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Abstract

This work presents a theoretical analysis of the molecular determinants responsible for the pharmacological
Ž � .activity K channel blocking of aminopyridines. Thus, DFT theory at the B3LYP�cc-pVDZ level is applied to a

series of active compounds: 2-aminopyridine, 3-aminopyridine, 4-aminopyridine, 3,4-diaminopyridine, and 4-amino-
Ž .quinoleine. The two forms present in the biological environment, neutral and cationic protonated , are considered in

vacuum as well as in aqueous solution. The results show pyramidal and planar structures for the neutral and cationic
forms, respectively. An analysis of the topology of the electron density show that an increase in conjugation between
the pyridine ring and the amine group is responsible for the observed planarity of the protonated forms. By
computing the Laplacian of the charge density we found the pyridine nitrogen to be the preferred protonation site, as

Ž .a consequence of a much higher curvature of the charge density field. Also, from three-dimensional 3D
isoLaplacian diagrams a common reactivity pattern is only found in the charged forms. This reactivity pattern implies
that interaction with the biological receptor site is mediated by electrostatic interactions and hydrogen bonding.
Development of a physical�mathematical model allows identification of the specific relationship of the pharmacologi-
cal activity index with the affinity for the receptor and the protonation ability. � 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Aminopyridines are bioactive N-heterocyclic
tertiary amines that increase the strength of the

� �nerve signal 1 . These compounds exert their
action by inhibiting the voltage-dependent K�

� �channels 2 and hence maintain the presynaptic
action potential. In this form the calcium influx is
enhanced, leading to an increase in the release of

� �neurotransmitter 3 . Due to their ability to facili-
tate nerve transmission, aminopyridines have been
applied to reverse anaesthesia and muscle relax-

� �ation 4 . In addition, they have been proposed as
� �drugs for the treatment of multiple sclerosis 5 ,

� � � �myasthenia gravis 6 , spinal cord injuries 7 ,
� � � �botulism 8 and Alzheimer�s disease 9 .

Aminopyridines are weak bases, pK �9.0, anda
Žthus they can exist in neutral or cationic proto-

.nated form at physiological pH. This characteris-
tic complicates the elucidation of the way and site

Žof action. Initial studies on 4-aminopyridine 4-
. � �AP 10,11 show that this compound blocks the

potassium channel when applied internally or ex-
ternally to squid axons. Experimental studies
� �12,13 show that when 4-AP was externally ap-
plied, an increase of the external pH enhances
the depth of block and the rate of onset. Since
the basic medium would favour the neutral,
lipid-soluble species, these results suggested an
internal site of action. Studies by Kirsch and

� �Narahashi 14 found that the blocking strength is
maintained as long as the cationic form concen-
tration is maintained constant in the intracellular
medium. Similar results were obtained by Molgó

� �et al. 3 analysing the effect of the variation of
the external pH. All these facts show an intracel-
lular active site with the cationic form as the
active species. More recent experimental studies
� �15,16 also arrive at the same conclusions. At
present, the specific nature of the receptor site is
still unknown. However, the reversal of the action
of aminopyridines when washing the nervous cells

� �with solutions of decreasing pH values 3 show
that the interaction with the intracellular recep-

Ž .tor is essentially reversible non-covalent .
The first theoretical study of aminopyridines

from a pharmacological point of view was carried
� �out by Peradejordi et al. 17 . Using partially

optimised geometries and the virtual charge
Ž . � �solvaton model 18 for solvation, these authors
performed a semiempirical CNDO�2 study of the

Ž .molecular electrostatic potential MEP on a se-
ries of active compounds. A common reactivity
pattern was only found for the cationic species, in
agreement with the experimental findings. De-
spite the interest of its applications, just a few
theoretical studies on aminopyridines have been
performed. MNDO calculations have been done

� �on 2AP 19 , whereas 2AP and 3AP dimers have
Ž .been considered at the B3LYP�6-31G d, p level

� �20 . At present, the most complete work is a
general structural study within a series of amine

� �compounds including 2-AP, 3-AP and 4-AP 21 .
Theoretical studies are of interest for the ratio-

nale of the action mechanism of bioactive com-
pounds. In particular, the MEP can be useful to

� �determine the sites for electrophilic attack 22,23 .
However, identification of reactivity patterns
based on the MEP exhibits an intrinsic drawback,
since the MEP is obtained through the classical

� �electrostatic potential 24 . Thus, it is not possible
to determine sites for nucleophilic attack because
the zones of positive potential are not necessarily
expressing affinity for nucleophiles but, rather,
the concentrated nature of the nuclear charges
� �25 . A more general and rigorous approach is

Ž .based in Bader’s Atoms In Molecules AIM the-
� �ory 24,26,27 . AIM theory relies on the electron

density, �, to reformulate chemical concepts such
as atoms, bonds, electron pairs or reactivity. As
well as the MEP, the electron density is a physi-
cally observable magnitude, independent of any
arbitrary partition of the molecular orbital space
� �28 . This approach is in touch with the spirit of
the density functional theory, which establishes
that the total electronic density is the fundamen-

� �tal magnitude in many-electron systems 29 . AIM
theory permits, following the Lewis standpoint of
a chemical reaction, to determine the elec-
trophilic and nucleophilic zones of a molecule
from the topology and topography of the Lapla-

2 � �cian of the charge density, � � 24,26,27 .
In this work we present a detailed theoretical

study of the molecular determinants responsible
for the biological activity of aminopyridines. The
following series of compounds, for which in vitro
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� �activity data do exist 3 , are considered: 2-
Ž . Ž .aminopyridine 2-AP , 3-aminopyridine 3-AP ,

Ž .4-aminopyridine 4-AP , 3,4-diaminopyridine
Ž . Ž .3,4-DiAP , and 4-aminoquinoleine 4-AQ . To
use a realistic description for each molecule, we
determine fully optimised geometries, at a corre-
lated level, both in vacuum and in aqueous solu-
tion. The molecular basis for the pyridine nitro-
gen being the preferred protonation site, and its
dependence with the solvent, is determined and
analysed. The common reactivity pattern needed
for the biological response is also investigated by

Ž . 2means of three-dimensional 3D diagrams of � �.
Finally, a physical�mathematical model is built to
explain and model the observed variation of activ-
ity to the light of the computed reactivity data.

2. Theoretical methods

Molecular structures, and Atoms In Molecules
properties are obtained at the correlated level

Ž .applying density functional theory DFT by
means of the B3LYP method. The hybrid B3LYP
method is used since it is found to lead to reliable
structures and harmonic vibrational frequencies

� �for equilibrium structures 30�32 . With B3LYP
we have used the correlation consistent, double-

� �zeta, cc-pVDZ basis set 33 , which includes by
definition polarisation functions on hydrogen and
heavy atoms.

To have a realistic description of the molecular
Žbehaviour in aqueous solution dielectric con-

.stant, ��78.39 the solvent effect is considered
by means of the Polarisable Continuum Model
Ž . � �PCM 34,35 . In this method, a van der Waals
surface type cavity is used as well as a detailed
description of the electrostatic potential, and an
appropriate parameterisation for the cavity�dis-
persion contribution based on the surface area.
The PCM model maintains the expense of com-
putational resources within reasonable limits ap-
plying, however, a realistic description of the
molecular shape. Both in vacuum and solution,
the molecular geometries considered are fully
optimised. The calculations are carried out using

� �the GAUSSIAN 98 package 36 .
Atoms in Molecules theory is applied from the

DFT one-electron density, �, by means of the
� �MORPHY98 package 37 .

3. Results and discussion

3.1. Molecular structures

Fig. 1 shows the structure and numbering con-
vention of neutral aminopyridines. The proto-
nated species contain an additional hydrogen at
the N1 site. The most interesting structural fea-
ture relates to the amine group conformation.
The planar or pyramidal structure of the amine
group is of importance from a biophysical stand-
point, since it can be related to the DNA struc-
ture and to molecular recognition processes
� �38,39 . Table 1 collects the structural data for the
amine group in our series of aminopyridines, us-
ing the notation defined in Fig. 2. Our data are

Ž .compared to the available MP2�6-311G 2df,p
� �data in vacuum for 2-AP, 3-AP and 4-AP 21 .

Considering the C�N bond length, Table 1
shows that our results in vacuum are in good

� �agreement with those of Bludsky et al. 21 . The´
maximum difference found in the available data

�3 ˚is 3�10 A. With respect to the dihedral angles
the agreement is also good, maximum difference
3�, although the smaller force constant for dihe-
drals is translated into larger differences than for
bond lengths. These data show that our structural
results at the B3LYP�cc-pVDZ level are compa-

Fig. 1. Numbering convention and structure of neutral ami-
nopyridines.
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Table 1
ŽStructural data in vacuum for the amine group in neutral and protonated aminopyridines distances in Angstroms and angles in

.degrees

H NCC H NCX NCCC NCXX NC2 1

a2-AP �29.5 18.2 �177.0 177.1 1.39
b2-AP �32.5 18.7 �177.0 176.8 1.39
a3-AP �28.2 27.4 �177.0 176.8 1.39
b3-AP 25.1 �29.5 �177.0 176.6 1.39

c4AP �23.0 23.3 �177.0 177.0 1.38
a,d3,4-DiAP 55.9 �5.8 178.6 �177.0 1.41
a,e3,4-DiAP �18.4 36.3 �179.0 179.3 1.39

a4-AQ �32.6 16.8 �179.0 178.3 1.39
2-APH� 0.0 0.0 180.0 180.0 1.34
3-APH� �0.1 0.1 180.0 180.0 1.35
4-APH� �0.1 0.0 179.9 180.0 1.34

d3,4-DiAPH� 55.0 �0.2 179.6 �177 1.39
e3,4-DiAPH� �6.2 19.4 177.5 �178 1.35

4-AQH� 0.0 0.0 180.0 180.0 1.34

a This work, data obtained at the B3LYP�cc-pVDZ level.
b � � Ž .Data from 19 obtained at the MP2�6-311G 2df,p level.
c � �This work. Buyukmurat et al. 19 only provides the planar structure corresponding to the first order saddle point for the amine¨ ¨

group inversion.
dAmine group closest to the nitrogen in the pyridine ring, position 3.
eAmine group farthest to the nitrogen in the pyridine ring, position 4.

Žrable to the much higher and computationally
. Ž .more expensive MP2�6-311G 2df,p level, in

� �agreement with previous results 32 . The good
equilibrium results provided by B3LYP can be
associated to the way this exchange-correlation
functional was developed. The values for the three
empirical parameters defining the functional were
obtained by Becke fitting to the atomisation ener-
gies, ionisation potentials, proton affinities and
first-row atomic energies in the G1 molecule set
� �40 . Since the G1 molecular data are obtained at

Fig. 2. Symbolic nomenclature for the amine group. H is the1
Ž .hydrogen closest to the pyridine nitrogen. X means carbon C

Ž .or nitrogen N , depending on the molecule considered.

� �equilibrium 41 , it can be expected the B3LYP
functional to reproduce proper equilibrium
properties.

With respect to protonation in vacuum, Table 1
shows that in all the cases the amine group be-
comes coplanar with the aromatic ring. In addi-
tion, a clear shortening of the C�N bond occurs.
Table 2 shows that a shortening is also observed
upon protonation in aqueous solution. In contrast
with the results in vacuum, the pyramidalisation
of the amine group is reduced upon protonation
without reaching a fully planar structure. On the

Ž .other hand, comparison of Table 1 vacuum , and
Ž .Table 2 solution shows that in solution the

amine group adopts a more symmetric structure.
This behaviour can be explained as a conse-
quence of the screening from the molecular envi-
ronment produced by a dielectric medium of high
dielectric constant.

The flattening of the amine group on protona-
tion can be attributed to an increase of conjuga-
tion between the amine group and the aromatic
ring. The situation can be clarified by applying

Ž .the Atoms In Molecules theory AIM . The AIM
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Table 2
Structural data in aqueous solution, obtained at the B3LYP�cc-pVDZ level, for the amine group in neutral and protonated

Ž .aminopyridines distances in Angstroms and angles in degrees

H NCC H NCX NCCC NCXX NC2 1

2-AP �26.5 21.6 �178.0 177.6 1.379
3-AP �26.7 24.4 �177.0 177.3 1.386
4-AP �19.8 19.8 �177.0 177.2 1.370

a3,4-DiAP 45.8 �13.0 178.4 �177.3 1.402
b3,4-DiAP �16.7 34.3 �178.5 179.0 1.384

4-AQ �24.0 15.3 �179.0 179.0 1.370
2-APH� �2.6 2.6 �179.6 179.4 1.333
3-APH� �15.8 15.6 �177.8 177.9 1.357
4-APH� �0.2 0.2 �179.4 179.3 1.336

a3,4-DiAPH� 43.5 �11.9 176.9 �175.7 1.386
b3,4-DiAPH� 5.7 �4.4 178.1 �178.6 1.342

4-AQH� �1.6 1.9 �178.7 178.6 1.334

aAmine group closest to the nitrogen in the pyridine ring, position 3.
bAmine group farthest to the nitrogen in the pyridine ring, position 4.

characterises a bond by an atomic interaction line
Ž . � �AIL 24,26,27 that is a line through the electron
density, �, along which � is a maximum with
respect to any neighbouring line. On the AIL lies

Ž .the bond critical point BCP , a second order
saddle point where � reaches a minimum
� �24,26,27 . The value of the electronic density at
the BCP for a given bond, � can be correlatedb,

� �to the concept of bond order 24,26,27,42 , with
higher values of � corresponding to higher de-b
grees of conjugation.

Table 3 collects the value of � for the N�Cb
bond in aminopyridines. In vacuum as well as in
solution, we observe a clear increase in � uponb
protonation, corresponding to an increase of con-
jugation with the pyridine ring.

In vacuum as well as in solution, the amine
groups of 3,4-DiAP exhibit a clear distortion from
the structures found for the other molecules.
Both groups are rotated around the C�N bond

Ž .with the amine group at position 3 see Fig. 1 ,
much more rotated than the second group. In
these conditions we can expect an unfavourable
position for conjugation. In vacuum as well as in
solution this fact is observed in the value of the

Ž .C�N bond length see Tables 1 and 2 , which is
larger for the position 3 amine group than in any

Ž .other molecule. The � data Table 3 , also sup-b
port this explanation. We can observe that � forb

the position 3 amine group is always smaller than
for position 4. The rotation of the amine groups
can be attributed to steric hindrance between the
two closest hydrogens of the NH groups.2

3.2. Protonation preference

AIM theory permits identification of protona-
tion sites by means of the Laplacian of the charge
density, �2�. AIM defines the valence-shell charge

Table 3
Ž .Value of the electronic density in atomic units at the BCP,

� , for the pyridine ring-amine group bond in vacuum and inb
Žaqueous solution data were determined from the one-elec-

.tron density, �, calculated at the B3LYP�cc-pVDZ level

aAtom Vacuum Solution
b c b c

� � � �b b b b

2-AP 2 0.309 0.334 0.312 0.34
3-AP 3 0.300 0.325 0.305 0.324
3,4-DiAP 3 0.290 0.306 0.295 0.309
3,4-DiAP 4 0.301 0.328 0.305 0.328
4-AP 4 0.305 0.332 0.312 0.334
4-AQ 4 0.305 0.331 0.313 0.333

aAtom on the pyridine ring to which the amine group is
bonded.

b Neutral forms.
c Protonated forms.
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Table 4
2Values of Laplacian of the charge density, � �, in atomic

Ž .units, at the Non-Bonded Critical Points NBCP of the
Žnitrogen atoms in neutral aminopyridines data in vacuum

determined from the one-electron density, �, calculated at the
.B3LYP�cc-pVDZ level

2-AP 3-AP 3,4-DiAP 4-AP 4-AQ

aN �3.52 �3.76 �3.65 �3.63 �3.57
b,cN �3.09 �3.23 �3.32 �3.11 �3.09
b,dN �1.77 �1.71 �3.16 �1.80 �1.73

a Pyridine nitrogen.
bAmine nitrogen.
c In 3,4-DiAP, NBCP placed in the apex of the pyramidal

amine nitrogen at position 3, see text.
d In 3,4-DiAP, NBCP placed in the base of the pyramidal

amine nitrogen at position 4, see text.

Ž .concentration VSCC as the outer molecular
zone where �2��0. This zone is the one which,
upon chemical combination, is distorted to yield

Ž .non-bonded critical points NBCP , which are
2 Ž .minima in � � maxima of charge concentration ,

corresponding in number and position to the
electron pairs defined by the Lewis and related

� �models 24,26,27 . NBCP correspond to nucle-
ophilic zones where a protonation can occur.

NBCP have been determined for the pyridine
and amine nitrogens. The results for the neutral
molecules in vacuum and in solution are collected
in Tables 4 and 5, respectively. As illustrated for
2-AP in Fig. 3a, we found in vacuum as well as in
solution a single NBCP at the pyridine nitrogen.
This NBCP is coplanar with the aromatic ring. On
the other hand, as shown for 2-AP in Fig. 3b, two
NBCP are found in all cases for the amine nitro-
gen, except for 3,4-DiAP. The first of these NBCP
is placed at the apex of the pyramidic nitrogen
Žthe place where the lone electron pair is usually

.represented . The second NBCP appears pointing
to the base of the pyramid. In all cases the value
of �2� for the first NBCP is larger than for the
second. The existence of these two NBCP can be
explained to the light of the conjugation between
the amine group and the aromatic ring. In absence
of conjugation we can expect a single local maxi-
mum of charge concentration, i.e. an NBCP, cor-
responding to the lone electron pair placed in a

hybrid orbital pointing to the apex of the pyramid.
However, when the amine group is conjugated
with the aromatic ring, we have the electron pair
in something more similar to a two lobed pz
orbital than to a hybrid orbital with a single lobe.
Since we have not a pure p orbital, the two lobesz
are not equivalent. In fact, the upper lobe should
have a higher charge concentration, in agreement
with the data collected in Tables 4 and 5.

ŽOn the other hand, 3,4-DiAP in vacuum see
.Table 4 , exhibits in the two amine groups, a

single NBCP pointing to the apex of the pyramid.
This is what can be expected from the previously
shown low degree of conjugation for these amine
groups. In solution, however, we have found that
conjugation increases. In this case, two NBCP

Ž .appear on each amine group see Table 5 , as in
all other aminopyridines.

When we compare the value of �2� at the
different non-bonded critical points of the neutral
species, we found a constant relationship. In all
the molecules, in vacuum as well as in solution,
the NBCP at the pyridine nitrogen exhibits the

Žhighest concentration of charge see Tables 4 and
. 25 . In terms of � � the difference is approxi-

mately 0.5 a.u. in absolute terms. Since we do not
have a relation between �2� and �G, we cannot
deduce that the pyridine nitrogen is the only

Table 5
2Values of Laplacian of the charge density, � �, in atomic

Ž .units, at the Non-Bonded Critical Points NBCP of the
Žnitrogen atoms in neutral aminopyridines data in aqueous

solution determined from the one-electron density, �, calcu-
.lated at the B3LYP�cc-pVDZ level

2-AP 3-AP 3,4-DiAP 4-AP 4-AQ

aN �3.45 �3.67 �3.53 �3.50 �3.45
b,cN �2.95 �3.09 �3.19 �2.88 �2.83
b,dN �1.70 �1.68 �1.54 �1.83 �1.81
e,cN � � �3.02 � �
e,dN � � �1.64 � �

a Pyridine nitrogen.
bAmine nitrogen. In 3,4-DiAP corresponds to position 3.
c NBCP placed in the apex of the pyramidal amine nitro-

gen, see text.
d NBCP placed in the base of the pyramidal amine nitro-

gen, see text.
eAmine nitrogen placed at position 4 in 3,4-DiAP.
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Fig. 3. Diagrams of isoLaplacian curves showing the location
of the NBCP at the nitrogen atoms in 2-AP. The outer solid

2 Ž .line corresponds to � ��0 a.u. reactive surface , the two
dashed lines correspond to values of �2���0.5 and �3.0
a.u. The solid circles represent the atomic nuclei and crosses

Ž .the location of maxima of charge concentration. Case a :
Ž .pyridine nitrogen in the ring plane; case b : amine nitrogen in

a plane containing the C�N bond and perpendicular to the
ring plane.

protonation site. However, the higher negative
value of �2�, i.e. the higher curvature in this
zone, implies that an approaching proton is di-

Ž .rected falls to this zone rather than to the
� �amine nitrogens. As in the case of formamide 26

the centre with the highest �2� value seems to
correspond to the preferred protonation site. In
addition, Tables 4 and 5 show that in vacuum the
absolute �2� value at the NBCP of the pyridine
nitrogen is slightly higher than the corresponding
values in solution. Considering that to the light of

� �several studies on series of amines 43 and phos-
� � 2phines 44 � � can be considered as an indicator

of its proton affinity, we can expect the basicity of
aminopyridines to be higher in the gas phase than
in solution.

3.3. Common reacti�ity pattern

The reactive behaviour of a molecule can be
determined from the spatial distribution of the
Laplacian of the charge density. Negative zones
of �2� represent zones of locally concentrated
charge density, and positive values of �2� corre-
spond to zones of locally depleted charge density.

2 Ž .In particular, zones of minimal � � as the NBCP

are candidates for an electrophilic attack, whereas
zones of high positive value can be suitable for a

� �nucleophilic agent 24,26,27 .
To characterise the reactivity of a molecule we

can use the �2��0 isosurface. This, so called,
reaction surface surrounds all the bonded and
non-bonded critical points on the Laplacian, i.e.
the nucleophilic sites, being the outer limit of the

Ž .valence shell concentration charge VSCC . On
the reactive surface the zones of charge depletion
appear as holes around a nucleus, and nucle-

� �ophiles are oriented to these holes 24,26,27 .
Together with the NBCP, the reactive surface
provides a 3D schema of the expected reactivity
of a molecular system. In this work we introduce
the use of another isosurface of �2��0, which
permits us to visualise the location of nucleophilic

Ž .zones in our case the electron pairs of nitrogen .
On this new surface the nucleophilic zones are
exposed, i.e. they appear as holes.

Applying the following line of reasoning to a
series of bioactive compounds, we can establish
that a common reactivity pattern needs a com-
mon reactive surface as a prerequisite. To analyse
the behaviour of aminopyridines in the physiolog-
ical medium we have computed the reactive sur-
face for the neutral and protonated forms in
solution, complemented with a �2��0.2 a.u. sur-

Ž .face see Figs. 4 and 5 . These figures reveal no
holes exposing nuclei in the reactive surface. Thus,
our molecules are not appropriate for an ap-
proaching nucleophile.

From an electrophilic point of view, we observe
Ž .in the neutral forms Fig. 4 , that the reactive

surfaces are not superimposible. This fact is a
consequence of the existence of the NBCP on the
pyridine nitrogen, which changes its position rela-
tive to the amine group from molecule-to-mole-
cule. On the other hand, in the protonated species
Ž .Fig. 5 , we found that the reactive surfaces are
clearly equivalent along the series of compounds,
since now there is no NBCP on the pyridine
nitrogen. Compared with the �2��0.2 a.u. sur-
face we observe, in the neutral compounds, two
holes corresponding to the electron pairs on the

Ž .pyridine and amine nitrogens see Fig. 4 . The
relative positions of these holes vary from
molecule-to-molecule. However, for the proto-
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Fig. 4. 3D representation of surfaces of constant �2� value
for the series of neutral aminopyridines in aqueous solution.
For each molecule the left case corresponds to the reactive

Ž 2 .surface � ��0 surface , whereas the right case shows the
�2��0.2 a.u. surface. The isosurfaces are represented as a
superposition of small spheres. As a reference, the pyridine
nitrogen is labelled in the �2��0 surface. In the �2��0.2
a.u. surface the spheres around the nitrogen and carbon atom
correspond to the K atomic shell. The black arrows point to
the electron pairs location. In 3,4-DiAP the second amine

Ž .group exhibits another hole electron pair not visible in the
draw.

Fig. 5. 3D representation of surfaces of constant �2� value
for the series of protonated aminopyridines in aqueous solu-
tion. For each molecule the left case corresponds to the

Ž 2 .reactive surface � ��0 surface , whereas the right case
shows the �2��0.2 a.u. surface. The isosurfaces are repre-
sented as a superposition of small spheres. As a reference, the
pyridine nitrogen is labelled in the �2��0 surface. In the
�2��0.2 a.u. surface the spheres around the nitrogen and
carbon atom correspond to the K atomic shell. The black
arrows point to the electron pair location. In 3,4-DiAPH� the

Ž .second amine group exhibits another hole electron pair not
visible in the draw.
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Ž .nated forms Fig. 5 , only one hole appears on the
amine nitrogen, being possible to superimpose
the structures. Thus, the observed common reac-
tivity behaviour of our series of compounds must
be due solely to the charged species. The com-
mon reactivity pattern appears, on one hand, be-
cause of the loss of pyridine NBCP, i.e. the exis-
tence of a positive charge, and, on the other
hand, by the existence of an NBCP on the amine
nitrogen. These results are in agreement with the
CNDO�2, 2D study of the electrostatic potential

� �of Peradejordi et al. 17 .
In light of the present results, and as previously

� �proposed 17 , the pharmacophore should involve
the positive charge and the nucleophilic nature of
the electron pair on the amine group. Thus, the
receptor site should bear a negatively charged
residue and at least a group able to interact
reversibly with the amine NBCP, i.e. able to form
a hydrogen bond.

3.4. Modelling the acti�ity

The biological activity of aminopyridines in-
volves the protonation of the neutral species and
the interaction with the receptor site at the K�

channel. A formal model can be built starting
from an amount of neutral compound placed in
the intracellular medium. Assuming that the ini-
tial concentration of neutral aminopyridine is C
and given the protonation equilibrium:

� � Ž .APH �AP�H 1

we have:

� Ž .C�AP�APH 2

Considering that the active form is the APH�,
and representing the concentration of active sites
by S we have for the equilibrium between the
active site and the protonated aminopyridine:

Ž �. Ž �. Ž .K� S ��� APH � S �APH 3

where S � �APH� represents the concentration of
the active site-protonated aminopyridine complex.

From the definition of an acidity constant for
Ž . Ž .Eq. 1 and using Eq. 2 , we obtain,

Ž � . Ž .AP�K C� H �K 4a a

Since the number of APH� molecules is higher
than the number of active sites we can assume,

� Ž .S�S � �APH 5

Ž . Ž . Ž . Ž .Substitution of Eqs. 2 , 4 and 5 into Eq. 3
yields,

Ž � . � Ž .K� H �K �C �H 6a

In turn, the K constant is related to the Gibbs
energy variation of the reaction by,

� � Ž .K�exp ��G�RT 7

where �G is, in pharmacological terms, the af-
finity for the receptor.

The experimental activity index for ami-
nopyridines is the extracellular concentration of
compounds producing, in vitro, the same biologi-

� �cal response 3 . This magnitude is not the total
concentration C, which is intracellular, but is
directly related to it. Thus, we obtain C from Eq.
Ž . Ž .6 after substitution of Eq. 7 . Taking natural
logarithms, we get:

�Ž � . �� Ž .lnC��G�RT� ln H �K �H 8a

Ž .Eq. 8 shows two factors determining the value
of the activity index. The first one is the variation
of Gibbs energy in the reaction, which depends
on the variation of the translational, rotational
and vibrational degrees of freedom. The second
factor represents the influence of the concentra-
tion of the protonated form at a given pH. As

Ž .seen in Eq. 8 , this factor depends on the acidity
constant, K . The higher this second factor, thea

Žsmaller the concentration of the active proto-
. Ž .nated form. Eq. 8 with its two factors, explains

� �the observation by Molgo et al. 3 that the rela-´
tive activity does not have a direct relationship on
the pK .a

Ž .Eq. 8 can be useful to qualitatively interpret
the experimental variation of activity to the light
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of our computed reactivity data. Table 6 collects
the pK values and the activity at physiologicala

Ž .pH 7.2 for the considered series of amino-
� � 2pyridines 3 . It also collects the values of � � at

the NBCP on the amine nitrogen for the proto-
nated forms in solution. We observe two zones
corresponding to a difference in the logarithmic
term of several orders of magnitude. The zone
with the smaller value corresponds to the most

Ž .active compounds 3,4-DiAP, 4-AP and 4-AQ .
Within this zone the logarithmic term is almost
constant and the activity follows the order, in
absolute value, of �2� at the minimum NBCP,
i.e. the affinity for the receptor. In the second
zone the logarithmic term is much greater and its
variation corresponds inversely to the variation of
activity. The variation of activity, however, follows
once more the variation in absolute value of �2�
at the minimum NBCP. Then, for comparable
values of the logarithmic term, the activity is
determined by the affinity. This fact is what we
can expect on statistical thermodynamics grounds.
Different values of �2� can be correlated, in the
spirit of the DFT theory, to energetic changes.
�G depends exponentially on the energy levels
via the partition function. Thus, we can expect
small energetic changes to be associated to higher
variations of �G. In addition, the relationship
between C and G is also exponential. These two
facts taken together explain that small variations
in �2� are reflected in large variations of total
concentration, C, making the affinity term the

Ž .leading one in Eq. 8 .

4. Conclusions

In this work, we have performed a theoretical
analysis of the reactive properties responsible for
the biological activity of aminopyridines. The be-
haviour of a series of active molecules in neutral
and protonated form is considered in vacuum and
in aqueous solution. The study is carried out
applying the Atoms In Molecules theory, from
the B3LYP�cc-pVDZ one-electron density.

After full geometry optimisation we found a
pyramidal�planar conformation for the amine
group in the neutral�protonated forms. The same
behaviour is found in vacuum and in solution.
Analysis of the electron density values at the
bond critical point in the pyridine ring�amine
nitrogen bond shows an increase of conjugation
in the protonated forms. This increase is respon-
sible for the observed planarity.

The protonation sites are identified from the
Ž .Non-Bonded-Critical-Points NBCP on the

Laplacian of the charge density. The highest value
of �2� found on the NBCP at the pyridine nitro-
gen identifies it as the preferred protonation site.
This fact is due to the high curvature of the
electron density distribution in this zone.

An analysis of the reactive, �2��0, and the
�2��0.2 a.u. isosurfaces is carried out in solu-
tion for the neutral and protonated forms of the
considered series of aminopyridines. The results
show that the protonated forms share a common
reactivity pattern. Thus, the protonated molecules
are identified as the active species. The activity is

Table 6
2 � ��Ž . �Laplacian of the charge density, � �, and value of the ln H �K �H term for the considered series of protonateda

� Ž .�aminopyridines in solution the table also collects the experimental pK and activity values; calculations at physiological pH 7.2a

a � � b 2 c�Ž . � Ž .pK ln H �K �H Activity 	M � �a a

2-AP 6.86 1.159 91.2 �2.26��2.13
3-AP 5.98 2.868 38.2 �2.74��1.92
3,4-DiAP 9.08 0.013 0.5 �3.12���2.31��2.06
4-AP 9.17 0.011 3.2 �2.16��2.14
4-AQ 9.17 0.011 26.0 �2.15��2.07

a � �Molgo et al. 45 .
b � �In vitro, effective dose of neutral compound that produces the same effect on the sciatic nerve of Rana esculenta 3 .
c Value of �2� at the two NCBP on the amine nitrogen. In 3,4-DiAP the first value corresponds to the amine nitrogen NBCP

found at position 3. The next couple of values corresponds to the two NBCP on the amine nitrogen at position 4.
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associated to the existence of a nucleophilic cen-
Ž .tre the amine nitrogen and a positive charge.

The corresponding complementary receptor site
should involve an anionic form and at least a
group able to form a hydrogen bond.

A model accounting for the dissociation equi-
librium of the aminopyridine, and the formation
of the aminopyridine�receptor site complex is
developed. The model permits a qualitative inter-
pretation of the observed in vitro activity in terms
of the Gibbs energy of the aminopyridine�recep-

Ž .tor site interaction affinity and the acidic con-
stant of the aminopyridine. The results show that
for a given range of pK values the affinity is thea
determining factor of activity.
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