May 1968

is difficult to estimate since it would only be apparent
in the correlations or in the determination of log P
values. The rather good agreement between log P,
and m, for both aliphatic and the more inflexible aro-
matic compounds does not reveal any discontinuity.
From some preliminary work measuring partition co-
efficients, it would appear that at least for some systems
m for eachh CH, unit is constant up to at least 10 car-
bon atoms. Of course this holds only as long as no
electronic or dipolar interactions promote intramolecu-
lar hydrophobic bonding.®® The extreme difficulty
in measuring partition coefficients of apolar groups
larger than this leaves some uncertainty about the very
large aliphatic compounds in Table I. This presents
1o problem for the results with gram-negative bacteria
shown in Table III. While there are several instances
where folding could occur with long chains of the
molecules on which the data of Table V are based,
comparison of the log P, for the rigid phenols with the
flexible aliphatic amines does not reveal a significant
difference in log Py. For the six more rigid structures
we find a mean log Py of 5.8 and, for the five flexible
examples (including the quinine derivatives), we find
a mean log Py of 6.0.

As mentioned above, it must be strictly borue in
mind that the log P values we have used are for the
neutral un-ionized form of the molecules. This poses
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no problem for the compounds of Table III; however,
for the molecules of Table V we are comparing quite
basic amines, of which only a very small fraction
would be in the neutral form under test conditions,
with relatively un-ionized phenols. The fact that we
find the same log P, for these amines as we do for the
phenols and ureas would indicate that the un-ionized
form is more suitable to consider in correlation studies.
The partition coefficient of the ionized molecule would
be greatly different from that of the un-ionized form.
Exactly why one finds very similar log P, values for
highly ionized and un-ionized molecules as well as
rather rigid aromatic and flexible aliphatic compounds
is not apparent and suggests an important arca for
further study.

In sumimary, one can say that octanol-water parti-
tion coeflicients coustitute a very useful reference sys-
tem for comparative biochemical and pharmacological
studies where hydrophobic bonding is involved. Log
Py also appears to be a useful constant for the study of
the movement of organic compounds through biophases.
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Eixtended Hiickel molecular orbital calculations on the histamine molecule reveal two conformations of nearly
equal preference, on the basis on calculated minimum energy. Neither conformation involves intramolecular
hydrogen bonding. Population analyses reveal the charge-density pattern of the imidazole ring. The dual
activity of histamine is proposed to be a consequence of the existence of two preferred conformations in equilib-
rium, One of these conformations places the quaternary nitrogen and the (tr’trtr«) nitrogen of histamine 4.55 A
apart, which is quite comparable to the 4.8 A estimated for the internitrogen distance in the antihistaminic tri-

prolidine.
on this basis.

An assignment of each histamine conformation to one of two histamine effects is provisionally made
This explanation of dual activity is comparable with that offered for a similar situation found in

previous calculations on acetylcholine, muscarine, and nicotine,

Histamine (I) is known to produce a series of well-
characterized biological responses when it is released
from storage cells by the influence of trauma or chemical
agents., A number of other molecules are known to
produce these responses, but histamine is the most

NH
3
HC—C/CHZ\CHZ/ __CHew
N7

\
—N~
\

CHg

active compound known and renains the prototype of
histaminic activity. It is evident that the histamine
molecule must present near-optimal electronic features
to its receptor. To date, several studies have been
directed toward elucidating the features of the mole-
cule that are necessary to elicit biological activity.
Lee and Jones! have suggested that an important
structural feature is the fragment II, in which the ring is
a small aromatic nucleus. Neimann and Hays? have
suggested that the univalent cation (the predominant
form at body pH) will exist in a hydrogen-bonded form,
III. These authors felt that the ability to form this
hydrogen bond is a necessary condition for histaminic
activity. Lee and Jones,! however, observed that,
although all of the active compounds they studied were

(1) H. M. Lee and R. G. Jones, J. Pharmacol. Expll. Therap., 95, 71
(1949).
(2) C, C. Niemmann and J. T. Hays, J. Am. Chem. Soc., 64, 2288 (1942).
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capable of formning sueh a bond, many compounds that
could conccivably form suelh a2 bond were inactive.
The question of the necessity of this hvdrogen bond for
activity ix one of the problems to which the present
study was addressed.

Alterations in the imidazole 1ing have led generally to
abmpt  lowering of activity "' However, these
studies have not revealed any evident relationship
between structure and aetivity. = electron deusity
ealanlations of the imidazole ring IV by Brown® and of
the thinzole ring V by Pullman and Metzger® failed to
explain the different levels in the activities of 1V and
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histanine.  These  caleulations,  however, did  not

consider ¢ cleetrons, were made with different param-
cters, were made on the aromatic ring only, and did
not consider possible stercochemical differences in the
chain,  Stercocheniical differences seem to  emerge
from all of the work done us a structural feature just as
mmportant as atom placement in the small aromatie ring.
A recent review by Barlow touches on this/?

The intnitive assessment  of  the jpreferred con-
formation becomes less relinble as molecules inerease in
size and  “fexibility.”  What s needed is a more
fudamental method to evaluate conformational pref-
erence.  The beginnings of this approach ean be
found i reeent advanees in quantum mechanies. A
particularly promising method has been devised by
Hoffmamn in which Hiickel mnolecular orbital formalism
ix extended to all valence electrons, a method referred
to as extended Hiekel theory (WHT).S  All overlap
integrals are considered, henee the eigenvalues are
geonietry dependent.  The method is based on the use
ol a single paraineter, the ionization potential, to define
the Conlomb integral and to caleulate the appropriate
resonanee integrals. The method has met with sig-
nificant sueeess in caleulating the preferred confor-
mation of hydrocarbons, both aliphatie and aromatic
and n the cation formi.  In a recent study, we have
extended the method, for the first tine, to the pre-
diction of the preferred conformation of a heteroatoms-
containing molecule.”  This snceess has prompted s
to mse this method m the study of the preferred con-
formation of biologically nuportant molecules,  We
have alsa calenlated the preferred conformations of
acetvicholine, nmmscarine, and  1musearone.¢ Our
ealeulations  predicted  preferred  conformations  for
acetvicholine and muscartie practieally identical with
the conformations reported for these molecules by

33 3. 1. Grossman, (. Robertsun, sl (. F. Roslere, J. Pharmuenl,
Eeptl. Therap., 104, 277 (19521,

(4} J. (. Sheetan aml €. A. Robinson, J. Am. Chene. Suce., T1, 143G
19401,

(71 R, D), Brown, Anddralinn J. Chene, 8, 100 (197571,

(6) A. Pultiman and M. J. Metager, Bull. Sov. Chim, Friowe, 16, 102
{1948).

(7} R. B, Barlow. "Intradoelivn to Chemical Pharmacology,” 2l wl,
Jobn Wiley and Sous, Tine., New York, NoY., 1964, bl

181 R Hotfman, J, Chem, Hhyx,, 39, 1307 (19631,

v 1, B Kier, Telradabron Lelters, 1233 (19671,

£10) 1. B. Kier, Wol. Fhurmucol,, 3, 487 (10967).
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Xeray analysiz of their crystals,  These caleulations
showed that the heteroatoms in eacl molecule were of
similar distance from each other in cacli caxe. It is
not possible to state conelusively that these moleenlar
orbital ealculations prediet the preferred couformation
in solution in the biophase.  Nevertheless, the striking
coinctdence of smilar biological activity and similar
heteroatom placement i the ervstals and m the
caleulated preferred confornmtions is highly suggestive
that the approach has cousiderable potential value,
Thix is particularly true if it can be =hown, as was the
case with muscarime and muscarone, that the barriers
to rotation arc quite high. It would be snspeeted then
that the same preferred conformation would be fonnd
even in o solvating medinm or nunder the perturbing
wmfluence of a reeeptor,

In addition, we have nsed the EHT method to study
nicotine, ealenlating a preferred conformation of the
uteotinimm ton that is i agreement with nmr sohition
studies.'!  From the calculated electron densities of
the atoms of nicotine. we have concluded that the
secondary binding site i the molecule is the negatively
charged nitrogen atom of the pyridine rmg. The
position and charge of this atom corresponds quite
closely with the carbonyl oxvgen of acetyleholine i
its preferred conformation.

Using the same ethod, Giordano, et al., have
recently  studied the conformations of 2-formyl-N-
methvipyridininm  oxime.'  Their resnlts  also  in-
dieate the possible utility of IEHT ecalculations for
predicting preferred conformation of drug moleciles.

We endeavored in this study to apply these quantim
chemieal techniquies to the study of histamine to deduce
the preferred conformation of the molecule and to gain
some nsight into the total electron density (¢ 4+ ) of
the aromatie ring atoms.

Experimental Section

11 is probable thar ai physiological pH, histamine exists as a
monovalent cation with the side-chain amino gronp protonated.
This group has a pA, of 9.70, whereas the ving (tr*trirs) nilrogen
has a pK, of 5.90.%  Accordingly, the present caleulations were
made on the protouated hislamine molecule. The bonds were
assumed to be of standard length, using the values suggested hy
Pople and Gordon.?*  The Conlamb integials, Hy;, were approx-
iimated as rhe valence-state ionization potential<.1%1¢  The off-
dingonal matrix eleinents, H;;, were evaluated hy the approxi-
mation developed by Molliken!™ and Wolfsberg and Helmholiz®

f[;j == —0-)K(l[,1 -+ lljj);b‘lj

where S;; s the overlap integral and A ix a constant =et eqnal 1o
1.75. The total energy was caleulated as 1wice the st of 1he
energiex of all occupied orbitaly, to aeconnt for donhle eleciron
acenpaney.  The conformer having the lowest ealenlaied total
cuergy was assimed to be the preferred one.

Results

The major variation in total energy occurred with the
rotation of the C~C' side-chain bond. Rotation of this

(11 L. B, Kier, 150/, 4, 70 (1968},

i12) W, Gigrdana, 1. R Tamann, 10, Harkins, aml 100 Kaalman, 1/,
3, 307 (1967,

(13) M. Levy,J. Binl. Cheme, 109, 361 {1935y,

(14 J0 AL Pople amt M. Gordon, J. Am Chem. Sov., 88, 4233 11067 ).

15 R. Hoffman, J, Chen. Phys, 40, 2745 1964y,

161 I Maovoknaa, 11 Rato ‘1 Yoaezava, aml Ko Foakad, Boll, Chen,
SoweLJugni, 38, 12633 (10051,

P17y R Mullikan, J. Chim, 'hys,, 46, 497 (1949},

(18} M. Wolisberz anil 1. [lelmbolz, J. Chem, Phys., 20, 837 {(105Y),
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Figure 1.—Angle of histamine side-chain rotation, 8¢_¢, and
calculated total energies.

bond through 180° by 60° increments produced the
total energy vs. angle relationship illustrated in Figure
1. The minimum energy was found for the conformer
in which the side-chain atoms are all staggered from
the ring, where 6cc = 180°. Table I compares the

TasLe I

SipE-CHAIN RoTATION ANGLE, fco, WITH
ENERGIES AND DISTANCES

—-—-—Interatomie distances, A —
8cp, deg Total E, eV N+toNg *NHtoNgE *NtoN<
0 —-797.737 2.13 1.79 4.34
60/300 —800.120 2.86 2.07 4.83
120/240 —799.872 3.93 3.76 5.70

180 —-800.189 4.37 4.78 6.08

total energy values for each rotamer and for key
interatomic distances. It is evident that the rotamer
corresponding to the postulated quasi-bicyclic system
IIT is the least energetically preferred. The energy
between fcc = 0° and fcc = 180° is 2.45 eV, which is
substantial, even allowing for the exaggerated values
characteristic of EHT-calculated energy barriers.
This finding would argue against a hydrogen boud
between the N+ and the (tr?trtrm)N having this con-
formation.

It is to be noted that a secondary minimum occurs
for the fcc = 60° or fcc = 300° rotamer, as illustrated
in Figure 1. Numerical values shown in Table I
reveal an energy difference of 0.069 eV (1.61 kcal)
between these two minima, which are separated by a
barrier of approximately 0.28 €V (6.5 kcal). Although
precise energy values are not possible with EHT
calculations, one can derive reason from the relative
calculated energies. At this point in the calculations,
it would appear that the major conformer involving
the side-chain C-C bond would be the ¢ = 180°
rotamer, with some small probability of the 8cc = 60°/
300° rotamer participating.

HisTamiNE MoLECULAR ORBITAL CALCULATIONS 443

~799.60 .

§---—
~799.70 \

~799.80

T

-799.90

E,eV
I

-800.00

0 60 120 180 240 300 360
Rotation Angle(6ying.c), degrees

Figure 2.—Angle of histamine ring to side-chain bond, 8;i,._c,
and calculated total energies.

An examination of the 6cc = 60°/300° rotamer
interatomic distances, given in Table I, shows the
N f-to-(tr2trtrm) N distance to be 2.86 A, easily within
Nevews H—XN+* hydrogen bonding distance. However,
the geometry of the *N—H hydrogen atoms will not
permit an approach any closer than about 2.0 A
between the H and the (tr’trtrz)N. Hence, it is
unlikely that a hydrogen bond bridges the two nitrogen
atoms in this conformation, because of an unfavorable
geometry and less than minimal energy considerations.

To search further for the minimum energy, the
rotamers possible with the ring-C bond must be
considered. Since the C-C bond rotation produced
two minima of reasonably close energy values, it seemed
desirable to calculate further for a possibly lower
energy minimum occurring with each of these C-C
conformations. Accordingly, both the 6cc = 180°
and fcc = 300° conformations were subjected to
calculations involving rotation of the ring through a
full cycle. Figure 2 shows the calculated energy for
the various ring—C rotamers for both the fcc = 180°
and fcc = 300° conformations. Because of symmetry,
the variation of the 8cc = 180° conformation repeats
twice per cycle. With both C-C bond couformations,
a deeper energy minimum is found at 6.n,—c = 180°.
Tables II and IIT present the numerical values of
energies and key atomic distances. The lowest energy
value is found for the fcc = 180°, fing—c = 120°
conformation VI. But this conformation is ouly

TasLe 11

RING-ROTATION ANGLE 8;ing_c FOR fcc = 180° wITH
ENERGIES AND DISTANCES

Interatomic distances, A———

8ring—c. deg Total E, eV *NtoNg *NHto N NtoN<
0 —-800.095 5.07 5.22 5.74
60 —-800.171 4.90 4.95 5.83
120(VI) —-800.224 4.55 4.72 6.00
180 --800.189 4.37 4.78 6.08
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Figure 3.—Histamine monocation total (¢ + =) net charges.

TasLe III
TNG-ROrATI0N ANGLE, Oring_c, FOR fcc = 300° wITH
ENERGIES AND DisranNces

——-=1lnteratomie dislanees, A-—— -~

Orine—C. deg Total B, eV *NtoNg *NHwNg *NwpN<
0 —~799.670 4.23 3.75 4.17
60 —-799.686 4.22 3.74 4.17
120 (VII) ~800.213 3.60 5.02 4.52
180 ~-800.120 4,86 2.07 4.83
240 -800.139 2.87 2.09 4.83
S00 ~-800.161 3.62 3.04 4.51

0.011 ¢V (0.25 keal) lower than the 8¢ = 300°, Bring—c
= 120° conformation VII.
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The NT-to-(tr*trtro) N distances in neither con-
formation are close enough to expect any hydrogen
bonding to occur. Conformation VII has an inter-
nitrogen distance of 3.60 A but the closest hydrogen
atom onn the N7 is over 3 A from the (tr’rirm)N;
hence, hydrogen bonding is ruled out in these cases.

The choice as to which conformation VI or VII
prevails remains problematical. The very slight cal-
ciulated cnergy difference between the two niinima,
0.25 keal, is possibly exaggerated.® Very likely an
cquilibriunt cxists between them. In Figure 2 we
have shown the caleulated energy for the 8¢ = 240°,
Brine—c: = 120° conformer. This conformer is inter-
mediate between VI oand VII when the C-C bond is
rotated and represents an encrgy barrier between VI
and VII of about 0.24 eV (5.5 keal).  (Sce Table IV.)

TasLg IV
SIE-C11AIN HOTATION FOR Oriyz¢c = 130° wird ENERGIES
gce, leg Tolal v, eV
180 (VI) —800.224
24() —-799.976

300 (VID) —-800.213
If the calculated energy difference of 0.25 kcal between
VI and VII is assumed to be approximately correct,
then it follows that VI would prevail to an extent of
about 609 in equilibrium with VII.

Population analyses were perfornied on the preferred
conformation VII and are reproduced for the ring as
total (¢ + =) net charges in Figure 3. The (trtrtrr) N
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beurs a very substantial negative charge, whereas the
(trtrtra®) N is mueh less electron rich. A substantial
posttive eharge ix generated on the carbow atom flanked
by the two nitrogen atoms.  If the quaternary nitrogen
atom af the side chan is regarded as a primary binding
sife ta a receptor, it i quite likely, in view of the
conmion oceurrence  of the fragment I nmang
histaminies, that the seeondary site s the (tr*trtra) N
and it 18 highly electron riclr.

Discussion

The finding of two significantly different, bt nearly
equally preferred conformations for the histamine
eation, by these quantim chemieal caleulations, raises
an extremely interesting question.  Can the histamine
molecule funetion 7n vivo to elieit two types of biologieal
respouses from two different receptors, one for cach
conformation? Ilixpertimental evidenee suggests that
this is quite possibly the case.  This dualistic behavior
manifests itgelf as gninea pig tleum stimulation on one
hand and gastric sceretory stimulation on the other.
Ash and Schild have obtained evidence supporting the
view that histamine receptors may be differentiated
into at least these two elasses.’® In their study of
histamnine analogs, they observed structural require-
ments for the histamine receptor in the guinen pig
ileum (Hj) different from those for the rat uterus and
stomach.  Tor distinetion, we shall designate the latter
receptor as Hy,

Turther evidence of the existeiiee of two types of
higtamine receptors is found in the faet that anti-
histaininies fail to suppress the action of histamine in
stinuilating secretion of gastric acid, although they do
block the action of histamine on guinea pig ileum.

The question arises then as to which histamine
conformation s associated with whielh receptor iy
clietting the characteristic response.

As an approach to this guestion, we considered the
more potent antihistaminies in an cffort to find one in
which the spatial relationship of key atoms could be
reasonably well established.  These key mteratomie
distances in the antihistaminic molecile were then
compared with those in VI and VII in order to as-
certain whiclt histamine was reasonably close enough ta
be designated as the conformation associated with the
Hj receptor.

Sueh an antthistaminie moleenle is fonnd i the
potent antihistaminic triprolidine VIITI. Thix mol-
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ecule has been shown by uv absorption to have the
pyridyl ring coplanar with the olefinic bond.” If the
(19) A. 8. F. Ash and H. O. Schild, Brit. J. Pharmacol., 27, 427 (1966).

(20) D. W. Adamson, P. A, Barret¢, J. W, Billinghurst, and T. & G.
Jones, J. Chem. Soc., 2315 (14775,
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nmiolecule is placed in a conformation permitting the
closest approach of the two nitrogen atoms (as depicted
in VIII), an internitrogen distance of 4.8 = 0.2 A is
found, depending upon the choice of angle taken
between the pyridyl ring and the double bond. This
conformation is not an unreasonable one, although
quantum chemical calculations on this molecule as well
as physical evidence to support it are lacking. Never-
theless, the internitrogen distance in triprolidine is
quite_close to the coniparable internitrogen distauce of
4.55 A caleulated for histamine in conformation V1.

From these calculations and the assumptions made,
we propose that VI is the histamine molecule specific
for the histamine H; receptor. It is not possible at
this time to conclude that histamine VII is the pro-
totype of histamine-receptor H, activity, since no H,
blockers are well established. However, it is offered as
a possible conformation, pending further work.

A comparison of VI and VII with triprolidine makes
it evident why this antihistaminic could competitively
inhibit only one preferred conformer of histamine.
The close internitrogen distance of 3.60 A in VII could
not be effectively simulated by triprolidine. An antag-
onist of histamine-receptor H, activity would have
to have an internitrogen distance of about 3.60 A
among other features, based upon our calculations.

For these considerations it is possible to theorize
that the histamine molecule, by virtue of having the
ability to exist in two distinctly different but nearly
equally preferred conformations, can exert two distinet
biological responses, depending on the presence of one
or the other complementary receptors. The H;
receptor is predicted to be complementary to the
internitrogen relationship

and the H, reeeptor is predicted to be complementary
to the internitrogen relationship

N, 360K
N <«<—> N+
7

This explanation of the dual action of an ago-
nist is applicable also to acetylcholine, based on our
previous calculations on acetylcholine, muscarine, mus-
carone,’® and nicotine.!' Two calculated preferred
conformations were found for actylcholine. One was
comparable to the calculated preferred conformations
of muscarine and muscarone and could be called the
“muscarinic” acetylcholine conformation. The other
was comparable to the calculated preferred confor-
mation of nicotine and could be called the ‘“nicotinic”
acetylcholine couformation. This same proposal of
conformational isomerism to explain acetylcholine’s
dual activity has been advanced by Martin-Smith,
Smail, and Stenlake.?! The generality of this dual

(21) M. Martin-Smith, G. A. Smail, and J. B. Stenlake, J. Pharm.
Pharmacol., 19, 561 (1967).
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conformation-dual action concept awaits further

studies.

Appendix

In Figure 3, we have displayed the calculated net
charge densities for all of the atoms in the histaniine
cation. Of particular interest is the calculation of a
negative charge for the quaternary nitrogen atom. It
has been conventional to regard and to represent the
nitrogen atom of a quaternary amine as having a
positive charge. In order to test the validity of our
assignment, we have examined the charge on the
nitrogen of the simplest quaternary amine, the am-
monium ion. This was chosen because of its symmetry,
ease of more sophisticated MO treatment, and because
a wave function for NH,* has been published by
Krauss which vields about 99.99, of the true Hartree-
Fock energy.?? We have performed an EHT cal-
culation on NH,* and have compared the charges with
those from an SCF calculation using Pople and Segal’s

CNDO/2 MO method?® (Table V). A third com-
TapLe V
NET CHARGES ON Avoms or NI+
Charge, eV
Method N 11

Extended Hiickel -0.31 +0.33

CNDO/2 -0.36 +0.34

Ab initio —-0.41 +0.35

parative set of charges was obtained from Krauss’
ab indtio work on which a Mulliken population analysis
was performed.?* This latter calculation was per-
formed by Dr. James Hoyland of the Theoretical
Chemistry Division of Battelle Memorial Institute.

The results indicate clearly that the nitrogen atom
of NH,* is negatively charged. It would be expected
that the nitrogen atom of alkyl quaternary salts would
also be negatively charged. In the case of the histi-
minium ion in Figure 3, the net positive charge of the
group lies on the attached atoms, thus the unit C~NH;
possesses a net charge of 4+0.811. Tt is encouraging to
note the degree of agreement of numerical values in
using three levels of quantum chemical sophistication.
The finding of a negatively charged quaternary nitro-
gen atom from EHT calculations is also consistent
with an SCT" calculation by Veillard, et al.,® for BH;—
NH; and a detailed SCF calculation on NH;HCI by
Clementi.?® The significance of this finding to the
interpretation of drug action remains to be seen.

(22) M. Krauss, J. Chem. Phys., 38, 564 (1962).

(23) J. A. Pope and G. A, Segal, 1bid., 43, 5136 (1965).

(24) R. S. Mulliken, ibid,, 23, 1841 (19553).

(25) A. Veillard, B. Levy. R. Daudel, and F. Gallais, Theor. Chim. Acla
8, 312 (1967).

(26) E. Clementi, J. Chem. Phys., 47, 2323 (1967).



