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Introduction

Most chemistry and biochemistry occur in condensed
media, in particular, aqueous solutions. Thus, the proper
simulation of these processes has to take into account the
solvent effects. Consequently, since the pioneer work of
Born1 on ionic solvation, these solvent effects have been
shown to be of fundamental importance for many chemical
and biological processes and have then been receiving
considerable attention.2 There are basically three models3,4

to describe the solvent, namely, the continuum or dielectric
model, the discrete or supermolecule model, and the
discrete-continuum model, which attempts to combine the
two previous ones. The continuum model treats the solvent

as a structureless dielectric medium and the solute is
inserted in a cavity. Since this is a classical macroscopic
description there is not a unique way of integrating it into
a quantum chemical description of the solute. Thus, there
are many distinct implementations of the continuum model,
ranging from sophisticated Poisson equation solutions on
an isoelectronic surface5 to simple spherical dipole reaction
field.6 However, independent of the implementation, the
continuum models are not able to describe specific solute-
solvent interactions, in particular, hydrogen bonds. In
addition, the definition of the solute cavity and the dielectric
constant are arbitrary. The discrete model treats the solvent
as individual molecules, which interact with the solute via
a parametric potential7 (classical models) or an
instantaneous Coulombic interaction between the electrons
and the nuclei of the solute and the solvent molecules
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Um novo procedimento, denominado AGOA, foi desenvolvido e implementado em um
programa escrito em FORTRAN 77 para explorar as estruturas de hidratação ao redor de solutos
polares. Este procedimento utiliza-se da análise do potencial eletrostático molecular (MEP) do
soluto (ou da supermolécula) e pode ser generalizado para outros solventes polares além da água.
Este procedimento foi testado para moléculas simples, bem como para moléculas complexas de
interesse farmacológico, como os sistemas β-carbolínicos, derivados do indol. Este foi um teste
rigoroso, e mostra que o procedimento AGOA é robusto, flexível e de baixa demanda computacional
para estudos de hidratação, sendo possível a utilização de funções de onda semi-empírica ou ab
initio. Comparações com métodos que otimizam a geometria soluto-água mostram a superioridade
do procedimento AGOA no estudo da hidratação dos confôrmeros anti e syn da β-carbolina,
viabilizando o seu uso para a compreensão e quantificação das interações específicas que contribuem
para os efeitos do solvente.

A new procedure, named AGOA, has been developed and implemented in a computer program
written in FORTRAN 77 to explore the hydration structures of polar solutes using its molecular
electrostatic potential (MEP). This procedure can be generalized to polar solvents other than
water. It has been tested for several small molecules, and applied to complex molecules of
pharmacological interest, such as the β-carbolinic systems derived from indole. This is a stringent,
but not general, test of the AGOA procedure and shows its robustness, flexibility and low
computational costs, since either semiempirical or ab initio wavefunctions can be employed. The
comparisons with procedures based upon the geometry optimization of the solute-water complex
show the superior performance of the AGOA procedure for the anti and syn β-carboline conformers,
reassuring its use to comprehend and to quantify the specific interactions involved in solvent
effects.
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(quantum models). This model solves, at least partially,
the problems with the continuum model, in particular, the
proper description of specific solute-solvent interactions.
However, the discrete models are much more
computationally demanding than the continuum ones, and
are highly dependent upon the positions of the solvent
molecules around the solute. The most appropriate positions
are obtained from statistical mechanics simulations7, that
are not only very demanding, but also require the solute-
solvent and the solvent-solvent interaction potentials, which
are quite cumbersome to be obtained. Another approach8-9

consists in positioning the solvent molecules randomly
around the solute and then use an optimization procedure
to obtain the structure corresponding to the energy
minimum. This procedure in addition to be very
computationally demanding, is also highly dependent upon
the starting structure, since the solute-solvent energy
potential surface presents a large number of local minima.
Thus, alternative approaches have been developed for
properly positioning the solvent molecules around the
solute without the need for statistical sampling techniques
and/or for the explicit interaction potentials. This is the
main concern of the present contribution, namely, to present
a simple procedure to hydrate polar molecules, which has
been denominated AGOA. This AGOA procedure is based
upon the molecular electrostatic potential (MEP) of the
solute molecule and the assumption that the most important
interactions between the solute and the water is electrostatic,
so that the positions of the water molecules are mostly
defined by the solute MEP. The solute MEP is calculated
with quantum chemical methods, thus limiting this
approach only to very large size molecules, such as proteins
or DNA. However, since the MEP is nearly localized and
additive,10-12 it is not very difficult to extend the present
approach to treat fragments of the macromolecule and after
combining these fragments to obtain adequate hydration
structures for larger molecules.

The indole derivative, 1-phenyl-1,2,3,4-tetrahydro-
carboline, also known as 1-phenyl-β-carboline, see Figure
1, is the polar solute chosen to apply this methodology and
its implementation to obtain the hydration structures. This
molecule belongs to a new class of antimicrobial
compounds and is under a QSAR study in our laboratory.
In addition, this compound is an example of the indole
systems, which have received attention lately due to their
biological importance as the chromophore of the tryptophan
as well as their biological activities.13 Their spectroscopic
and biological properties are highly dependent upon the
solvation, in particular, their hydration. Therefore, several
high level theoretical studies have been performed for the
indole-water system,14-16 which suggest that the water

molecule can also strongly interact with the π-electrons of
the indole ring. As a result, the 1-phenyl-β-carboline should
provide a stringent test of the AGOA hydration procedure.

This compound presents basically two predominant
conformations (syn and anti) described by the relative
position of the phenyl group with respect to the hydrogen
atom bonded to the nitrogen atom of the pyperidine. Both
conformers have been hydrated by the AGOA procedure.

Theoretical Procedure and Methodology

The AGOA hydration procedure has been implemented
in FORTRAN 77, which has been tested and implemented
in several machines and operating systems. This
implementation of the AGOA procedure uses a file
generated by the GAUSSIAN program17, named “cube”
that contains the molecular electrostatic potential (MEP)
of the solute molecule calculated in a 3D-grid, available
for all the wavefunctions implemented in the GAUSSIAN
program. This grid is chosen in such a way that the entire
solute is embedded into it and the points are properly spaced
so that they are kept to a minimum, but still chose enough
to provide a good approximation to the gradients of the
MEP. The implementation of the AGOA procedure
excludes the points of this grid that overlap with the solute
atoms, defined by a cutoff radius properly chosen. The
AGOA program has stored internally default values for the
cutoff radii for H, C, N, O, P, S, F, Cl and Br atoms, but it
allows the user to input cutoff radii for all the remaining
periodic table.

The present implementation of the AGOA procedure
uses the TIP4P model for the water molecule18. This model
has been widely employed in liquid water simulations and
is a four-site model located at the three atoms and the
additional site at 0.15 Å from the oxygen atom towards the
hydrogen atoms. This site is treated as a dummy atom
(“XX”) in the AGOA program.

Depending upon the type and size of the substrate to be
hydrated, one or more water molecules might be added
simultaneously at each AGOA run. For small molecules,
however, the water molecule usually perturbs significantly

Figure 1. 1-phenyl-1,2,3,4-tetrahydro-carboline or 1-phenyl-β-carboline.
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the MEP of the solute. Thus, a more appropriate procedure
for small solutes would be the sequential addition of the
water molecules. More specifically, the MEP of the isolated
solute is calculated and the AGOA program decides the best
position to add a water molecule. Then, this supermolecule
(solute + 1 water) is used in the calculation of the new MEP,
so that, the AGOA program can place the second water
molecule, that shall form a new supermolecule (solute + 2
waters), and the process is repeated until the appropriate
hydration number has been reached.

Once the MEP 3D-grid has been calculated and the
points that overlap with the solute (or supermolecule) have
been excluded, the AGOA program performs a search to
find the points in the grid corresponding to the largest
negative and positive values of the MEP. The neighboring
points are used to estimate the gradient of the MEP, so that
the water dipole moment can be placed parallel or anti-
parallel to the largest gradient vector. This procedure
defines the positions of the hydrogen atoms of the water
molecule, except for the dihedral angle between the three
atoms of the water molecule and a given atom of the solute
(or supermolecule), that is chosen randomly. As a result,
the coordinates of the solute (or supermolecule), the oxygen
and the dummy (“XX”) atoms of the water molecule are
defined in cartesian, but the hydrogen atoms of the water
molecule are defined in term of internal coordinates, since
it is necessary to establish the dihedral angle. Scheme 1
summarizes the flow-chart of the AGOA procedure.

Once the hydration structure has been obtained it is
usually transformed into cartesian coordinates and used
directly to compute the solute properties, like QSAR

descriptors, in the presence of some solvent molecules, or
it can be used as an initial guess for a geometry optimization
procedure. In addition, this hydration structure can be
employed in the determination of the solute-solvent
interaction energy (E

s-w
) evaluated approximately as,

(1)

where E
Total

, E
Solute

 and E
Water

 correspond to the total energy
of the system (solute + water), the isolated solute energy
and the energy of the water cluster, respectively. In the
present application of the AGOA program these energies
were computed at AM1 (“Austin Model 1”)19 level within
the Gaussian 94 program.17 These hydration structures
obtained with the AGOA program were then submitted to
a partial geometry optimization, where the solute molecule
was maintained frozen during the optimization procedure,
allowing only the coordinates of the water molecules to be
optimized. These new solute-solvent configurations are
denominated AGOA-OPT.

Results and Discussion

The 3D grid of the molecular electrostatic potential
(MEP) for the anti conformer of the 1-phenyl-β-carboline
is presented in Figure 2. This MEP has been calculated
with the AM1 method and the grid contains 203 = 8000
points with a dimension of 20 Å x 20 Å x 20 Å. It should
be noted that this grid has successfully enclosed the whole
solute molecule.

Scheme 1. The algorithm for the AGOA procedure.
Figure 2. 3D grid of the calculated electrostatic potential for the anti
conformer.
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The AGOA program excludes the points of this grid
that are inside the volume defined by the solute (or
supermolecule). It has been verified that the implemented
procedure properly excluded all points inside the solute
according to the default cutoff radii.

Following, a search within this new grid is then
performed and for the same conformer the points with the
largest negative and positive values are selected. In addition,
the gradient vectors of the MEP at each of these selected
points are estimated and are displayed in Figure 3.

It is worthwhile noticing that this procedure readily
yields hydration structures that include the interaction of
the water molecule with the π-electrons of the indolic ring.
This result is very encouraging since previous studies of
the indole-water systems required high level ab initio
calculations to yield such a hydration structures.14-16

For each hydration structure the solute-water (E
s-w

)
interaction energy has been estimated according to equation
(1). These hydration structures were also used as the initial
guess for a partial geometry optimization of the water
molecules (AGOA-OPT) with the AM1 method.
Comparisons between the results without (AGOA) and with
(AGOA-OPT) the geometry optimization are presented in
Table 1 and illustrated in Figure 4.

As expected, the solute-water interaction energies are
larger with the AGOA-OPT procedure, since it allows for
an inter and intramolecular relaxation of the water
molecules. However, this result seems to be an artifice of

the AM1 method, which usually yields unrealistic hydration
structures and hydration energies.20 In addition, this AGOA-
OPT procedure lacks convergence of the interaction energy
with respect to the number of water molecules added. It
also lacks a consistent anti/syn energy relationship
according to the hydration of each conformer. In contrast,
the AGOA procedure yielded monotonic convergent results
for the solute-water interaction energy as well as a
consistent relationship between the energies of the anti and

Figure 3. Anti conformer with 10 vectors indicating the orientations of
the dipole moment for the water molecules.

Figure 4. The solute-water interaction energy as a function of the num-
ber of water molecules.

Table 1. Solute-water intermolecular energies in kJ mol-1 (see Equation 1)a)

number of AGOA AGOA-OPT

water molecules anti syn anti syn

1 -2.46 -9.80 -15.52 -13.20
2 -6.06 -12.55 -26.37 -22.80
3 -11.93 -16.09 -32.94 -35.73
4 -14.41 -26.58 -22.97 -41.60
5 -16.18 -29.25 -28.46 -33.31
6 -17.76 -30.00 -42.06 -41.27
7 -18.77 -29.66 -27.29 -47.77

 a)The enthalpies of formation of the isolated anti and syn conformers
are 354.18 and 348.44 kJ mol-1, respectively.
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syn conformers. As a result, it can be seen that the hydration
is important for the relative stabilization of the conformers,
and that the syn conformer is consistently more stable than
the anti one. In attempting to establish the origin for the
preferential hydration of the syn conformer the hydration
structures of both conformers are displayed in Figure 5.

For comparison, the hydration structures of these
conformers obtained with the AGOA-OPT procedure are
illustrated in Figure 6.

It can be seen that the geometry optimization with the
AM1 leads to the clustering of the water molecules as well
as to the formation of bidented hydrogen bonds, which is

Figure 5. The hydration structures of the (a) anti and (b) syn conform-
ers using the AGOA procedure.

a) anti

b) syn

a) anti

b) syn

Figure 6. Hydration structures of the (a) anti and (b) syn conformers
using the AGOA-OPT procedure.

an artifice of the AM1 method. It should also be noted that
this optimization procedure yields hydration structures
where the interactions of the water with the indole
π-electrons are absent. These unrealistic results yielded by
the optimization with the AM1 are also a consequence of
simulating the solvent effects by a finite cluster, and since
in the bulk these solvent molecules would be strongly
interacting with the remaining water molecules present in
the liquid, it should decrease the solute-solvent interaction
energy. These results are also reflected into the convergence
of the interaction energy with respect the number of water
molecules added in the hydration process (see Figure 7).
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Consequently, it thus seem very difficult to correctly
represent the solute in solution using these optimized cluster
models in vacuum. However, the AGOA procedure, without
the geometry optimization, provides realistic results,
including the interaction with the π-electrons of the indole
ring system. More specifically, these interactions involve
the water molecules labeled 1 and 2 in the anti and syn
conformers, respectively. The importance of these results
is related to the fact that it was necessary to employ high
level ab initio methods (MP2/DZP) in order to describe
these water-indole π-electrons interactions,14 which are
promptly provided by the AGOA procedure using the MEP
from the AM1 method.

Conclusions

The AGOA procedure for determining hydration
structures has proven to be quite efficient, even for stringent
tests such as the hydration of the 1-phenyl-β-carboline
molecule. This test can be considered stringent, but not

general, since this molecule contains an indolic ring system
for which the AGOA procedure provided the proper
description for the interaction of the solvent (water) with
the π-electrons of the indole ring system.

The AGOA procedure is computationally efficient, with
the bottleneck being the wavefunction calculation, which
can be either semiempirical or ab initio. The AGOA
program can be coupled to a visualization program, such
as, RasMol21 or Chime,22 which can then provide qualitative
tools for understanding the hydration of polar molecules.

The Fortran code has been written in such a way that it
can be easily generalized for other polar solvents, such as,
methanol, dimethylether, etc. and/or for other quantum
chemical programs.

Further improvements of the AGOA procedure include
an automated choice of the 3D-grid parameter, which would
make the procedure independent of the cutoff radius as
well as the implementation of a cutoff radius for the solvent
molecules, thus avoiding the generation of highly correlated
hydration structures at each AGOA run.
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