological po)int of vicmv the

confirniation by the a-i) limit in coimmmputat-icmmms

of time correctness of lime PCILO no-stilts for
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FIG. 12. �Vet electronic charges for comparable extended conformations of the two tautomers of histamine

nu-000cat-oo)n (ito. ele(-tru)n units) a. PCILO charges, usual tautomer (at Ti = 0#{176},T2 = 1800). b. PCILO charges,
rare tautomimer (at Tt T2 = 180#{176}). C and d. Correspomiding charges ab iou i/in.
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siiown with respect tcu time global energy mininmum,
taken a.s zero energy. E is the global minimum of

o-xtemoded Htickel theory ealciul at-ions.
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free molecules represemits even further dem-

onstration of I-he precision of this method,
which, together with its remarkable effi-

eiency, makes it an excellent tool for time cx-
ploration of the confomnmahional aspects oil

pharmacology. Secomud, the study demon-

strales the importamuce, at least in this case,

oil Ihe solvation effect, and shows the possi-

hility cml taking account- of it by the super-

imiolecultir approach. It- is clear that, ovcn
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2. Ganellin, C. it., Pepper, 1. S., Port, G. N. J.

FIG. 15. PCJLO conforiuoational energy uooap of

h ydrated noonoealio,o uuf V-trinoethyllu is/amine

Isoenergy curves in kiloocalories per nicole tire
shown with respect to the global emiergy mimuimimum,

taken as zero energy.

limited to the imilnoduclion uI time first hv-

hydrat-iomm slmc-ll, careful applicatioim of this

procedure leads to significant results, which,
at least qualitatively scent quite satisfac-

tory. Broader exploration of the potential
usefulness of such a procedure is still

needed, although it appears pronuisiumg.Fi-

nally, the conforniational and clo-cfroonic
differences revealed betms-eemm time tmsou possible
monocationic species 0)1 histamine at physi-

ological pH suggest significant prol)ahle dif-
ferences in their stenic and chemical inter-
actions mvith possible cellular targets and

denmand careful investigatio)n into their sciec-
tive or differential involvement at the Iwo
receptors (H� and H2) which have been
shown to exist for histamnine amid its deniva-

tives (32, 33).
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