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Abstract

In order to examine environmental effects, the interaction of histamine (HA) with a model of
the H, receptor was analyzed using the self-consistent reaction field theory at the CNDO/2 level,
in vacuo, and in the presence of a polarizable continuum medium. The main findings reported in
this work are: (a) a concerted proton movement is not possible in vacuo or in the presence of a
- polarizable medium; (b) the most stable form in all the systems and environments analyzed is the
one in which there is a proton transference from the model site to HA; (c) it seems necessary to

consider other possibilities in the receptor modeling in order to sustain the HA receptor activation
hypothesis.

INTRODUCTION

Histamine (HA), in addition to its role in allergic conditions and regulating
acid secretion in the stomach, 1s a neurotransmitter in the brain. HA seems to
participate in sleep and wakefulness, neuroendocrine regulation, emesis, ther-
mal and cardiovascular regulation, drinking and feeding behavior [1,2]. The
pharmacological effects of HA are mediated by at least three receptors, denoted
H1, H2 and H3. Receptor H1 is involved in allergic reactions and contraction
of the smooth muscles, receptor H2 in gastric secretion, contractions of the
guinea pig atrium, and H3 autoinhibits HA release in the brain.

Histamine possesses two tautomers in both the free base and cationic (pro-
tonated ethylamine side chain) forms. Experimental and theoretical results
show the preference of the N3-H tautomeric form over the N1-H one when
the side chain is protonated, and the inverse situation with neutral HA (seé
Fig. 1 for nomenclature) [3-7].

On this basis, a model for the activation of the H2 receptor has been pro-
posed by Weinstein and co-workers [5,7,8]. It is suggested that the first step
corresponds to the approach of protonated HA in its N3-H tautomeric form
to the H2 receptor. After the neutralization of the ethylamine side chain by a
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Fig. 1. Proton relay system. S1, S2 and S3 are histamine H2 receptor sites.

receptor’s negative site (S3 in Fig. 1), a modification of the electronic distri-
bution occurs. This causes the N1-H tautomer to become energetically fa-
vored. In these conditions, N1 could attract a proton from a proton-donor site
(S2 in Fig. 1), and N3 could transfer another to an acceptor site (S3 in Fig.
1). It is proposed that this proton-relay system triggers the biological re-
sponses. Similar results were obtained for HA and some of its derivatives by
using semiempirical quantum mechanical methods [9]. Within this model we
may explain the low agonist activity of betazole not as caused by a lack of
proton transfer from N3 to N1 but because of a non-optimum relative location
of the proton donor and receptor sites within it [10].

An important conclusion of these works is that the environment could play
a fundamental role in the energetics of this proton-relay system [7-9]. Envi-
ronmental effects may be due to the chemical nature of the receptor sites or to
long range electrostatic effects induced in the system by the molecular sur-
roundings. From the work of Weinstein and co-workers [5,7,8] it is clear that
the first effect may be determinant for the values of activation and stabiliza-
tion energies, but no calculations have been done to analyze the influence of
the last effects.

For this reason, we present here results obtained by applying the self con-
sistent reaction field (SCRF) theory at the CNDO/2 level, including electro-
static continuum solvent effects (SCRF-CNDO/2), to the model of Weinstein
and co-workers [5,7,8].

METHODS, MODELS AND CALCULATIONS

The electrostatic environmental effects are incorporated by using an ex-
tended version of the generalized Born formula, which also includes steric
hindrance effects upon desolvation of the atomic centers of the molecular sys-
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tem [11,12]. For details of the theory, we refer the reader to the literature {11~
15]. Within this approach, and in the framework of the CNDO/2 methodology,
the diagonal elements of the effective Fock operator F(¢,P) are given by

(F(e,P)],,=F(LP)]u+ [I_EJZB:Q(P)B[l“FAB]TAB (1)

where €, @, Fap and I3 are, respectively, the medium’s dielectric constant,
the net charge of atom B, a parameter characterizing specific neighborhood
effects upon solvation and the solute-solvent interaction integrals [11-15].

F(1,P) is the Fock operator of the isolated solute. The non- dxagonal Fock ele-
ments remain constant.

We have considered the following two situations proposed by Weinstein and
co-workers [5,7,8] (see Fig. 1):

~ (a) One HA molecule with a protonated ethylamine side chain interacting
with two sites: S1 (NH;) and S2 (NH; ). This model will be referred to as
System L.

(b) The same system as above to which we added a new site, S3 (OH™).
This is called System II and physically corresponds to a situation in which the
ethylamine side chain is neutralized.

For these two systems we calculated the whole proton transfer surface (PTS)
for the processes N3-H—-S1 and (S2) NH;-H* —N1. At each calculation step
we consider proton displacements of 0.1 A. This process was carried out for the
isolated system (i.e. in vacuo) and in the presence of a strong polanzable me-
dium (i.e. e=80).

CNDO/2 methodology was used because previous studies of several H-bonded
systems have shown that the shape of the proton transfer potential curves and
the relative stability of these minima show similar trends to those of ab initio
STO-3G calculations. This, and more recent calculations, indicate that when
emphasis is placed in the qualitative trend and not in absolute magnitudes, the
methodology employed here is appropriate [15-20]. Therefore, a comparative
analysis in related systems, by employing standard geometries or Weinstein
and co-workers [5,7,8] geometry, may be carried out without reaching the ab-
solute minimum of the free-energy surface. It is also necessary to stress that
the continuum representation of electrostatic solvent effects coupled to the
CNDO/2 methodology is still a valid and useful tool if employed with the ap-
propriate cautions [21,22].

RESULTS AND DISCUSSION

Figures 2 and 3 display the PTS for System I in vacuo (¢=1), and in the
presence of a polarizable medium (e=80). Figures 4 and 5 show an analogous
situation for System II. In Tables 1 and 2 we show the stabilization and acti-
vation energies respectively.
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Fig. 2. Proton transfer surface for System I and £=1.0.
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Fig. 3. Proton transfer surface for System I and ¢==80.0.
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TABLE 1

Stabilization energies (kcal mol—*)

Form e=1.0 £=80.0

1 1 1 I
A [NH;-HA-NH} ] 95.73 32.63 13.18 13.80
B [NH,-HAH*-NH,) 0.0 0.0 0.0 0.0
C [NH; -AH-NH,) 18.83 36.40 14.43 23.20
D [NH; -A-NH; ) - - 51.46 60.90
TABLE 2

Activation energies (kcal mol™!)

System ¢ A-B  BsA BoC CoB  C»D  D-C DA A-D

I 1.0 23 49 22 4 - - - -
80.0 37 50 26 115 65.5 28.5 4.5 43

11 1.0 225 55 38 15 . - - - -
80.0 32 46 32 9 59 21 2 49

In each of the figures the starting situation is marked A and is symbolically
denoted by [NH,-HA-NH; 1=[S1-HA-S2].

Also, the following stable forms are possible: [NH,-HAH*-NH, ], [NH; -
AH-NH,] and [NH; -A-NH; ]. In the following they will be referred to as
B, C and D, respectively.

In the PTS for System I in vacuo we may observe that the most stable form
isthe one in which N1 is protonated (B, Fig. 2}, and that form D is not allowed.
The order of relative stabilities is B> C> A (Table 1). The molecule arrives at
the receptor in form A and it is expected to reach form C. Our calculations
indicate that A needs to overcome a barrier of 23 kcal mol~! to reach form B,
and that B has an activation energy of 22 kcal mol ! to transform itself into
C (Table 2).

The influence of a polarizable medium upon the proton relay process in Sys-
tem I is shown in Fig. 3 (¢=80). Again, it is observed that form B is the most
stable, but a strong stabilization of form A (about 12 kcal mol~') is evident
with respect to the situation in vacuo (Table 1). However, a destabilization of
minimum C with respect to minimum A occurs. Form D is highly unstable. In
relation to activation energies, it is observed that the influence of a polarizable
medium is mainly an increase of the activation energy for the A—»B (about 13
kcal mol—!) and C—B (about 7 kcal mol~*) steps (Table 2).

The results of the analysis of the PTS of System II can be summarized as
follows:
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(1) In vacuo (Fig. 4) form B is still the most stable, but forms A and C have
similar stabilization energies in contrast to System I in vacuo. Form D is also
absent (Table 1). Neutralization also destabilizes forms A and C over form B.

(2) With respect to the activation energies, neutralization in vacuo induces
a considerable increase of the barrier for the B— C step, a moderate one for the
B— A step, and a lowering of the activation energy for the C—B step (Table
2). The activation energy for the A—B step remains almost constant.

(3) The influence of a polarizable medium consists mainly of the following
factors (Fig. 5): (a) A strong stabilization of forms A and C with respect to
form B, and an increase of the instability of form C with respect to form A. (b)
An increase of the activation energy for the A— B step, and a lowering of the
B— A and B—C activation energies. (¢) Comparison of the medium’s effects
between Systems I and II shows that form C, which is expected to exist at the
receptor’s level, is more favored in System I. Therefore, a first conclusion is
that neutralization of the side chain within this model does not explain the
formation of C. This is supported by the fact that, in spite of a lowering of the
activation energy for the B—C step in System II and an increase of the same
energy for System I, System I still has a lower activation energy.

In relation to the formation of form C from A, Weinstein et al. [8] concluded
their work by suggesting that, “under these circumstances the entire proton
relay mechanism may change from sequential to concerted”. OQur results, in-
cluding non-specific medium effects clearly suggest that, within this model,
concerted proton movement is not possible even in the presence of a strong
polarizable medium. Assuming that semiconcertation may occur and that form
B is never reached, we may propose the following steps leading to form C: first,
the proton belonging to site S1 begins to move towards N1 until an N1-H
distance of about 1.5 A is reached. At this moment, the activation energy for
the A— B step is reached. Then, the N3-H proton begins to move towards S2
in a concerted way with the first proton, in such a way that the whole system
will move along an isoenergetic pathway to reach form C. Considering that
System II favors the A— B step and System I the B— C step, it seems not too
far reaching to suggest that the first proton movement could activate a con-
formational change in the receptor, in such a way that the negative site S3
moves away from the ethylamine side chain, facilitating the energetics of the
process.

However, it seems evident that the nature of the receptor sites employed in
these kinds of models is fundamental. The actual modeling of the S1 site with
an ammonia molecule is not able to explain the passage from B to C. Also, the
high barrier for the A—B step suggests that the ammonium group is not suf-
ficiently acidic to release its proton easily.

In Table 3 we show some activation and stabilization energies for System II
in vacuo, calculated by different quantum chemical methods. Taking the ab
initio STO-3G results as the standard ones, the following remarks are pertinent:
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TABLE 3

Activation and stabilization energies for System II in vacuo (kcal mol~?)

Method Activation energy ‘Stabilization energy®

A-B B-C A C
CNDO/2 22.5 38 32.6 36.4
STO-3G® 121 (16.2)° 18.7 (14.8)¢
MNDO* 25.7 19.1 4.1 6.6
AM1¢ 16.3 14.2 5.7 7.1

*With respect to B form. °Ref. 8. “Data for neutral HA with geometry optimization. Ref. 9.

(a) With respect to the activation energiés for the A—B and B—C steps,
STO0-3G and CNDO/2 results give the same trends, while MNDO and AM1
calculations predict opposite trends. It must be stressed that the B—C step is
obtained at the STO-3G level with geometry optimization for neutral HA (i.e.
without protonation of the side chain), whose energetics are similar to those
of neutralized HA [9].

(b) CNDO/2 calculations predict that form A will be more stable than form
C by about 4 kcal mol~?. STO-3G results, with geometry optimization of only
form C predict the opposite. A complete comparison with our results is not
possible, but we may note that MNDO and AM1 results also favor form A.
Furthermore, these last calculation methods predict very low stabilization
energies that are very different from the STO-3G results.
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