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INTRODUCTION
Whereas DNA stores information for protein syn-

thesis and RNA carries information encoded in DNA,
most biological activities are catalyzed by proteins,
molecules whose accurate synthesis is at the heart of
cellular function. Since the linear order of amino acids
in each protein determines its structure and function,
the mechanism that maintains this order during protein
synthesis is a critical option, because any mistake in
amino acid protein sequence can cause a mutation and
then a disease such as various cancers.

It is known that base pairing is a fundamental step of
molecular recognition in the duplex formation of
nucleic acids and the processes of transcription and
translation [1]. So, during translation in ribosomes,
each protein amino acid is specified by a group of three
adjacent nucleotide bases, a codon on the messenger
RNA (mRNA) strand, which interacts with other three
special nucleotide bases in the tRNA molecule, and an
anticodon, in a complementary manner according to the
Watson–Crick base-pairing rules [2]. The fidelity of
transcription and translation is ensured primarily

through tRNA recognition events during both amino
acylation and codon–anticodon pairing [3, 4], where
hydrogen bonds in both of them play a critical role [3].

Consequently, there are numerous experimental [5–
27] and computational [13–27] studies concerned with
the association of nucleotide base pairs. Computational
studies range from gas phase energy minimizations to
Monte Carlo and molecular dynamics simulations in
solution [22]. But codon–anticodon pairing is not
merely a simple process controlled by hydrogen bond-
ing between two antiparallel trinucleotides and influ-
enced by many different physico- and stereochemical
factors. For example, the peculiarities of codon–antic-
odon interaction such as the absence of noncanonical
base pairing at the first two positions of the codon [23–
26] or the dependence of the mean codon on adjacent
codons (codon context effects) [27, 28] cannot be
explained by just the internal stability of the codon–
anticodon minihelix [29].

There are also a series of indications that various
characteristics of solutions in which processes are per-
formed, such as the dielectric constant, are determining
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levels of theory in the gas phase and five solvents at three temperatures. Finally, to obtain more information, we
calculated thermochemical parameters to find that the dielectric constant of solvents plays an important role in
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factors. Nucleic acids are highly charged molecular
species that interact strongly with their solvent envi-
ronment [30], and nucleic acids adopt conformations
not at all similar to the original Watson and Crick
model [30, 31].

Rigid body docking and static models have been
used to examine codon and anticodon interactions with
each other and in solutions [32]. Smaller scale molecu-
lar dynamics simulation studies of cognate codon–anti-
codon interactions were also performed. There is no
doubt that computational methods provide the visual-
ization of large amounts of structural data and the gen-
eration of related conformations for statistical and
dynamic analyses. The application of these methods to
systems of biological interest advanced tremendously
in recent years to encompass models that describe local
conformational effects with great precision. The ability
to accurately calculate solvation energies of molecules
using molecular simulation methods is an important
development in computational chemistry [30]. These
methods have wide applicability not only in studies of
free energies of solvation, but also in studies of free
energies of binding and protein and nucleic acid stabil-
ity [30]. Knowledge of free energies of solvation of
DNA bases would be useful, for example, for under-
standing the forces involved in protein–nucleic acid
interactions and the stability of nucleic acid tertiary
structures.

The solvent effect is taken into account using the
self-consistent reaction field (SCRF) method [34]. This
method is based on the Onsager reaction field theory of
electrostatic solvation [35]. In this model, a solvent is
treated as a uniform dielectric with a given dielectric
constant. A solute is placed into a cavity within the sol-
vent. Various SCRF approaches differ in how they treat
the cavity and reaction field [36].

In this paper, we use nonempirical calculations in
one of the first detailed studies of triplet structures,
geometries, energies, enthalpies, free energies, entro-
pies, atomic charges, dipole moments, and other ther-
mochemical properties with special emphasis on sol-
vent effects on them.

We optimized the geometries of the AAA, UUU,
UUC, and AAG triplets in various solvents using the
Onsager model at the Hartree–Fock, BLYP, and B3LYP
levels of theory and compared our results with those
obtained for the gas phase. In addition, the effect of the
permittivity of solvents on the stability of these triplets
was explored and discussed. The calculations of all sys-
tems were performed using the 3-21G, 6-31G, and 6-
31G* basis sets.

THEORETICAL

The hydration of nucleobases was a subject of
numerous theoretical studies by the Monte-Carlo,
molecular dynamics, and quantum-chemical methods
within the continuum model. Such information can be

obtained only within the supramolecular approach
using high-level nonempirical methods. So far, no the-
oretical study of pairing behaviors of these bases has
been done. Thus, in this study, we propose the first
detailed mechanism and investigate solvent effects on
variation of amino acid sequences.

 

A Quantum-Mechanical Continuum Solvent Model

 

The use of the SCRF model in quantum-chemical
theory requires that the shape and volume of the solute
molecule be defined uniquely for any set of com-
pounds. A number of approaches to calculating these
characteristics are known, but no nonempirical meth-
ods for their estimation have been developed. However,
it can be concluded from the results of model calcula-
tions that the simple model assuming a spherical or an
ellipsoidal shape of the cavity for the solute molecule is
likely satisfactory for comparatively small and rigid
molecules. Therefore, this method was selected in our
calculations [37, 38].

The Onsager-SCRF code elaborated by Wiberg and
co-workers [39, 40] for the Gaussian computational
code has been fairly popular in the past years. The
Onsager model is the simplest version of the MPE
approach. Solvation is described in terms of a dipole
moment drawn iteratively from QM calculations of the
molecule. The appealing feature of the Onsager-SCRF
method was the ability of directly exploiting almost all
the computational facilities of the Gaussian package
[17].

Following the Onsager model, the interaction
energy of a dipole in a solvent is

(1)

where 

 

R

 

(

 

t

 

) is the reaction field at time 

 

t

 

 caused by the
surrounding solvent that acts on the dipole of the solute.

The Onsager model describes the system as a mole-
cule with a multipole moment inside a spherical cavity
surrounded by a continuous dielectric. In some pro-
grams, only the dipole moment is used, and calcula-
tions therefore fail for molecules with zero dipole
moment. The results obtained using the Onsager model
and HF calculations are as a rule qualitatively correct.
Accuracy increases significantly with the use of MP2 or
hybrid DFT functionals. This is not the most accurate
method available, but it is stable and fast. This makes
the Onsager model an attractive alternative when PCM
calculations fail [41].

 

The Relation between Structural Stability 
and Thermodynamic Parameters

 

A theoretical analysis at the HF, BLYP and
B3LYP/3-21, 6-31G, and 6-31G* levels of theory was
performed to characterize all the stationary points of
the potential energy surface as minima and obtain ther-
modynamic corrections. Solvation effects were mod-

Esolv t( ) m t( )R t( ),–=
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eled by the Onsager method as implemented in the
GAUSSIAN 98 program [17]. The equilibrium free
energy of solvation can be divided into smaller contri-
butions corresponding to cavitation, universal solvation
effect such as solute-solvent electrostatic, dispersion,
and repulsion interactions, and nonuniversal specific
interactions, such as intermolecular hydrogen bonding
or electron donor–electron acceptor interactions [42],

(2)

Electrostatic solute–solvent interactions are usually
introduced into quantum-mechanical calculations by
means of the self-consistent reaction field (SCRF)
approach.

In the Onsager model, a solute is placed in a spheri-
cal cavity immersed in a continuous solvent, and the
full classical multipole expansion of the total solute
charge distribution is truncated after the dipole term,
that is, it only includes solute monopole and dipole
interactions with the continuum. Despite the simplicity
of the Onsager approach, its applicability was proved
for many systems. The advantage of this model is ana-
lytic calculations of the solvent reaction field for spher-
ical cavities, which speed up the process and allow geo-
metric optimizations in solution to be performed for
compact molecules at a modest computational cost.
Although this method includes significant improve-
ments of the Onsager approach, a new problem arises.
For the definition of the density surface, an isodensity
level that fixes the amount of electron density within the
built cavity must be specified. However, a small per-
centage of charge density extends outside the cavity.
This causes serious problems in the dielectric contin-
uum treatment of solvents by affecting the charge
inside the cavity.

RESULTS AND DISCUSSION

Recently, much effort has been devoted to the mod-
eling of physicochemical processes in condensed
phases and biological environments. The progress in
various fields, such as the theory of intermolecular
forces, in computer simulation techniques and in solid-
state physics methods enabled us to obtain better under-
standing of many of these important phenomena. It
became evident that, at least in certain cases, the influ-
ence of intermolecular interactions on the electronic
structure of constituents was substantial.

Quantum-chemical solvent effect theories give a
self-consistent description of the electronic structure of
solutes, which is closely related to the polarizable envi-
ronment. Such calculations are indispensable for get-
ting insight into the molecular properties and reactivity
of condensed phases. This goal is usually achieved by
means of a solute–solvent Schrödinger equation corre-
sponding to some simplified representation of the sol-

∆G solvation( ) ∆G electrostatic( )=

+ ∆G dispersion( ) ∆G repulsion( )+

+ ∆G cavitation( ) ∆G specific( ).+

 

vent. In particular, the electronic structure of solute
molecules can be closely related to the solvent structure
and vice versa. This effect can be of key importance, for
example, for the understanding of the microscopic
mechanism of certain reactions in solutions.

We should note that there is interaction energy
between solutes and solvents. Because of this, solute
properties that depend on energy and several other
factors, such as geometry, vibrational frequencies,
total energy, and electronic spectrum, also depend on
the solvent. The presence of a solvent, particularly a
polar solvent, can also stabilize charge separation
within a molecule. This not only changes energy, but
also causes electron density shifts and influences asso-
ciated properties. In reality, this is a result of quantum-
mechanical interactions between the solute and sol-
vent, which must be averaged over all possible
arrangements of solvent molecules according to the
statistical mechanics principles.

The energy of solvation can further be divided into
terms that describe the bulk solvent and terms that spec-
ify the first solvation shell. The bulk solvent contribu-
tion is primarily the result of dielectric shielding of
electrostatic charge interactions. In the simplest form, it
can be included in electrostatic interactions by means
of the dielectric constant 

 

ε

 

, as in the Coulomb interac-
tion equation [43]

(3)

This modification of charge interaction is responsi-
ble for electron density shifts allowed by the polariz-
abilities of the AAA, UUU, AAG, and UUC triplex
sequences. There are several effects in the region where
a molecule meets its solvent shell. The first one is
referred to as cavitation energy, which is the energy
required to push aside solvent molecules to produce a
cavity for the solute molecule. The second effect is
related to forces attracting the solute molecule to the
solvent. These are van der Waals, dispersion, and
hydrogen bonding interactions. Finally, the solvent
molecules in the first shell can rearrange in order to
maximize interactions with the solute. The largest
amount of hydrogen bonding energy is usually related
to solvent rearrangement to the preferred hydrogen
bonding orientation. By solving the corresponding
electrostatic equations inside and outside the sphere
and applying proper boundary conditions, one can find
the potential at any point inside the cavity and the total
electrostatic energy of the interaction of molecular
charge distribution with polarizable medium. In the
quantum-chemical application of this theory, this inter-
action energy is represented by additional molecular
Hamiltonian terms corresponding to nuclear–nuclear,
nuclear–electronic, and electron–electron contribu-
tions. Because of the unavoidable deficiencies of the
Onsager model, further insight into the nuclear polar-
ization effects, i.e., geometric optimization in solution,
would not yield better results. Therefore, the use of

ε qiq j/εrij.=
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multipole expansions up to infinite order and a more
realistic description of the solute cavity are necessary.

 

Solvent Effects on Relative Stabilities

 

All triplex sequences were studied in the gas phase
(

 

ε

 

 = 1) and various solvent media with dielectric con-
stants of water (

 

ε

 

 = 80), dimethylsulfoxide (

 

ε

 

 = 46.7),
methanol (

 

ε

 

 = 32.63), ethanol (

 

ε

 

 = 24.55), and cyclo-
hexane (

 

ε

 

 = 2.023) at 35, 37, and 39

 

°

 

C.

Nucleic acid bases can form various hydrogen
bonds with water and the other protonic solvents. In all
of them, water is bonded to AAA, UUU, AAG, and
UUC triplex sequences by the OH…N or NH…O
hydrogen bonds (Fig. 1). First, the complexes were

fully optimized by the HF and DFT (BLYP and
B3LYP) methods using the 3-21G, 6-31G, and 6-31G*
basis sets to obtain minima of the potential energy sur-
faces of the bases.

The influence of the solvent on the relative stability
of triplex sequences was studied by means of the
Onsager approach. The results listed in Table 1 reveal
that, as the dielectric constant increases in passing from
the vacuum to cyclohexane, ethanol, methanol, DMSO,
and water, the dipole moment of each solvent increases
when different quantum-mechanical levels are used.

The dipole of a molecule induces a dipole in the
medium, and the electric filed of the solvent dipole in
turn interacts with the molecular dipole, leading to
overall stabilization. These parameters represent the
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Fig. 1.

 

 Optimized structures of (a) AAA-UUU and (b) AAG-UUC triplex sequences with their active centers.
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subtle structural changes of the triplets, which are not
statistically correlated, because the distributions of sub-
tle structural changes of different triplets are very dif-
ferent, and the contributions of these structural changes
should be analyzed individually.

The values listed in Table 2 show that interactions
between water molecules and triplets reduce the energy
of the whole system (

 

∆

 

E

 

). The only exception is non-
bonding dispersion energy; this may imply that, in
aqueous solutions, the import of polarized water mole-
cules reduces the rate of triplet polarization. The signif-
icance levels of the parameters reveal that solvent group
changes are significant.

The effect of solvents on the stabilization of the tri-
plex is of interest; it plays a major role in their activi-
ties. The standard Onsager approach (the SCRF
method) to nucleic bases with different basis sets, as is
used here, appears to be a good first step in theoretical
investigations of solvent effects. In this paper, we stud-
ied the solvation of the complexes. The influence of the

dielectric constant on the standard geometry of AAA,
UUU, AAG, and UUC triplex sequences in H

 

2

 

O,
DMSO, CH

 

3

 

OH, C

 

2

 

H

 

5

 

OH, and C

 

6

 

H

 

12

 

 was studied. We
found that the relative energies (

 

∆

 

E

 

) of triplex bases in
solution are smaller than in the gas phase, because
interactions in solution are stronger than in the gas
phase. For all the sequences, the influence of water on
mRNA–tRNA triplets is almost the same (Table 2).

The interaction energies of the complexes decrease
as the dielectric constant of solvents increases accord-
ing to HF, BLYP, and B3LYP calculations. The results
obtained at the HF/6-31G* level are more negative than
those of density functional calculations because these
methods differently take correlation energy into
account (Table 2). However, BLYP and B3LYP calcu-
lations can be considered fairly accurate.

As regards the high dielectric constant of water mol-
ecules surrounding the hydrophilic part of amino acid
chains, we optimized these parameters much better
than for the other solvents.

 

Table 1.

 

  Dipole moment (Debye) of AAA, UUU, UUC, and AAG triplex sequences obtained in various solvent media

Solvent
(

 

ε

 

) Sequence
HF BLYP B3LYP

3-21G 6-31G 6-31G* 3-21G 6-31G 3-21G 6-31G 6-31G*

Vacuum AAA 40.9237 40.4713 59.2331 – – – – –

UUU 15.2868 16.0293 15.2690 16.7047 18.0163 17.5797 18.9040 16.6210

UUC 16.8035 28.3729 29.0364 18.9039 19.1747 28.4225 28.5565 27.8173

AAG 13.3232 12.0622 8.5889 11.8733 – 20.6002 20.9178 20.9900

Cyclo-
hexane
(2.023)

AAA 65.1489 66.0421 64.8689 – – 63.3546 64.2557 –

UUU 21.8012 23.2887 20.1126 18.2376 19.8183 19.1567 20.7070 18.2452

UUC 22.5474 23.1587 31.3776 20.6831 21.0766 21.1167 21.5551 30.3786

AAG 8.9051 9.0319 9.4007 12.9324 – 7.7720 7.9025 8.2450

Ethanol 
(24.55)

AAA 69.5254 78.9865 78.0468 – – – – –

UUU 24.3433 25.2440 22.7177 20.8330 22.8365 21.7288 23.6885 20.9485

UUC 35.2009 57.8514 35.1146 23.6523 24.3226 23.9741 24.6818 34.5681

AAG 26.0378 10.3613 10.7556 14.6379 – 9.0034 9.2329 9.6057

Methanol 
(32.63)

AAA 73.3946 80.2768 78.4816 – – – – –

UUU 24.4898 25.4140 22.7984 20.9145 22.9320 21.8089 23.7822 21.0338

UUC 35.3862 57.3185 35.2293 23.7455 24.4254 34.8387 35.4717 34.6989

AAG 26.2731 10.4034 10.7984 14.6903 – 9.0428 9.2760 9.6497

DMSO 
(46.7)

AAA 77.9591 79.9790 78.8884 – – – – –

UUU 24.8802 25.6346 22.8736 20.9903 23.0210 21.8834 23.8695 21.1133

UUC 25.4117 26.3158 35.3359 23.8322 24.5211 34.9504 35.5931 34.8176

AAG 15.8840 15.9317 10.8383 14.7391 – 9.0796 9.3161 9.6907

Water 
(78.39)

AAA 31.8664 83.1767 79.2766 – – – – –

UUU 24.7558 25.7244 22.9451 21.0626 23.1058 21.9545 23.9527 21.1891

UUC 36.0207 30.8165 35.4374 23.9149 24.6123 24.2249 24.9588 34.9366

AAG 26.7052 10.4799 10.8763 14.7855 – 9.1147 9.3545 9.7299
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Solvent Effects on Thermochemical Parameters

The thermochemical data presented in this section
are useful for the understanding of codon–anticodon
pairing in mRNA and tRNA biomolecular triplets.
There are some theoretical considerations concerning
the ability of the genetic code to affect mutations in bio-
logical systems. Codon–anticodon interactions are
involved in the discrimination between the correct and
incorrect mRNA and tRNA. Hydrogen bonding, steric
fit, and base-pair stability can be the main aspects that
influence the whole process according to our calcula-
tion results.

The standard enthalpies (∆H), entropies (∆S), and
free energies (∆G) of these compounds were obtained
by theoretical methods using the GAUSSIAN 98 pack-
age (Table 2). We found that there was some difference
between these functions obtained by the HF and
B3LYP methods. A study of hydrogen bonding
between AAA, UUU, AAG, and UUC triplex
sequences and H2O, DMSO, CH3OH, C2H5OH, and
C6H12 was performed for optimized structures in solu-
tion at 35, 37, and 39°C (see Table 2).The best results
in various solvent media were obtained at the HF level
of theory.

Free energy variations in terms of dielectric constant
at two levels of theory and three temperatures obtained
using three basis sets are plotted in Fig. 2 in terms of the
dielectric constant. We see that the HF optimization is
in close agreement with the experimental data, whereas
DFT (BLYP and B3LYP) calculations are somewhat
nonlinear. We also observe that, as the dielectric con-
stant changes from cyclohexane (ε = 2.023) to polar
water (ε = 80) at 35, 37, and 39°C, the stabilization
energy decreases for all basis sets at all theoretical lev-
els (Fig. 2).

Table 2 and Fig. 2 show that the free energies of
interactions (∆G) of AAA, UUU, AAG, and UUC tri-
plex sequence base pairs in solution are more negative
than in the gas phase; that is, interactions in solution are
stronger than in the gas phase.

Experimental measurements of the heats, entropies,
and free energies of formation are required to resolve
discrepancies between the predictions of the different
nonempirical methods employed here and to obtain
reliable thermochemical data on some of the AAA,
UUU, AAG, and UUC triplex sequences in various
media at different temperatures that remain unstudied.
However, the methods used here give sufficiently accu-
rate thermochemical parameters for constructing a self-
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consistent preliminary database for models of codon–
anticodon pairing in mRNA and tRNA triplets. These
models can be used to identify the most crucial species,
for which additional experimental and theoretical stud-
ies can be performed. Future computational chemistry
work can extend these thermochemical predictions to
reaction paths for the formation of H-bonds in other
biological structures.

These results show that the strongly bonded DNA
and RNA chains can affect replication with subsequent
mutations or cell termination. Furthermore, this study
provides thermochemical data needed for the construc-
tion and prediction of detailed models of useful and
dangerous mutations under practical and experimental
conditions by the Watson–Crick mechanism in hydro-
gen bonding of these compounds in biological systems
in the future.

CONCLUSIONS

Several conclusions can be drawn. Based on our
results, we conclude that these interactions were
approximated by explicitly adding the nearest neigh-
bors into the calculations. The most important intermo-
lecular interactions between nucleic bases and solvent
molecules were described using different structural
models. Interaction of solvent molecules distorted the
intermolecular geometry of the nucleic bases; this can
be described by resonance forms of the total structure
of the bases.

Some of the species considered were previously
neglected or assumed to be unimportant for codon–
anticodon pairs in mRNA and tRNA triplets. On the
basis of the results of our calculations, we found that,
among various modern quantum mechanical methods,
the Hartree–Fock method was the most popular to date.

The results of the quantum-chemical modeling of
the AAA, UUU, AAG, and UUC triplex sequences with
Onsager reaction field calculations were obtained using
the polarizable dielectric model. They are indicative of
a possible mutagenic mechanism of these compounds.
All systems were optimized by the Hartree–Fock,
BLYP, and B3LYP methods. In all cases, the steady-
state nature (minimum of the potential energy surface)
of the optimized complexes has been confirmed
through the investigation of theoretical levels. This will
allow the most important reactions and the most impor-
tant species to be identified for the compounds in ques-
tion.

We can conclude that, for the hydrogen bonded sys-
tems studied in this work, the ab initio method gives
similar or even better results than density functional
calculations. Nucleotide variations in codon–anticodon
pairs show complexity which can lead to different bio-
logical functions. As a matter of fact, the energies and
thermochemical parameters can provide valuable infor-
mation about binding stabilities of base pairs in pro-
teins with possible various mutations in humans.
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