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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 hidratagdo ao redor de solutos
polares. Este procedimento utiliza-se da andlise do potencial eletrostético molecular (MEP) do
soluto (ou da supermolécula) e pode ser generalizado para outros solventes polares além da égua.
Este procedimento foi testado para moléculas simples, bem como para moléculas complexas de
interesse farmacol 6gico, como os sistemas 3-carbolinicos, derivados do indol. Este foi um teste
rigoroso, emostraque o procedimento AGOA érobusto, flexivel e de baixademandacomputacional
para estudos de hidratacdo, sendo possivel a utilizacdo de funcées de onda semi-empirica ou ab
initio. Comparagdes com métodos que otimizam ageometria sol uto-aguamostram a superioridade
do procedimento AGOA no estudo da hidratacdo dos conférmeros anti e syn da 3-carbolina,
viahilizando o seu uso paraacompreensdo e quantificagdo dasinteracdes especificas que contribuem
para os efeitos do solvente.

A new procedure, named AGOA, has been devel oped and implemented in acomputer 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 astheS-carbolinic systemsderived fromindole. Thisisastringent,
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 theAGOA procedure for theanti and syn 5-carboline conformers,
reassuring its use to comprehend and to quantify the specific interactions involved in solvent
effects.
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I ntroduction

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
Born! 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.? There are basically three model 4
to describe the solvent, namely, the continuum or dielectric
model, the discrete or supermolecule model, and the
discrete-continuum model, which attemptsto combinethe
two previous ones. The continuum model treatsthe solvent
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as a structureless dielectric medium and the solute is
inserted in a cavity. Since thisis a classical macroscopic
description there is not a unique way of integrating it into
aquantum chemical description of the solute. Thus, there
aremany distinct implementations of the continuum model,
ranging from sophisticated Poisson equation solutions on
an isoelectronic surface® to simple spherical dipolereaction
field.® However, independent of the implementation, the
continuum models are not abl e to describe specific solute-
solvent interactions, in particular, hydrogen bonds. In
addition, the definition of the solute cavity and thedielectric
constant are arbitrary. The discrete model treatsthe solvent
asindividual molecules, which interact with the solute via
a parametric potential” (classical models) or an
instantaneous Coul ombic interaction between the electrons
and the nuclel of the solute and the solvent molecules
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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
mol ecul esaround the solute. The most appropriate positions
are obtained from statistical mechanics simulations’, that
are not only very demanding, but also require the solute-
solvent and the sol vent-sol vent interaction potential s, which
are quite cumbersome to be obtained. Another approach®®
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, isalso highly dependent upon
the starting structure, since the solute-solvent energy
potential surface presents alarge 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
asimple procedure to hydrate polar molecules, which has
been denominated AGOA. ThisAGOA procedureis based
upon the molecular electrostatic potential (MEP) of the
solute molecul e and the assumption that the most important
interactions between the solute and the water iselectrostatic,
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 sizemolecules, such asproteins
or DNA. However, since the MEP is nearly localized and
additive,’>2 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-3-carboline, see Figure
1, isthe polar solute chosen to apply this methodology and
itsimplementation 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 asthe chromophore of thetryptophan
aswell astheir biological activities.’* Their spectroscopic
and hiological 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,'*® which suggest that the water
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molecule can also strongly interact with the z-el ectrons of
theindolering. Asaresult, the 1-phenyl-3-carboline should
provide astringent test of the AGOA hydration procedure.

Figure 1. 1-phenyl-1,2,3,4-tetrahydro-carboline or 1-phenyl-3-carboline.

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 program®’, named “cube”
that contains the molecular electrostatic potential (MEP)
of the solute molecule calculated in a 3D-grid, available
for all the wavefunctionsimplemented in the GAUSSIAN
program. This grid is chosen in such away that the entire
soluteisembedded into it and the pointsare 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
excludesthe points of thisgrid that overlap with the solute
atoms, defined by a cutoff radius properly chosen. The
AGOA program has stored internally default valuesfor the
cutoff radii for H, C, N, O, B, S, F, Cl and Br atoms, but it
alows the user to input cutoff radii for al the remaining
periodic table.

The present implementation of the AGOA procedure
usesthe TIP4P model for the water molecule'®. Thismodel
has been widely employed in liquid water simulationsand
is a four-site model located at the three atoms and the
additional siteat 0.15 A from the oxygen atom towardsthe
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
simultaneoudly at each AGOA run. For small molecules,
however, the water molecule usually perturbs significantly
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the MEP of the solute. Thus, amore appropriate procedure
for small solutes would be the sequential addition of the
water molecules. More specifically, the MEP of theisolated
soluteiscalculated and the AGOA program deci desthe best
position to add awater molecule. Then, this supermolecule
(solute+ 1 water) isused in the calcul ation of thenew MER,
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
pointsthat overlap with the solute (or supermol ecul€) 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 paraléd 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 thewater molecule and agiven 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
usualy transformed into cartesian coordinates and used
directly to compute the solute properties, like QSAR

Calculate the ESP or MEP with G9x program
for a given solute or supermolecule.

Disregard the points inside the molecule,
defined by a cutoff radius for each atom.

Find the points of largest absolute values
of the electrostatic potential.

H Scan the nearest points to approximate H
the gradients of the ESP

Align the solvent dipole moment to the H
ESP gradient vectors i

Generate input files for further property calculations
i and/or visualization of the hydrated structures i

Scheme 1. The algorithm for the AGOA procedure.
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descriptors, in the presence of some solvent molecules, or
it canbeused asaninitial guessfor ageometry optimization
procedure. In addition, this hydration structure can be
employed in the determination of the solute-solvent
interaction energy (E_,) evaluated approximately as,
E__=FE

S—W Total

ESolute - EWater (1)

whereE, ., E_ .andE,  correspond tothetotal 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")*° level within
the Gaussian 94 program.” These hydration structures
obtained with the AGOA program were then submitted to
apartial geometry optimization, where the solute molecule
was maintained frozen during the optimization procedure,
alowing only the coordinates of the water moleculesto 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-3-carboline
is presented in Figure 2. This MEP has been calculated
with the AM1 method and the grid contains 20° = 8000
points with adimension of 20 A x 20 A x 20 A. It should
be noted that this grid has successfully enclosed the whole
solute molecule.

Figure 2. 3D grid of the calculated electrostatic potentia 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.

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

It is worthwhile noticing that this procedure readily
yields hydration structures that include the interaction of
the water molecule with thesz-electrons of theindolic 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.'+16

For each hydration structure the solute-water (E_,)
interaction energy has been estimated according to equation
(2). These hydration structureswere also used astheinitial
guess for a partial geometry optimization of the water
molecules (AGOA-OPT) with the AM1 method.
Comparisons between the resultswithout (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
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theAM1 method, which usually yieldsunrealistic hydration
structuresand hydration energies.® In addition, thisAGOA-
OPT procedurelacks convergence of theinteraction 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 rel ationship between the energies of the anti and

Table 1. Solute-water intermolecular energiesin kJmol* (see Equation 1)?

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

3The enthalpies of formation of the isolated anti and syn conformers
are 354.18 and 348.44 kJ mol, respectively.
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Figure 4. The solute-water interaction energy as a function of the num-
ber of water molecules.
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syn conformers. Asaresult, it can be seen that the hydration
isimportant for therelative 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
AM 1 leadsto the clustering of the water moleculesaswell
as to the formation of bidented hydrogen bonds, which is
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an artifice of the AM 1 method. It should a so be noted that
this optimization procedure yields hydration structures
where the interactions of the water with the indole
m-electrons are absent. These unrealistic resultsyielded by
the optimization with the AM1 are also a consequence of
simulating the solvent effects by afinite cluster, and since
in the bulk these solvent molecules would be strongly
interacting with the remaining water molecules present in
theliquid, it should decrease the sol ute-sol vent interaction
energy. Theseresultsare also reflected into the convergence
of the interaction energy with respect the number of water
molecules added in the hydration process (see Figure 7).

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

Figure 6. Hydration structures of the (a) anti and (b) syn conformers
using the AGOA-OPT procedure.
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Figure 7. The solute-water energy variation as a function of the number
of water molecules.

Consequently, it thus seem very difficult to correctly
represent the sol utein solution using these optimized cluster
modelsin vacuum. However, the AGOA procedure, without
the geometry optimization, provides realistic results,
including theinteraction with the z-electrons of theindole
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 7-€lectrons interactions,** 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-3-carboline
molecule. This test can be considered stringent, but not
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general, sincethismolecule containsanindolic ring system
for which the AGOA procedure provided the proper
description for the interaction of the solvent (water) with
the r-electrons of the indole ring system.

TheAGOA procedureiscomputationaly 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, RasM ol or Chime, 22 which can then provide qualitative
tools for understanding the hydration of polar molecules.

The Fortran code has been written in such away 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 procedureinclude
an automated choice of the 3D-grid parameter, which would
make the procedure independent of the cutoff radius as
well astheimplementation of acutoff radiusfor the solvent
mol ecul es, thus avoiding the generation of highly correlated
hydration structures at each AGOA run.
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