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Molecular modeling of ribavirin - DNA interaction

L.E. Vijan, and C. M. Topala

Abstract—Ribavirin is a purine nucleoside analogue that is
active against a number of DNA and RNA viruses. Our experimental
results point out that in the ribavirin - nucleic acid complexes, the
1,2,4-triazole-3-carboxamide chromophore is intercalated between
the bases of the nucleic acid helix, the carboxamidic group is set
outside of the helix toward the major groove, the 2-hydroxymethyl-
tetrahydrofuran-3,4-diol fragment being located in the minor groove.
In this work, the interactions of two polymorphic modifications of
ribavirin (denoted V; and V,) with nucleic acids by the molecular
mechanic method were investigated. In order to stress the sequence
specificity of drug, some model mono- and double- stranded nucleic
acid containing the bases: adenine (A), thymine (T), cytosine (C) and
guanine (G) in AAAAAA, TTTTTT, CCCCCC, GGGGGG,
ATATAT, CGCGCG, ATCGAT and CGATCG sequences were
used. The theoretical results points out that the complexes of ribavirin
with nucleic acids are stabilized mainly by van der Waals forces
involving the 1,24-triazole-3-carboxamide chromophore and the
nitrogenous bases from the nucleic acids structure and that the
electrostatic term brings a minimal contribution to the binding
energy. For both ribavirin conformers, a slight preference for nucleic
acids sequences containing adenine and/or thymine bases was found.
As a result of the ribavirin — nucleic acid interaction, only the nucleic
acids structure is significantly perturbed, the structure of the drug
being practically unchanged. In addition, the theoretical calculations
in the ribavirin — nucleic acid system predict an increase of the
distance between the adjacent bases at the intercalation site level. The
turning of the polynucleotidic helix is produced and the “accordion
type” motion takes place determining a breaking in the hydrogen
bonds between base pairs from double-stranded nucleic acid
structure.
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I. INTRODUCTION

In last years increased attention has been focused on the
ways in which many drugs interact with biological systems. In
the cell, many drugs, particularly those with planar
chromophores, bind to nucleic acids, which are attractive
targets for these molecules. Because of the complex structure
of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA),
different binding modes are possible: intercalation between
adjacent base pairs, minor or major groove binding,
crosslinking, covalent attachment or some combination of
these modalities [1-13].

The intercalation and minor-groove modes have been better
characterized compared with other binding modes. In addition,
mixed mode of binding is well-known phenomenon. For
example, a lot of drugs, such as anthracycline antibiotics
(daunomycin, doxorubicin) [14, 15], can intercalate a
polycyclic and planar fragment between adjacent base pairs
from nucleic acid helix and, also, can bind to the minor-
groove of nucleic acid. Detailed information about the
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structural aspects of binding are given by X-ray diffraction
methods or NMR spectroscopy.

The essence of intercalation is the insertion of a planar
aromatic chromophore, possessing two or three rings, between
adjacent base pairs from nucleic acid, thereby extending and
stabilizing the double helix structure. The complexes formed
in these cases are stabilized by van der Waals interactions
between the drug molecule and the nitrogenous bases from
nucleic acid that surround it [6, 7]. There is evidence that the
intercalating drugs have a sequence selectivity by two or three
base pairs [13].

Drugs that bind in grooves of nucleic acids have several
aromatic rings, such as benzene, furan or pyrrole, connected
by bonds possessing torsional freedom. The complexes
formed in these cases are stabilized by van der Waals forces,
hydrophobic interactions and the formation of hydrogen bonds
between the groove-binding agent and C2 carbonyl oxygen of
thymine/ cytosine or N3 nitrogen of adenine/ guanine [8, 12].

Polycyclic, aromatic and planar drugs can intercalate
between the base pairs of nucleic acid structure, drawing them
apart from their normal 3.4 A spacing to 6.8 A while groove-
binding drugs can fit into minor or major groove, sometimes
with minimal distortion of the nucleic acid helix [6-9, 12].

Ribavirin is a purine nucleoside analogue that is active
against a number of DNA and RNA viruses [16]. Ribavirin, in
combination with interferon, has predominantly been applied
in the treatment of hepatitis C virus infection and its potential
antitumor efficacy has recently become a point of interest.
There are numbers of proposed mechanisms of action for
ribavirin. These include indirect effects such as inhibition of
inosine monophosphate and immunomodulatory effects and
direct effects such as polymerase inhibition and interference
with viral RNA capping. Recent studies use double or triple
combinations of ribavirin with other antiviral drugs, such as
oseltamivir or/and amantadine in order to increase the activity
against multiple virus strains in vitro [17, 18]. Also, ribavirin
is used by our research group in vitro chemotherapy to obtain
of grapevine virus-free and potato virus-free plants [18].

Our experimental studies for ribavirin~-DNA system [19]
have pointed out a complex nature of the binding process.
Two bhinding processes were highlighted: a process of the
internal binding, that involves the drug intercalation between
the base pairs from nucleic acid structure and a process of the
external binding, that involve the drug binding to the grooves
from the nucleic acid structure. It was found that the external
binding prevails, the binding constant of this process being
with an order of magnitude greater than the binding constant
of the second process. Also, the dependence of the binding
constants on the ionic strength of the medium allowed the
dissection of the binding free energy in electrostatic and non-
electrostatic contributions. It was found that the non-
electrostatic contribution prevails.
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Computer-aided molecular design has become an everyday
practice in researches from chemistry, biology, pharmacology,
biological systems engineering, and other fields of molecular
sciences. It is possible to reproduce experimental information
on the hydration energies, the binding energies in different
drug — biopolymer systems, the behaviour of water molecules
at membrane surfaces, etc., by the molecular simulations.
Computational methods can be useful in modeling of the
complexes between drugs and nucleic acids to predict the
structure and the stereochemistry of recognition.

The present studies represent the second our paper of
molecular modeling of interaction of ribavirin with some
model nucleic acids in order to determine the structural
characteristics of binding of ribavirin to nucleic acid
sequences, to estimate the relative contributions to the
interaction energy (in van der Waals and electrostatic terms)
and to get an insight on the sequence selectivity of the
antiviral drug.

Il. COMPUTATIONAL DETAILS

The structures of the ribavirin conformers and the
sequences of nucleic acids were built within the HyperChem
Release version 7.5 program and optimized by the Molecular
Mechanics (parameters: MM+ force field, RMS gradient of
0.01 kcal/mol'A) and the semiempirical AM1 method
(parameters: SCF control of 0.01, RHF spin pairing, Polak -
Ribiere optimizer, RMS gradient of 0.01 kcal/mol'A for the
ribavirin conformers and the sequences of mono-stranded
nucleic acids, RMS gradient of 0.1 kcal/mol'A for the
sequences of double-stranded nucleic acids).

The calculations on the complexes of two ribavirin
conformers (denoted V; and V,) with the sequences of mono-
and double-stranded nucleic acids were performed in vacuo by
the Molecular Mechanics (MM+ force field) method until to
RMS gradient of 0.01 kcal/mol'A. From numerical methods,
for optimization we have used the Polak — Ribiere method.

I1l. RESULTS AND DISCUSSION

A. Conformers of ribavirin

The molecular properties of molecules depend on their
three-dimensional structure. It is known that a molecule can
adopt due to rotation around o bonds different spatial
arrangements, known as conformations. The study of the
energy changes that occur during these rotations defined the
conformational analysis. The conformational analysis can be
regarded as the analysis of all conformations that a molecule
can adopt as a result of single bond rotations, which means
searches of all minima for global minimum, local minima or
energy barriers.

The conformational search involves the identifying preferred
conformations of molecules because the biological activity of
molecules is strongly dependent on their conformation. The
conformational search done by exploring of the energy surface
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of a molecule and implying determining the conformations
with minimum energy.

Ribavirin has a complex structure (figure 1), comprising a
1,2,4-triazole-3-carboxamide chromophore and a ribose
moiety, 2-hydroxymethyl-tetrahydro-furan-3,4-diol. Ribavirin
crystallises in two polymorphic forms (denoted V; and V,),
which exhibit differences in their IR spectra and melting
points, suggesting differences in their hydrogen bonding and
crystal packing schemes [20]. X-ray analysis of those forms
was undertaken to unequivocally establish the molecular
structure and conformation and to elucidate the differences
between their properties and their packing patterns [20].

K
HOH,C K
1 H
H /74
H 2
3
HO OH

Vi V,

Fig. 1. Chemical structure for ribavirin and
its two conformations V; (“high syn”) and V, (“high anti’*)

The crystal structures of these forms have presented in
literature. Both forms crystallize in orthorhombic system [20],
with a=14'863 A, b=7512 A and c=8788 A for form V, and
a=25034 A, b=7719 A and c=5289 A for form V,,
respectively. These two forms were found in different
conformations. In Vi, the glycosyl torsion is ,,normal anti”
(x=104°), the sugar pucker (pseudorotation phase angle P) is
*T, (P=117°), the exocyclic C,-C¢ bond torsion is gauche and
the ribose conformation is 3’-endo-2’-exo while in V,, these
are ,,high anti” (x=1190°), °T, (P=242°), trans and the ribose
conformation is 2’-exo0-1’-endo [20].

The carboxamide group in V, is engaged in hydrogen
bonding to the base ring of a symmetry-related molecules
whereas there is no interbase hydrogen bonding in V; [20].
The usual hydrogen-bonding sites of the base ring in V; are
involved in hydrogen bonding while the N, site of the base in
V, is not hydrogen bonded [20]. Interestingly, in both forms
one of the amino hydrogen atoms is not engaged in hydrogen
bonding.

Initial, the molecule of ribavirin was constructed using the
HyperChem Release version 7.5 program. In order to find the
minimum energy structure we have made the conformational
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analysis using Polak — Ribiere method. The conformational
searching in torsional space was performed using the
multiconformer method [21, 22]. Then, the energy minima for
ribavirin were determined by a semi-empirical method AM1
(as implemented in HyperChem Release version 7.5 program).
The conformations were confirmed as minima by vibrational
analysis.

By conformational analysis, we have obtained a series of
conformers of ribavirin presenting the features indicated in
literature [20, 23, 24] for the polymorphic forms V; and V..
From all of the conformers obtained, they were selected two
optimum conformations, with the minimum energy and
corresponding to the crystallographic data presented in
literature. The representatives with spheres and the torsion
angles for optimized conformers of ribavirin are presented in
figures 2 and 3.

C

Fig. 2. Ball-and-stick model for V; conformer of ribavirin

e

Fig. 3. Ball-and-stick model for V, conformer of ribavirin

L

For both conformers, the charge distribution, the formation
energy, the frontier molecular orbitals (HOMO and LUMO),
the minimum and maximum values of electrostatic potential
were determined [25], the results being presented in table 1.

Table 1. Results of AM1 calculations

Ribavirin
Parameter V, \,
AHtormation, Kcal/mol -139.47 -141.25
Ehomos eV '1042 -1047
Elumo, €V -0.05 -0.13
Vmin, Kcal/mol -41.67 -36.39
Vmax, Kcal/mol 266.53 246.01
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Although the differences between the two conformers of
ribavirin are small, it can be said that the V, conformer is more
stable than the V,; conformer. The optimized values of the
ribavirin conformers energies calculated by the Molecular
Mechanics method were used to calculate the drug — nucleic
acid interaction energy.

B. Sequences of nucleic acids

Nucleic acids are complex organic molecules that contain
the genetic code for the organism [26-28]. The structure, the
function and the metabolism of the nitrogenous bases,
nucleosides and nucleotides from nucleic acids have attracted
attention of researchers in the last years [29, 30]. Nucleic acids
can adopt different conformations depending on the nucleotide
sequence and other extrinsic factors, such as ionic strength,
type of ions, solvents. Deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA) are common targets for antiviral,
anticancer, and antibiotic drugs and in consequently, the
studies of the interaction between drugs and DNA or RNA are
of great importance in many areas. It was found that specific
atomic sites from DNA or RNA are often the targets for a
drug’s actions [31-33]. In a broader sense, DNA and RNA can
be considered as the macromolecular receptor for drugs.

A remarkable feature of the DNA or RNA molecules is that
there are a number of reactive (e.g. nucleophilic) sites
uniquely displayed, depending on the sequence, on the surface
of the nucleic acid helix. For instance, in the minor groove of
deoxyribonucleic acid, the exocyclic N2 amino group of
guanine and the N3 atom of both guanine and adenine bases
are particularly susceptible to the drugs action. In the major
groove, the N7 atom of both guanine and adenine bases is
particularly susceptible to drug action [31-33]. Finally, the
C4', C5', and C1' atoms of the deoxyribose in the backbone of
nucleic acid double-helix are other reactive sites from the
nucleic acids sequences [31-33].

Because the literature data pointed out that the intercalating
drugs have a sequence selectivity for nucleic acids that does
not extend beyond two or three base level [23, 24, 27-29], we
have chosen some model mono- and double-stranded nucleic
acids containing the AAAAAA, TTTTTT, CCCCCC,
GGGGGG, ATATAT, CGCGCG, ATCGAT and CGATCG
sequences. Solvent and counterions were not included
explicitly for reasons of computational expense. Instead, their
effect was simulated using a distance-dependent dielectric
constant with e=4r;;. This formalism was well established in
the proteins modeling and has been tested with satisfactory
results at nucleic acids [34]. Thus, the nucleic acids sequences
were constructed by the charge neutralization of phosphate
groups with hydrogen atoms.

The nucleic acids sequences were optimized by the
Molecular Mechanics (MM+ force field) and semiempirical
AM1 methods and the optimized values of the nucleic acids
sequences energies calculated by the Molecular Mechanics
method were used to calculate the drug — nucleic acid
interaction energy [19, 25].
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C. Molecular modeling of ribavirin - nucleic acid complexes

The optimized conformers of ribavirin and the optimized
sequences of mono- and double-stranded nucleic acids were
utilized in the optimization of the drug - nucleic acid
complexes. For the optimization of the drug - nucleic acid
complexes by the Molecular Mechanics (MM+ force field)
method, the solvent effect was not considered. The starting
structures of the drug - nucleic acid complexes were built by
the docking procedure. Initially, several restraints were
imposed, so that the 1,2,4-triazole-3-carboxamide fragment to
be oriented parallel to the bases from the nucleic acid helix,
the carboxamidic group to be set outside of the helix toward
the major groove and the 2-hydroxymethyl-tetrahydrofuran-
3,4-diol moiety to be located in the minor groove of nucleic
acids structure. After optimization of the drug - nucleic acid
complexes until the required gradient, the restraints were
eliminated and the complexes were optimized again.

In figures 4 and 5 are presented the optimized geometries
for two complexes of ribavirin Vy, respectively V, with the
mono-stranded nucleic acids sequences, being presented the
nucleic acid structure before and after the interaction with the
antiviral agent.

b)
Fig. 4. The optimized geometry of ATCGAT (a).

The optimized geometry of ribavirin V;-ATCGAT complex (b).
The intercalation site of the ribavirin V; to ATCGAT sequence (C).

The intercalation site

©)
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b) The intercalation site c)

Fig. 5. The optimized geometry of CGCGCG (a).
The optimized geometry of ribavirin VV,-CGCGCG complex (b).
The intercalation site of the ribavirin VV, to CGCGCG sequence (c).

In figures 6 and 7 are presented the optimized geometries
for two complexes of ribavirin V,, respectively V, with the
double-stranded nucleic acids sequences, being presented the
nucleic acid structure before and after the interaction with the
antiviral agent.
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b)  The intercalation site C)

Fig. 6. The optimized geometry of ATATAT-TATATA (a).
The optimized geometry of ribavirin V;-ATATAT-TATATA
complex (b). The intercalation site of the ribavirin V,
to ATATAT-TATATA sequence (c).

b)  The intercalation site c)

Fig. 7. The optimized geometry of ATCGAT-TAGCTA (a).
The optimized geometry of ribavirin V,-ATCGAT-TAGCTA
complex (b). The intercalation site of the ribavirin V,
to ATCGAT-TAGCTA sequence (c).
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In all drug - nucleic acid complexes, the formation of some
intercalation complexes was observed. Initially, the nucleic
acid undergoes a conformational change that leads to the
obtaining of an intercalation site. In this step, the nitrogenous
bases from the nucleic acid structure were separated to
constitute the cavity in which the drug will be intercalated.
Then, in the second step an external binding of drug at the
nucleic acid sequence occurs and in the third step the drug
intercalation between the nitrogenous bases from the nucleic
acid structure appears.

The energies of the drug - nucleic acid complexes were
used for the evaluation of the following quantities [14, 15, 35]:
- the interaction energy:

E

interaction — Ecomplex - (Edrug + EDNA)optimized (1)

- the binding energy:

Ebinding = Ecomplex - (Edrug + EDNA) frozen in complex (2)
- the perturbation energy:
Epenurbation = Einteraction - Ebinding (3)

The values of the binding energies of the ribavirin - nucleic
acids sequences calculated by the Molecular Mechanics
method are presented in table 2. The van der Waals (VdW)
contribution to the binding energy are also included in table 2.

Table 2. MM results of drug — nucleic acid interaction

Ribavirin V; Ribavirin V,
S Ebinding, % Ebinding, %

Nucleic acid Kealimol | Vaw | Kealfmol | vdw
AAAAAA -19,05 86,31 -17,85 69,47
TTTTTT -21,24 79,81 -24,37 78,05
ATATAT -23,75 71,98 -20,02 78,12
CCCcccC -20,26 77,84 -18,77 73,73
GGGGGG -15,25 93,38 -16,39 88,41
CGCGCG -18,92 81,61 -17,85 88,63
ATCGAT -14,24 80,76 -15,12 74,67
CGATCG -14,23 83,91 -12,95 69,88
AAAAAA-TTTTTT -27,97 78,48 -26,68 86,58
ATATAT-TATATA -23,91 82,93 -24,39 83,81
CCCCCC-GGGGGG -25,14 70,59 -28,27 72,56
CGCGCG-GCGCGC -30,13 80,95 -27,11 86,09
ATCGAT-TAGCTA -22,77 96,25 -23,24 89,51
CGATCG-GCTAGC -20,46 79,62 -22,74 75,45

In all cases, the binding energies have negative values
reflecting the drug - nucleic acid interaction. The results
underline the significant van der Waals contribution (>70%) to
the binding energy and, consequently, the low percentage of
the electrostatic interactions, in agreement with our previous
experimental data. A slight preference for the sequences
containing adenine and/or thymine bases can be noticed for
both ribavirin conformers with nucleic acids sequences.
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In table 3 are presented the values for the interaction and
perturbation energies, characteristic to the inclusion processes
of the two ribavirin conformers in the nucleic acids structures.
It is noted that the intercalation of ribavirin conformers in the
nucleic acids helix causes a small disturbance in the drug
structure and a big disturbance in the structure of nucleic
acids.

Table 3. MM results of drug — nucleic acid interaction

Ribavirin - nucleic acid Einteraction, E perturbation, k€al/mol
complexes kcal/mol total nucleic acid
AAAAAA -3,96 15,09 14,74
R TITTTT 9,67 11,57 10,76
I ATATAT -16,19 7,56 6,79
B ccccec 1361 6,63 6,32
A GGGGGG 2,71 12,54 12,12
v CGCGCG 779 11,13 10,84
I ATCGAT 12,76 1,48 0,64
R CGATCG 1341 0,82 0,73
:\1 AAAAAA-TTTTTT 25,75 2,22 1,06
ATATAT-TATATA 22,54 1,37 0,22
v, | _CCCCCC-GGGGGG -20,32 4,82 3,59
CGCGCG-GCGCGC -11,87 18,26 17,52
ATCGAT-TAGCTA 11,81 10,96 10,21
CGATCG-GCTAGC -15,99 4,47 2,95
AAAAAA -3,78 14,07 13,59
R TITTTT -15,88 8,49 7,81
I ATATAT 11,31 8,71 8,11
B ccccee 5,9 12,87 9,73
A GGGGGG 2,7 13,69 12,84
v CGCGCG -9,96 7,89 7,33
I ATCGAT 9,67 545 4,61
R CGATCG 12,04 0,01 0,44
| AAAAAA-TTTTTT 24,39 2,29 0,55
N [ TATATAT-TATATA -25,55 2,22 1,06
v, | _CCCCCC-GGGGGG -16,05 12,22 10,91
CGCGCG-GCGCGC 2313 3,98 3,3
ATCGAT-TAGCTA -13,48 9,76 8,83
CGATCG-GCTAGC 11,38 11,36 10,34

A lot of features of the dyes and drugs intercalation [14, 15,
36-40] between the purine and pyrimidine bases from the
nucleic acids structure were found, as follows:

i) the distortion in nucleic acid structure by the angle opening
of the phosphate groups for allowing the drug intercalation,

i) the lengthening of the helix by approx. 3.4 A which causes a
conformational change of some sugar moieties involved,

iii) the increase in the distance between nitrogenous bases at
the intercalation site level.

Although some features of the intercalation are found in the
ribavirin - nucleic acid system, however there is a remarkable
difference, determined by the “accordion type” motion
(specified in the model Lerman [1, 2]) that occurs with the
breaking of some hydrogen bonds between the purine and
pyrimidine bases from the nucleic acids structure. In addition,
the formation of new hydrogen bonds between ribavirin and
the nitrogenous bases from the nucleic acids sequences at the
intercalation site level (figure 8) was observed.
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Fig. 8. Hydrogen bonds in ribavirin V; (a), respectively
ribavirin V, (b) - ATCGAT-TAGCTA complexes

I\VV. CONCLUSIONS

The results of the molecular modeling points out that the
complexes of ribavirin with nucleic acids are stabilized mainly
by van der Waals forces involving the 1,2,4-triazole-3-
carboxamide moiety and the bases from the nucleic acids
structure and that the electrostatic term brings a minimal
contribution (<20%) to the binding energy. For both ribavirin
conformers, a slight preference for nucleic acids sequences
containing adenine and/or thymine bases was found. As a
result of the ribavirin — nucleic acid interaction, only the
nucleic acids structure is significantly perturbed, the structure
of the drug being practically unchanged.

In all ribavirin — nucleic acids complexes, an increase of the
distance between the adjacent bases at the intercalation site
level was observed. The turning of the polynucleotidic helix
was produced and the “accordion type” motion determined a
breaking in the hydrogen bonds between base pairs from
double-stranded nucleic acid helix.
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