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ABSTRACT: The understanding of interactions between
small molecules and DNA is crucial to design new anticancer
drugs targeted to DNA. Methylene blue (MB) is a
phenothiazinium dye that has shown promising results in
photodynamic therapy treatment. The noncovalent binding of
methylene blue to DNA was experimentally and theoretically
analyzed in the past, but certain features of the binding mode
are still not clear. In this work, force field molecular dynamics
simulations were performed to simulate the binding of
methylene blue to alternating GC and AT sequences at two
different ionic strengths. External, intercalative, minor groove,
and major groove binding modes are discussed based on
energetic and structural analyses. External and major groove complexes were found to be unstable structures, although for
poly(dA-dT) the major groove binding mode cannot be discarded, especially at high ionic strengths. Minor groove and
intercalative binding leads to stable adducts. The most energetically favorable orientation of the dye inside the minor groove is
different for the two DNA sequences because of the different balances between the DNA deformation energy and the dye/DNA
interaction energy. The intercalative binding is the most important interaction mode. The dye undergoes rotational transitions
inside the intercalative pocket for both DNA sequences giving rise to three dye/DNA adducts that have different energetic and
structural features. This rotational motion explains the different behavior found in experiments for the GC and AT nucleic acids
at different ionic strengths.

Anticancer therapies are often based on induction of DNA
damage1,2 because tumor cells are very prone to have

deficits in the DNA repair mechanisms, and thus they are more
likely to acquire genomic damage in comparison with normal
cells. Therefore, the understanding of the types of interactions
that take place between small molecules and DNA is of great
interest in the design of new and more efficient anticancer
agents. The binding of drugs to nucleic acids may take place by
both covalent3 and noncovalent interactions.4

Three binding modes exist4,5 in which molecules can be
noncovalently attached to DNA: (i) electrostatic binding, (ii)
groove binding, and (iii) intercalative binding. Electrostatic (or
external) binding usually occurs for too large cationic molecules
that are not able to fit into the internal binding pockets of
DNA. The drug interacts with DNA along the exterior of the
helix, and the complex is dominated by Coulomb interactions
between the cationic species and the negatively charged
phosphate backbone. Groove binders are often formed by
unfused aromatic ring systems that are connected by flexible
chains that allow the drug to fit perfectly into the groove and to
undergo van der Waals and/or hydrogen bond interactions
with the helix. Large molecules usually are noncovalently
associated to the major groove, while small molecules prefer to
be placed into the minor groove. Intercalation is important for
planar fused-ring aromatic molecules because the nucleic bases
of DNA are arranged in an almost coplanar configuration,

which allows strong π-stacking interactions with the drug. The
above classification is very general, and thus many molecules
noncovalently bind to DNA by more complex mechanisms6 or
by more than one interaction mode.7

Methylene blue (MB) is a phenothiazinium dye that is
known to interact with DNA.8−13 MB has received a lot of
attention because it has shown promising applications in
photodynamic therapy (PDT) for tumor14−16 and microbial
infection treatment.17,18 In PDT, a photosensitive compound
accumulates in tumors, and it is excited by low-energy light in
the presence of ground state molecular oxygen.19,20 Upon
activation, the photosensitizer is promoted to excited states,
and then several mechanisms that lead to photooxidative
injuries in cell components may take place. The interaction of
the drug with the biological environment, and in particular with
DNA, is expected to influence the PDT mechanism since the
photochemical properties of this type of compounds are
strongly affected by the environmental conditions. For example,
the intersystem crossing of MB and chlorophyll dyes was found
to be enhanced upon the addition of molecular oxygen,21 and
absorption and emission spectra of MB have shown a
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hypochromic effect in the presence of increasing amounts of
DNA.13 Thus, a comprehensive study of the interaction types
that govern the photosensitizer/DNA adduct formation is
required to provide information at the atomistic level of the
PDT mechanism.
Several spectroscopic experiments were performed to analyze

the binding mode between MB and DNA.8−13 The general
conclusion from these studies is that intercalation is the
predominant binding mode, but somewhat more specific
conclusions can be extracted from the literature. Analysis of
absorption spectra for MB/polynucleotide systems11 has shown
that binding of MB to polynucleotide poly(dG-dC) is slightly
stronger than to poly(dA-dT). This can be rationalized by
recognizing that the GC base pair is more polar than AT,22 and
therefore the induced dipole in the intercalated dye is larger
when it interacts with poly(dG-dC).8 Linear and circular
dichroism measurements9 have concluded that MB can be
intercalated in calf-thymus DNA by two different modes
depending on the salt concentration. At low ionic strength, the
orientation of the long axis of MB is parallel to the averaged
long axis of the two flanking base pairs due to the strong
stacking interactions. However, when the ionic strength is
increased, cations interact with the negatively charged
phosphate groups of DNA, and the repulsion between these
counterion clouds of the phosphates and the positive
dimethylamino groups of MB becomes important. This
unfavorable situation is alleviated by the rotation of MB to a
perpendicular orientation. Some of these conclusions were
extended in a more recent spectroscopic work12 where the
MB/DNA binding mode was investigated for the polynucleo-
tides poly(dG-dC), poly(dA-dT), poly(dG)poly(dC), poly-
(dA)poly(dT), and calf-thymus DNA at different ionic
strengths. Two of the main findings of this work are (i)
binding mode of MB to poly(dG-dC) is intercalative and
insensitive to the ionic strength; the intercalation is suggested
to take place in two different base pair steps 5′-G-C-3′ and 5′-
C-G-3′ or in two different MB angular orientations. (ii) MB/
poly(dA-dT) interaction is mainly intercalative at low salt
concentration, but increasing ionic strength MB partially moves
to a second external binding site which is suggested to be
placed in the major groove.
Molecular mechanics conformational search and energy

minimization have been carried out23−25 to model the
interaction of MB with DNA. Two decamers with alternating
GC and AT sequences and different salt concentrations ranging
from 0 to 2.0 M were investigated. These theoretical
simulations nicely fit many of the experimental findings.
However, three important issues are not completely clear
from these studies. First, simulations predict that electrostatic
stabilization of MB/DNA adducts owing to the increase of salt
concentration is higher for the minor groove binding than for
intercalation for both GC25 and AT24 sequences. The lower
stabilization for intercalation is likely related with the fact that
the charge density of DNA decreases after the complexation in
the intercalative pocket due to the prolongation of the double
strand.24 This behavior leads to comparable binding energies
for the intercalative and minor groove MB/DNA complexes at
high salt concentrations. However, spectroscopic measure-
ments12 have shown that the binding mode for poly(dG-dC) is
purely intercalative regardless the ionic strength. One important
source of error in the simulations24,25 could be that the
treatment of the solvent and salt effects are only included as a
correction to the energy of the final optimized structures. In

other words, the conformational search and energy minimiza-
tion procedure were performed in a vacuum, and therefore the
structure of the MB/DNA adducts do not change with the salt
concentration. Second, small energy differences between several
MB/DNA complexes with different binding modes were found
in the simulations,23−25 and, as mentioned above, transitions
between parallel and perpendicular intercalative structures
could explain some spectroscopic measurements.9 This
suggests that more than one structure could exist under certain
conditions, but a time-dependent picture of the system is
necessary to corroborate it. Finally, molecular mechanics
optimizations23,24 have shown that MB is inserted into the
minor groove of GC and AT decamers with its methyl groups
facing outside the groove, giving rise to similar structures for
the GC and AT nucleic acids. Moreover, the binding energies
of MB interacting with both DNA sequences are very similar
for the entire range of ionic strengths theoretically analyzed.
However, more recent Monte Carlo simulations26 performed
by the same authors have revealed that the MB orientation in
the minor groove depends on the DNA sequence. The later
result is likely more reasonable since poly(dG-dC) and
poly(dA-dT) present a different chemical environment inside
the minor groove, and thus some differences between the MB/
GC and MB/AT minor groove structures are expected. DNA
sequence-dependent orientation within the minor groove was
observed for the Hoechst 33258 drug by X-ray measure-
ments.27

Using force field molecular dynamics (MD) simulations, the
noncovalent binding of MB to two DNA sequences and for two
different ionic strengths was analyzed in this work. Our goal is
to perform energetic and structural analyses that will allow us to
unravel some unclear features of the MB/DNA binding mode.
The rest of the paper is organized as follows. Materials and
Methods is devoted to the computational details of the initial
structure generation, the MD simulations, and the methods
employed in the analyses. In Results and Discussion, the results
for the different binding modes are discussed, with particular
emphasis on the minor groove and intercalative complexes,
which are the most important binding structures for MB/DNA.
The discussion about the intercalative binding mode is
organized in four different subsections. Finally, conclusions
are discussed the last section.

■ MATERIALS AND METHODS

Initial Structures. MB was noncovalently bonded to two
dodecamers with alternating GC and AT sequences. Two ionic
strengths, 0 and 1.0 M, were investigated. A schematic
representation of the two polynucleotides is shown in Scheme
1 with the base numeration which will be useful later in the
discussion of the results. We generated eight different initial

Scheme 1. Representation of the Sequence Context for (a)
poly(dG-dC) and (b) poly(dA-dT)

Biochemistry Article

dx.doi.org/10.1021/bi500068z | Biochemistry 2014, 53, 2391−24122392



structures for each DNA sequence and ionic strength in which
MB was placed in four binding sites, namely, external
phosphate, intercalation pocket, major groove, and minor
groove. For each of the four binding modes, MB was bind to
DNA with two different orientations, as can be seen in Figures
1 and 2. In the case of external binding, the long axis of MB was
chosen to be parallel (ext-para) and perpendicular (ext-per) to
the helical axis. For the intercalative structures, MB was
inserted into the base pair steps 5′-C-G-3′ and 5′-T-A-3′ for the
GC and AT sequences, respectively, with the cyclic ring system

of the dye being perpendicular to the helical axis. In one of the
intercalative structures, the long axis of MB forms an angle of
0° with the averaged long axis of the flanking basis pairs (int-
sym), and in the second structure MB is right-handed rotated
by 140° around the helical axis (int-gau). These two
orientations were selected because the potential energy surface
shows two deep minima at these angles.23 Following the
notation of previous theoretical works,23−25 we will refer to the
two intercalative binding modes as symmetric intercalation (int-
sym) and gauche intercalation (int-gau) for angles of 0° and

Figure 1. Initial structures of external binding complexes with the long axis of MB (a) parallel (ext-para) and (b) perpendicular (ext-per) to the
helical axis, and major groove binding complexes with the dimethylamino groups pointing (c) inside (mag-in) and (d) outside (mag-out) the groove.
Color atoms and residues: yellow for C, blue for N, red for S, white for H, purple for guanine, and orange for cytosine.
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140°, respectively. Regarding the minor and major groove
bindings, the dye was located into the grooves with the
dimethylamino groups pointing inside (mig-in and mag-in) and
outside (mig-out and mag-out) the groove. The DNA
sequences were generated with the nucleic acid builder
(NAB) module of AmberTools13,28 and then the MB dye
was inserted manually into the corresponding binding site.

The initial MB/DNA geometries were neutralized with Na+

ions using the LEAP module of AmberTools13.28 Then, the
neutralized systems were fully solvated by a periodic truncated
octahedral box of water molecules described by the TIP3P
model29 extended to a distance of 10 Å from any solute atom.
Since the ion concentration in these structures is very low, we
will refer to these ionic conditions as 0 M ionic strength. The

Figure 2. Initial structures of intercalative binding complexes with the long axis of MB (a) parallel (int-sym) and (b) rotated by 140° (int-gau) with
respect to the averaged long axis of the flanking basis pairs, and minor groove binding complexes with the dimethylamino groups pointing (c) inside
(mig-in) and (d) outside (mig-out) the groove. Color atoms and residues: yellow for C, blue for N, red for S, white for H, purple for guanine, and
orange for cytosine.

Biochemistry Article

dx.doi.org/10.1021/bi500068z | Biochemistry 2014, 53, 2391−24122394



ionic strength of 1.0 M was established by adding randomly the
appropriate amount of Na+/Cl− pairs to the solvation box. In
total, the simulated systems consist of around 15000−20000
atoms.
Simulation Details. We performed force field MD

simulations using the NAMD 2.9 package.30 The potential
parameters for the dye were taken from the general AMBER
force field (GAFF) for organic molecules;31 the ff99 set of
parameters32 with the bsc0 modification33 was employed for
the nucleic acids. The restrained electrostatic potential (RESP)
charges of MB were calculated at the Hartree−Fock/6-31G*
level of theory, to be consistent with the rest of the force field,
using the Gaussian09 software.34 The calculated atomic charges
of MB and the atom types from the GAFF force field are
displayed in Figure S1 of the Supporting Information. The
complete set of parameters for MB in prmtop format is listed in
Appendix A of the Supporting Information.
After the initial configuration construction explained in the

previous section, we performed the next protocol for the
simulations. In the first stage, the MB and DNA molecules were
fixed, and water and ion positions were minimized with the
conjugate gradient method for 10 000 steps. In a second step,
the entire system was minimized for 20 000 steps. After
minimization, a slow constant volume (NVT) heating to 300 K
over 20 ps was performed with a time step of 1 fs. Then, the
density of the system was equilibrated in constant pressure and
temperature conditions (NPT) for 100 ps. Finally, the
production simulations were run in the NPT ensemble using
Langevin dynamics to maintain a temperature of 300 K and
pressure of 1 atm. The SHAKE algorithm was used to restrain
the lengths of all bonds that involve hydrogen atoms, allowing
the increase of the time step up to 2 fs. The simulations of
external and major groove binding structures were extended up
to 10 ns (5 × 106 time steps), while the minor groove and
intercalative binding modes were simulated for 40 ns (2 × 107

time steps). Throughout the entire simulation protocol, the
Coulomb and van der Waals contributions of the potential were
truncated at 10 Å. The Coulomb part was evaluated by means
of the particle mesh Ewald (PME) method with a grid spacing
of 1 Å in each direction, a fourth-order interpolation and a
direct sum tolerance of 10−6. Snapshots of the production
simulations were recorded every 4 ps, and the second half of
the simulation was employed for energetic and structural
analyses in the case of minor groove and intercalative binding.
External and major groove binding simulations did not provide
stable adducts; therefore, the analyses were carried out over the
time for which the dye is interacting with the nucleic acid. In
some cases, the interaction time is very short to extract
quantitative conclusions; therefore, only a qualitative picture
can be described.
Analysis Methods. Curves+,35 a nucleic acid conforma-

tional analysis program, was used for analyzing several
structural parameters of DNA when it is interacting with MB.
Intra- and interbase pair rotational and translational parameters,
the total helical axis bend, and the width and depth of the
minor and major groove were computed. The first and the last
base pairs in the nucleic acid sequence were excluded to avoid
unrealistic torsions due to end effects. VMD36 was used to
visualize the trajectories generated and to evaluate interaction
energies between residues of the MB/DNA adducts by means
of the NAMDenergy plugin. The presence of hydrogen bonds
between MB and the DNA sequence was analyzed with the
help of the CPPTRAJ program37 of AmberTools13.28 The

hydrogen bond analysis was based on a distance cutoff of 3.5 Å
between the donor and acceptor and an angular cutoff of 120°
among the donor, hydrogen, and acceptor.
Binding free energies of MB/DNA complexes were

calculated with the molecular mechanics Poisson−Boltzmann
surface area (MM-PBSA) approach38−40 as implemented in
AMBER12.28 The binding energy is calculated by subtracting
the free energies of the solvated unbound nucleic acid G(DNA)
and dye G(MB) from the free energy of the solvated complex
G(MB/DNA):

Δ = − +G G G G(MB/DNA) ( (MB) (DNA))bind (1)

Each of the terms on the right-hand side of eq 1 is computed
according to

= + Δ −G E G TS(X) (X) (X) (X)gas solv (2)

The term Egas(X) refers to the gas-phase energy of the system
X, and it is approximated by the molecular mechanics energy of
the system, determined from the force field used in the
simulations. Egas(X) is the sum of the bonded and nonbonded
(Coulomb and van der Waals) energies:

= + +E E E E(X) (X) (X) (X)gas bonded Coul vdW (3)

The solvation free energy ΔGsolv(X) of eq 2 is calculated using
an implicit solvent model and is decomposed into two
contributions, a polar and a nonpolar one:

Δ = Δ + ΔG G G(X) (X) (X)solv polar nonpolar (4)

The calculation of the polar part ΔGpolar(X) is based on the
finite difference solution to the Poisson−Boltzmann equation.
The nonpolar contribution of the solvation energy
ΔGnonpolar(X) is assumed proportional to the solvent-accessible
surface area (SASA) and is computed as the sum of a
disfavorable energy resulting from solute−solvent repulsive
interactions and the cavity formation for the solute within the
solvent, and a favorable energy resulting from dispersion
attractive interactions between solute and solvent molecules.41

The term −TS(X) of eq 2 is the solute entropy and can be
estimated using a rigid-rotor harmonic oscillator approximation
and applying normal-mode analysis or quasi-harmonic analysis.
In our case, the entropic term was neglected for two reasons.
First, our goal is not to compute the absolute value of the
binding free energies but to make relative comparisons between
different binding modes. As all calculations are performed for
the same system (MB/DNA), the decrease of entropy of the
ligand after complexation will be similar for the different
binding modes. Second, it has been reported that the entropy
change upon ligand binding is overestimated by normal-mode
analysis and a good convergence of the entropy is hardly
reached by quasi-harmonic analysis.42

The pairwise energy decomposition implemented in the
MM-PBSA algorithm of AMBER1228 allows reorganizing the
previous equations. Accordingly, the binding free energy can be
expressed as the sum of the MB deformation energy Edef (MB),
DNA deformation energy Edef (DNA), intermolecular binding
energy Einter (MB/DNA), and nonpolar part of the solvation
energy ΔGnonpolar:

Δ = + +

+ Δ

G E E E

G

(MB) (DNA) (MB/DNA)bind def def int er

nonpolar (5)
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where each of the first three terms is computed as the sum of
the variation of the gas-phase energy after complexation and the
polar part of the solvation energy:

= Δ + ΔE E G(MB) (MB) (MB)def gas polar (6)

= Δ + ΔE E G(DNA) (DNA) (DNA)def gas polar (7)

= + ΔE E G(MB/DNA) (MB/DNA)

(MB/DNA)

int er gas polar

(8)

The nonpolar part of the solvation energy ΔGnonpolar is
currently not decomposable. However, it is much smaller than
the polar contribution, and therefore the conclusions will not
be significantly affected by its absence in eqs 6−8.
We have employed the multiple trajectory protocol (MTP)

using separate simulations for MB, DNA, and MB/DNA

complex to extract the bound and unbound terms of eq 1. This
approach is more appropriate than the single trajectory
protocol (STP) when the ligand and/or the receptor suffer
strong conformational changes after complexation.40 In our
case, important differences in the DNA structure are observed
when MB interacts with the different binding sites of the
double strand.

Convergence of the Simulations. The simulations of the
external and major groove binding modes did not provide
stable complexes as will be discussed below; therefore, a steady
state was not reached. Minor groove and intercalative bindings
were the only interaction modes that led to stable structures.
The root mean squared deviation (RMSD) of the DNA and
MB heavy atoms was calculated against the starting structure
for those trajectories which showed strong MB/DNA binding.
Figures S1 and S2 of the Supporting Information show the
RMSD for the minor groove and intercalative binding mode

Scheme 2. Time Evolution of MB Throughout the External and Major Groove Binding Mode Simulationsa

aTime axes are only indicative (not quantitative).

Biochemistry Article

dx.doi.org/10.1021/bi500068z | Biochemistry 2014, 53, 2391−24122396



simulations, respectively. Uniform RMSD fluctuations are
observed virtually over the whole simulation time for the four
minor groove simulations at ionic strength 0 M. At high ionic
strength, the first half part of the simulations presents
important RMSD oscillations, especially for the mig-out
orientations. In such cases, the visualization of the trajectories
reveals that the dye travels though the minor groove of the
double strand during the first half fraction of the simulation,
and after ∼20 ns the system adopts an equilibrated structure.
In the case of the intercalative structures, the situation is

different. Some of the simulations underwent transitions
between the symmetric and gauche orientations as will be
discussed in the Intercalative Binding section. Such rotational
motion of MB inside the intercalative pocket induces large
DNA structural changes that do not allow the system to achieve
an equilibrated geometry. Even for those trajectories for which
the dye preserves the initial orientation the whole simulation
time, several rotations that result in frustrated transitions are
observed. Comparison of Figures S2 and S3 shows that the
fluctuations of the RMSDs are larger for the intercalative
geometries than those for the minor groove ones. To make a
more quantitative comparison, the maximum RMSD amplitude
was defined as the difference between the largest and the
smallest RMSD value during the last 20 ns of simulation. The
average of the maximum RMSD amplitudes for all the minor
groove and intercalative trajectories is 2.5 Å and 3.0 Å,
respectively. This means that the convergence of the
intercalative binding simulations is not as good as that of the
minor groove binding simulations. This out of equilibrium
situation is expected when the DNA abruptly changes its
structure throughout the dynamics due to transitions between
different binding modes.43

■ RESULTS AND DISCUSSION
Initially, MD simulations were carried out for 10 ns for the four
binding modes specified before. External and major groove
MB/DNA adducts were unstable throughout the simulation
time as will be discussed later. In contrast, the MB dye was
found to strongly bind to DNA into the minor groove and the
intercalative pockets. For this reason, the trajectories that

simulate these two more important binding modes were
extended up to 40 ns, so that better statistics were achieved
from the simulations. The obtained results are organized in five
different sections. In the first two sections, the most important
features of the unstable external and major groove config-
urations are presented. The third presents the binding free
energies for the minor groove and the intercalative complexes
and discusses the general trends comparing the results with the
experiments. Finally, in the fourth and fifth sections an
extensive analysis based on energy decompositions and DNA
structural features is performed for the minor groove and
intercalative binding modes, respectively.

External Binding. In general, external binding complexes
have not been suggested as stable structures for the interaction
of MB with DNA sequences by experimental measure-
ments.8−13 To the best of our knowledge, there is only one
experimental work,44 based on spectroscopic and electro-
chemical measurements, that revealed that the MB/DNA
interactive model is the electrostatic binding mode. However,
in that work the MB dye was loaded inside the hydrophobic
cavity of a β-cyclodextrin, and thus the interaction with DNA is
likely affected by the presence of the macromolecule by
avoiding the access to some of the binding pockets of DNA.
Our simulations agree with the experimental findings of refs

8−13 showing that external MB/DNA adducts dissociate
during the simulation time for the eight initial conditions
studied, that is, parallel and perpendicular MB orientations with
respect to the helical axis of poly(dG-dC) and poly(dA-dT) at
ionic strengths 0 and 1.0 M. The interaction time between MB
and the phosphate groups is in the range between 300 ps and
2.7 ns depending on the DNA sequence and the ionic strength.
After the dissociation, the dye leaves the helix or goes to
another interaction site. Scheme 2 collects the different binding
sites where MB is placed along the simulations and the time at
which transitions occur. To characterize the simulation time at
which the transitions take place the number of contacts
between the atoms of MB and DNA were calculated using an
atom-to-atom cutoff of 8 Å. This cutoff distance is larger than
usual values employed in the literature45,46 (3−5 Å) because
the external binding mode is dominated by long-range

Figure 3. Time evolution of (a) the number of short-range contacts NSRC (cutoff 4 Å), (b) MB/DNA van der Waals energy EvdW, (c) the number of
total (short and long-range) contacts NSRC+LRC (cutoff 8 Å), and (d) MB/DNA Coulomb energy ECoul for poly(dA-dT) with initial geometry ext-
para at ionic strength 0 M.
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Coulomb interactions. Smaller values of cutoff are chosen when
short-range van der Waals interactions are analyzed. Hydrogen
atoms are usually excluded45,46 for describing the number of
contacts because they are taken into account separately by
hydrogen bond analyses. Since the formation of hydrogen
bonds is not possible when the dye is interacting with the
double strand in external positions, hydrogen atoms were also
included in our analysis for counting the number of contacts.
Moreover, the number of contacts between MB and DNA were
also calculated with a smaller cutoff of 4 Å. The choice of these
two different cutoff values (4 Å and 8 Å) allows computing the
number of short-range contacts NSRC and the number of total
contacts NSRC+LRC (short and long-range contacts), which
correlate with van der Waals EvdW (MB/DNA) and Coulomb
ECoul (MB/DNA) interaction energies, respectively.
Figures 3 and 4 display the variation of NSRC, NSRC+LRC, EvdW

(MB/DNA), and ECoul (MB/DNA) throughout the dynamics
for poly(dA-dT) with initial geometry ext-para at ionic strength
0 M and for poly(dG-dC) with initial geometry ext-per at ionic
strength 1.0 M. These simulations were chosen because they
represent the two situations observed in the dynamics, that is,
the transition between the external position and other binding
site (major groove) and diffusion of the dye from the external
position to the bulk solvent. When the dye leaves the external
position of the helix and diffuses toward the solvent, the
number of contacts decreases drastically until vanishing (Figure
4a,c). We consider that there is not interaction between the dye

and DNA when NSRC+LRC = 0. If the dye undergoes a transition
between the external position and the minor or major groove,
the number of contacts increases rapidly (Figure 3a,c). The
time step at which the increase of NSRC+LRC happens is chosen
as the transition time in Scheme 2. Figures 3 and 4 also show
the expected correlation between NSRC and EvdW (MB/DNA)
and between NSRC+LRC and ECoul (MB/DNA); that is, the
intermolecular energies become more (less) attractive with
increasing (decreasing) the number of contacts.
The ECoul (MB/DNA) and EvdW (MB/DNA) contributions

to the MB/DNA total gas-phase interaction energy were
computed for all the external initial conditions. Table 1 shows
the energies averaged over the frames in which the dye is
interacting with the DNA helix in the external position. Since
the system adopts the external binding mode only for 2.7 ns at
most (Scheme 2), the energies of Table 1 must be interpreted
with care because the number of time steps is not large enough
to obtain an accurate analysis. One of the consequences of that
is the wide range of energy values computed for ECoul (MB/
DNA) (between −4.0 and −46.0 kcal/mol) and EvdW (MB/
DNA) (between −0.2 and −9.8 kcal/mol). The only consistent
trend extracted from Table 1 is the percentage of the total
energy that comes from Coulomb and van der Waals
contributions. It was found that the ∼93% (∼78%) of the
MB/DNA total gas-phase interaction energy is due to Coulomb
interactions for the GC (AT) sequence. Therefore, the external
binding mode is clearly dominated by long-range Coulomb

Figure 4. Time evolution of (a) the number of short-range contacts NSRC (cutoff 4 Å), (b) MB/DNA van der Waals energy EvdW, (c) the number of
total (short and long-range) contacts NSRC+LRC (cutoff 8 Å), and (d) MB/DNA Coulomb energy ECoul for poly(dG-dC) with initial geometry ext-per
at ionic strength 1.0 M.

Table 1. MB/DNA Gas-Phase Coulomb ECoul (MB/DNA) and van der Waals EvdW (MB/DNA) Interaction Energies in kcal/mol
for External Complexes at Ionic Strengths 0 and 1.0 M

ionic strength 0 M ionic strength 1.0 M

initial structure energy contributiona poly(dG-dC) poly(dA-dT) poly(dG-dC) poly(dA-dT)

ext-para EvdW (MB/DNA) −0.7 −5.4 −0.3 −2.9
ECoul (MB/DNA) −8.0 (92)b −21.9 (80) −4.8 (94) −11.7 (80)

ext-per EvdW (MB/DNA) −0.2 −17.2 −2.2 −9.8
ECoul (MB/DNA) −4.0 (95) −46.0 (73) −18.7 (90) −34.1 (78)

aEnergies are averaged over the interaction time between MB and DNA (see text). bPercentage with respect to the total gas-phase interaction
energy.
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interactions for both nucleic acids. Additional conclusions from
Table 1 can be unwary.
It is interesting to notice that for one of the simulations

(initial geometry ext-para for the AT sequence at ionic strength
1.0 M) the dye moves from the external site to the end of the
double strand and interacts with the last A12-T13 base pair by a
stacking mode. However, this end-intercalative configuration is
unrealistic and is achieved in the simulations due to the finite
length of the DNA molecule. In conclusion, on the basis of
previous experimental research and on our simulation results,
the external binding can be discarded as a favorable binding
mode between MB and DNA.
Major Groove Binding. Spectroscopic experiments12 show

that MB may bind to an alternating AT polynucleotide in one
of the grooves at high salt concentrations. Such experiments,
however, cannot distinguish the specific groove. On the basis of
the fact that the dye could potentially be involved in hydrogen
bonding to the free NH2 group of the major groove but this is
not possible in the minor groove, the major groove interaction
has been postulated as the most probable binding mode.
However, theoretical simulations24 have shown that minor
groove binding is clearly favored over major groove binding for
a wide range of salt concentrations. The conclusion obtained
from the experiments that the major groove is the preferred
binding site is a conjecture based on chemical intuition. In
contrast, simulations predicted that the interaction of the dye
with the minor groove has a larger binding energy than that
with the major groove. The fact that the simulated angle24

between the long axis of MB and the helical axis of DNA
qualitatively agrees with the experimental value12 supports the
validity of the simulations.
Our simulations show two different behaviors for the GC and

AT sequences regarding the major groove interaction (Scheme
2). In the case of poly(dG-dC), none of the four different initial
conditions analyzed here leads to a stable major groove
complex. For all the cases, the dye goes away from the nucleic
acid after a certain period of interaction. This interaction time is
around 4 ns for three of the four simulations and 550 ps for the
remaining trajectory. As for the external binding simulations,
the interaction time was calculated by assuming that the dye has
left the major groove when NSRC+LRC = 0. This assumption
probably overestimates the interaction time because the dye
could be considered to be outside the groove before all
interatomic distances between MB and DNA are larger than 8
Å. In any case, MB interacts longer with poly(dG-dC) in the
major groove than in external positions (Scheme 2). The
longest period of interaction found in the simulations of GC
was 1.6 ns for the external binding and 3.9 ns for the major
groove binding.
In contrast, the situation is different for the MB/poly(dA-

dT) adducts. The dye stays in the major groove for the entire
simulation in three of the four initial conditions. Despite the
long interaction time, the MB/DNA adduct is characterized by
highly variable positions and orientations of MB inside the
groove and by excursions of MB toward the external phosphate
backbone. As an example, Figure 5b depicts the time evolution
of the angle formed by the short axis of MB vshort(MB) and the
helical axis of DNA vhelix computed at the T6-A19 base pair
level (see Figure 5a for definition of the axes), for the initial
geometry mag-in and high salt concentration. As can be seen,
the angle oscillates virtually between 0 and 180°, which points
to a large rotational motion of the dye inside the groove. This
behavior indicates that there is no clear energy minimum that

stabilizes the formation of the MB/DNA complex in the major
groove. Such high mobility of the dye inside the major groove
also was found in previous Monte Carlo simulations.26

Gas-phase van der Waals EvdW (MB/DNA) and Coulomb
ECoul (MB/DNA) interaction energies between the dye and the
DNA sequences were computed over the interaction time and
are listed in Table 2. The simulations with very short MB/DNA
interaction times will be excluded from the analyses of the
present section. In particular, the discarded trajectories are
those for poly(dG-dC) with initial structure mag-in at ionic
strength 0 M (interaction time 550 ps) and poly(dA-dT) with
initial structure mag-out at ionic strength 0 M (interaction time
600 ps).
At low salt concentration, the MB/DNA total gas-phase

interaction is clearly stronger for the AT sequence (−46.6 kcal/
mol) than that for the GC sequence (−25.1 kcal/mol). Both
EvdW (MB/DNA) and ECoul (MB/DNA) energies are larger for
poly(dA-dT), especially the short-range contribution (−16.8
kcal/mol vs −5.1 kcal/mol). In the version of the AMBER
force field31−33 that we are employing in our simulations, there
is not an explicit term that defines the hydrogen bond
interaction, but they are considered in the attractive term of the
Lennard-Jones potential (which describes the van der Waals
interactions). Therefore, the large difference observed in EvdW
(MB/DNA) between poly(dG-dC) and poly(dA-dT) at low
ionic strength could be explained by different hydrogen bond
formation.
Both DNA sequences are able to form hydrogen bonds

between their NH2 groups, which lie into the major groove, and

Figure 5. (a) Short axis of MB vshort(MB) and helical axis vhelix at the
T6-A19 base pair level and (b) time evolution of the angle formed
vshort(MB) and vhelix along the simulation for the mag-in initial
geometry in the AT sequence at ionic strength 1.0 M. Color atoms and
residues: yellow for C, blue for N, red for S, white for H, green for
thymine, and red for adenine.
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the aromatic N atom of MB as seen in Figure 6. The N4 and
N6 atoms of cytosine and adenine, respectively, are the
hydrogen donor atoms (D) and the aromatic N atom of MB is
the hydrogen acceptor (A). Hydrogen bonding is possible only
if the aromatic N atom of the dye points toward the major
groove (mag-out orientation). However, because of the high
rotational mobility of the dye inside the major groove (Figure

5b) the mag-out orientation was achieved for all the initial
conditions during several periods of time of the simulations.
Therefore, hydrogen bond formation was always observed to a
greater or lesser extent.
Table 3 lists the distance RDA between the D and A atoms,

the angle θDHA formed by DHA and the fraction of time
xt(H) over which the hydrogen bond is present with respect to
the total time of interaction between the MB and the major
groove. The hydrogen bond lifetimes xt(H) explain the
significant differences found in EvdW (MB/DNA) for the GC
(−5.1 kcal/mol) and AT (−16.8 kcal/mol) sequences at ionic
strength 0 M. The hydrogen bond is present only during the
1.3% of the interaction time for GC, while the percentage
increases up to 31.7% for AT.
At high ionic strength, both EvdW (MB/DNA) and ECoul

(MB/DNA) are more attractive than those at low salt
concentration for poly(dG-dC) (Table 2). The increase of
the short-range interaction is reflected in xt(H). At these
conditions, the hydrogen bonds exist during the 36% and 19%
of the interaction time for the initial geometries mag-in and
mag-out, respectively. The hydrogen bond lifetimes also
increase for poly(dA-dT) from 32% at low ionic strength to
52% and 76% for the initial structures mag-in and mag-out,
respectively, at high ionic strength. However, in that case the
increment of EvdW (MB/DNA) is only observed for the initial
geometry mag-out (−19.8 kcal/mol), while for mag-in the
value of EvdW (MB/DNA) is slightly smaller (−15.1 kcal/mol)
than that for low ionic strength (−16.8 kcal/mol). This
behavior is not surprising because the EvdW (MB/DNA) term
does not describe exclusively the hydrogen bond interactions
but all the short-range interactions. Therefore, a perfect
correlation between EvdW (MB/DNA) and xt(H) is not expected.
Comparison of the energies of Tables 1 and 2 reveals that the

contribution of the ECoul (MB/DNA) term to the MB/DNA
total interaction energy is more important for the external
binding mode than for the major groove binding mode. The
percentage of ECoul (MB/DNA) decreases from ∼93% (∼75%)
for the external binding in GC (AT) to ∼75% (∼60%) for the
major groove binding in GC (AT). This is a consequence of
hydrogen bonding in the major groove complexes which is
taken into account in the EvdW (MB/DNA) energy term.
Therefore, although Coulomb interactions are still dominant in
the major groove adducts, the hydrogen bonds contribute
significantly to the MB/DNA total gas-phase interaction
energy.
Finally, our simulations conclude that major groove binding

is relatively stable over the whole simulation time only for the
AT sequence. The formation of hydrogen bonds between MB
and the NH2 groups inside the major groove facilitates the
stabilization of the complexes. But even for the AT sequence, a
clearly stable MB/DNA configuration is not reached. High

Table 2. MB/DNA Gas-Phase Coulomb ECoul (MB/DNA) and van der Waals EvdW (MB/DNA) Interaction Energies in kcal/mol
for Major Groove Complexes at Ionic Strengths 0 and 1.0 M

ionic strength 0 M ionic strength 1.0 M

initial structure energy contributiona poly(dG-dC) poly(dA-dT) poly(dG-dC) poly(dA-dT)

mag-in EvdW (MB/DNA) −8.4 −16.8 −11.8 −15.1
ECoul (MB/DNA) −24.2 (74)b −29.8 (64) −29.7 (72) −23.1 (61)

mag-out EvdW (MB/DNA) −5.1 −4.1 −14.3 −19.8
ECoul (MB/DNA) −20.0 (80) −32.4 (89) −39.3 (73) −25.4 (56)

aEnergies are averaged over the interaction time between MB and DNA (see text). bPercentage with respect to the total gas-phase interaction
energy.

Figure 6. Schematic representation of hydrogen bond formation in the
minor and major grooves between MB and (a) the GC base pair and
(b) the AT base pair. Color atoms: yellow for C, blue for N, red for S,
orange for O, tan for P, and white for H.
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rotational and translational motion of the dye inside the groove
was observed for all the initial conditions.
Binding Energies. As discussed before, major groove and

external binding simulations did not lead to stable complexes;
therefore, binding free energies were calculated only for the
minor groove and intercalation adducts by the MM-PBSA
method (see Analysis Methods section). Table 4 shows the
energy values for the different initial conditions evaluated over
the last 20 ns of the simulations.
For the alternating GC sequence, the most favorable binding

energy corresponds to an intercalative complex regardless the
ionic strength (−18.1 and −18.3 kcal/mol for salt concen-
tration 0 and 1.0 M, respectively). In the case of the AT
polynucleotide, the intercalative binding configuration is the
most stable structure at salt concentration 0 M but with
increasing the ionic strength the intercalative binding energy
decreases from −13.5 to −8.9 kcal/mol so that it is comparable
in magnitude to the minor groove binding energy (−8.8 kcal/
mol). Thus, simulations predict that both structures may exist
at high ionic strength conditions. The same trends for GC and
AT polynucleotides have been observed in spectroscopic
measurements.12 The binding mode of MB to poly(dG-dC)
was found to be intercalative and insensitive to the ionic
strength. In the case of poly(dA-dT), intercalation is also the
interactive mode at low ionic strength, but two different
binding sites were detected at high ionic strength.12

Table 4 also shows that binding energies for the GC
sequence are stronger than for AT for both minor groove and
intercalative complexes and for both ionic strengths. Equili-
brium constants for MB/DNA adduct formation determined by
absorption spectroscopy11 and previous molecular mechanics
conformational calculations24 also indicated a preference for the
GC sequence.
Although the calculated binding energies nicely reproduce

the experimental findings, conclusions must be made with care
since the binding energies of intercalative complexes depends

on the fragment of the simulation that is being analyzed. This
dependence is related to transitions between symmetric and
gauche geometries that take place during the simulations; that
is, the initial geometry (int-sym or int-gau) is not conserved
over the whole simulation. The geometries that are observed in
the last 20 ns of the simulations are listed in Table 4, and a
more detailed picture is shown in Scheme 3. The symmetric/
gauche transitions will be analyzed in the Intercalative Binding
section.
MB was initially inserted into the minor groove in two

different orientations, with the dimethylamino groups directed
inward (mig-in) and outward (mig-out) of the groove. MB
exhibits strong attractive interactions with the two DNA
sequences for both orientations, and the dye does not change
its relative orientation during the 40 ns of the simulations. An
interesting behavior is found by comparing the minor groove
binding energies for poly(dG-dT) and poly(dA-dT). The
relative stability of mig-in and mig-out orientations depends on
the DNA sequence. Thus, for the GC polynucleotide, the mig-
out orientation is energetically more favorable, while the mig-in
configuration is the most stable for the AT sequence. This
trend does not vary with ionic strength as seen in Table 4.

Minor Groove Binding. Binding energies of Table 4 show
that minor groove complexes are stable structures for both GC
and AT sequences. In addition, the initial orientation of MB
does not change along the simulations as is shown in Scheme 3,
indicating that mig-in and mig-out configurations are deep
minima in the potential energy surface. Previous theoretical
calculations23,24 predicted that the most favorable binding
energy is reached when the dye is inserted into the minor group
with its dimethylamino groups facing outside the groove (mig-
out), independently of the DNA sequence. However, later
docking Monte Carlo simulations26 performed by the same
authors have shown different behaviors for the alternating GC
and AT polynucleotides. They have observed that mig-in
orientation is favored over mig-out for the AT sequence, while

Table 3. Information about the Hydrogen Bonds Formed in the Major Groove Simulations between NB and N4 (GC) or N6
(AT)a

ionic strength 0 M ionic strength 1.0 M

poly(dG-dC) poly(dA-dT) poly(dG-dC) poly(dA-dT)

mag-in mag-out mag-in mag-out mag-in mag-out mag-in mag-out

RDA 3.18 3.29 3.17 3.37 3.18 3.18 3.20 3.17
θDHA 129.9 142.2 145.5 138.9 156.7 154.3 144.2 145.5
xt(H) 0.04 0.01 0.32 0.02 0.36 0.19 0.52 0.76

aSee also Figure 6 for definition of the atoms. RDA is the separation (Å) between the hydrogen donor (N4 or N6) and the hydrogen acceptor (NB),
θDHA is the angle formed by N4(N6)H−NB (deg), and xt(H) is the fraction of time that the hydrogen bond exists with respect to the total
interaction time between MB and DNA.

Table 4. Binding Free Energies (kcal/mol) of MB/DNA Complexes for Minor Groove and Intercalative Structures at Ionic
Strengths 0 and 1.0 M

ionic strength 0 M ionic strength 1.0 M

poly(dG-dC) poly(dA-dT) poly(dG-dC) poly(dA-dT)

initial structure energya MD structureb energy MD structure energy MD structure energy MD structure

mig-in −6.2 mig-in −5.7 mig-in −7.3 mig-in −8.8 mig-in
mig-out −7.3 mig-out −1.2 mig-out −9.4 mig-out −0.9 mig-out
int-sym −9.6 int-sym/int-gau −13.5 int-sym −16.5 int-sym −8.9 int-gau
int-gau −18.1 (−15.7)c int-sym −3.0 int-sym/int-gau −18.3 (−16.1)c int-sym/int-gau −8.5 int-gau

aThe standard error of the mean for all binding energies is ∼0.6 kcal/mol. bMB/DNA geometries observed over the last 20 ns of the simulation. See
also Scheme 3. cBinding energy if the analysis is performed over the last 28 ns.
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the mig-out orientation was the only configuration found in the
simulations with GC.

Our MD simulations agree with the more recent Monte
Carlo results.26 The mig-out orientation has the strongest

Scheme 3. Time Evolution of MB throughout the Minor Groove and Intercalative Binding Mode Simulationsa

aTime axes are only indicative (not quantitative).

Table 5. Binding Free Energy Decomposition (kcal/mol) into MB Deformation Energy Edef (MB), DNA Deformation Energy
Edef (DNA), Intermolecular Energy Einter (MB/DNA), and Nonpolar Solvation Energy ΔGnonpolar for the Minor Groove
Complexes at Ionic Strengths 0 and 1.0 M

ionic strength 0 M ionic strength 1.0 M

initial structure energy contribution poly(dG-dC) poly(dA-dT) poly(dG-dC) poly(dA-dT)

mig-in Edef (MB) 6.3 7.9 7.7 7.3
Edef (DNA) 22.6 34.0 25.0 28.8
Einter (MB/DNA) −53.4 −66.8 −58.0 −66.0
ΔGnonpolar 18.3 19.2 17.9 21.1

mig-out Edef (MB) 5.6 5.8 5.8 5.5
Edef (DNA) 18.9 24.4 18.3 24.9
Einter (MB/DNA) −49.8 −50.5 −50.4 −50.5
ΔGnonpolar 18.0 19.1 16.9 19.2
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binding energy (−7.3 and −9.4 kcal/mol at ionic strengths 0
and 1.0 M, respectively) for poly(dG-dC), while the mig-in
configuration is more favorable (−5.7 and −8.8 kcal/mol at
ionic strengths 0 and 1.0 M, respectively) for poly(dA-dT). The
energy decomposition according to eqs 5−8 for the minor
groove simulations shown in Table 5 allows us to examine the
most important energy contributions. As expected, the DNA
deformation energy is larger for the mig-in orientation than for
the mig-out orientation (about 4−10 kcal/mol depending on
the DNA sequence and salt concentration). The bulky
dimethylamino groups of MB induce large DNA structural
changes when they point toward the groove.
For both poly(dG-dC) and poly(dA-dT), the mig-in

orientation favors attractive MB/DNA intermolecular energy
Einter (MB/DNA) due to the larger number of MB/DNA
contacts. As eq 8 reads, Einter (MB/DNA) is the sum of the gas-
phase intermolecular energy Egas (MB/DNA) and intermo-
lecular polar solvation energy ΔGpolar (MB/DNA). In turn, Egas

(MB/DNA) is composed of Coulomb ECoul (MB/DNA) and
van der Waals EvdW (MB/DNA) interactions between the dye
and the nucleic acids. These different contributions and the
number of short-range NSRC (cutoff 4 Å) and total NSRC+LRC

(cutoff 8 Å) contacts averaged over the last 20 ns of simulation
are listed in Table 6 for the mig-in and mig-out orientations.
Both gas-phase energy contributions (Coulomb and van der
Waals) are more favorable in the mig-in configurations for both
DNA sequences, especially in the case of AT, making the mig-
in configuration the most stable minor groove structure for
poly(dA-dT). However, this attractive intermolecular energy is
not strong enough to counteract the unfavorable DNA
deformation energy in the case of the poly(dG-dC) sequence,
so that the mig-out configuration presents the strongest binding
energy at both salt concentrations.

As expected, NSRC and NSRC+LRC nicely correlate with EvdW
(MB/DNA) and ECoul (MB/DNA), respectively; that is, the
mig-in orientation for both DNA sequences presents a larger
amount of interatomic contacts than the mig-out orientation,
and therefore stronger Coulomb and van der Waals energies.
Comparison of the EvdW (MB/DNA) and ECoul (MB/DNA)
energies reveals that the minor groove binding is dominated by
Coulomb interactions. For all initial conditions investigated,
ECoul (MB/DNA) is always more than the 90% of the total gas-
phase interaction energy.
In the mig-in orientation, NSRC+LRC is larger for AT than that

for GC independently of the ionic strength (4356 vs 3905 at
ionic strength 0 M and 4341 vs 4216 at ionic strength 1.0 M).
This larger amount of contacts for poly(dA-dT) induces more
attractive interactions. The total MB/DNA gas-phase inter-
action energy (EvdW (MB/DNA) + ECoul (MB/DNA)) is
−586.2 kcal/mol for GC and −592.0 kcal/mol for AT at ionic
strength 0 M, and −569.0 kcal/mol for GC and −593.8 kcal/
mol for AT at ionic strength 1.0 M. These differences can be
related to the fact that the guanine residues of the GC sequence
have an NH2 group lying in the minor groove which is not
present in the AT sequence (Figure 6). Therefore, the higher
steric effect inside the minor groove of GC disfavors the
formation of MB/DNA interatomic contacts resulting in lower
interaction energy.
Regarding the mig-out configuration, the aromatic N atom of

MB forms a hydrogen bond with the NH2 group of one of the
guanine residues for poly(dG-dC) as Figure 6 displays. In
particular, for the simulations performed at ionic strengths 0
and 1.0 M, the hydrogen bond is formed with the G7 and G17
residues, respectively. The hydrogen bond is present during the
90% (89%) of the simulation time with an average NB−N2
distance of 3.14 Å (3.15 Å) and an average NB−HN2 angle
of 157.9° (158.7°) for the structure at ionic strength 0 M (1.0

Table 6. Decomposition of the Intermolecular Energy (kcal/mol) Einter (MB/DNA) into Gas-Phase Coulomb ECoul (MB/DNA)
and van der Waals EvdW (MB/DNA) Contributions and Polar Intermolecular Solvation Energy ΔGpolar (MB/DNA) for Minor
Groove Complexes of GC and AT Sequences at Ionic Strengths 0 and 1.0 Ma

ionic strength 0 M ionic strength 1.0 M

initial structure energy contribution poly(dG-dC) poly(dA-dT) poly(dG-dC) poly(dA-dT)

mig-in EvdW (MB/DNA) −35.5 −42.6 −39.6 −42.6
NSRC 249 289 281 288
ECoul (MB/DNA) −550.7 −549.4 −529.4 −551.2
NSRC+LRC 3905 4356 4216 4341
ΔGpolar (MB/DNA) 532.8 525.2 511.0 527.8

mig-out EvdW (MB/DNA) −34.9 −35.1 −35.6 −36.0
NSRC 232 228 240 233
ECoul (MB/DNA) −535.1 −531.2 −525.0 −531.5
NSRC+LRC 3720 3577 3761 3673
ΔGpolar (MB/DNA) 520.2 515.7 510.3 517.0

aThe number of short-range NSRC and total NSRC+LRC interatomic contacts between MB and DNA is also listed.

Table 7. Minor Groove Width and Depth (Å) of poly(dG-dC) and poly(dA-dT) after Minor Groove Binding of MB at Ionic
Strengths 0 and 1.0 Ma

ionic strength 0 M ionic strength 1.0 M

initial structure energy contribution poly(dG-dC) poly(dA-dT) poly(dG-dC) poly(dA-dT)

mig-in width 6.44 (6.99) 5.77 (6.41) 6.83 (6.22) 5.67 (6.68)
depth 5.29 (4.83) 4.58 (4.19) 4.90 (5.10) 4.57 (4.22)

mig-out width 6.32 (6.99) 5.80 (6.41) 6.53 (6.22) 5.91 (6.68)
depth 4.98 (4.83) 4.59 (4.19) 5.01 (5.10) 4.52 (4.22)

aThe values of the free DNA sequences are shown in parentheses for comparison.
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M). However, this hydrogen bond has a minor effect on the
intermolecular energy between MB and DNA since, as
discussed in the previous paragraph, the MB/poly(dG-dC)
gas-phase attraction is stronger for the mig-in configuration, for
which the aromatic N atom of MB is oriented toward the
solvent, and therefore hydrogen bond formation is not possible.
Nevertheless, the mig-out configuration has the most favorable
binding energy for the MB/poly(dG-dC) adduct (Table 4)
owing to the complex balance of different energy contributions,
in which the DNA deformation energy plays an important role
(see Table 5). In the case of poly(dA-dT), the absence of
hydrogen donors inside the minor groove precludes the
formation of hydrogen bonds; the NH2 donor group of the
adenine residues lies inside the major groove (not in the minor
groove).
The width and depth of the minor groove after complexation

were analyzed and are listed in Table 7. The minor groove
binding of MB induces an expected minor groove narrowing
and deepening on the AT sequence independently of the ionic
strength and on the GC sequence at low salt concentration.
However, the minor groove is broadened and flattened at high
ionic strength for poly(dG-dC), above all for the mig-in
configuration. This increase of the minor groove width (from
6.22 Å to 6.83 Å) is originated by the high mobility of the dye
inside the groove at high salt concentration. The mobility can
be analyzed in terms of the angle formed by the short axis of
MB and the helical axis of DNA (see definition of the axes in
Figure 5a). Figure 7a,b compares the time evolution of this
angle for the GC and AT polynucleotides at ionic strength 1.0
M. Angular values close to 0° or 180° produces large minor
groove widening, while values around 90° inflicts the narrowing
of the groove, as can be seen in Figure 7c. The mobility of the
dye in the mig-in orientation is clearly higher for the GC
sequence than for AT (Figure 7a). This agrees with the smaller
MB/DNA gas-phase intermolecular energy for poly(dG-dC) in
comparison to poly(dA-dT) observed in Table 6. The sum of
the van der Waals and Coulomb contributions is −569.0 and
−593.8 kcal/mol for GC and AT, respectively. This means that
the attractive energy that the dye has to break to rotate inside
the minor groove is smaller for the GC sequence, and therefore
more mobility is favored. The rotation of the dye inside the
groove is a consequence of the strong interactions between MB
and the large amount of ions in the solvent. The difference on
dye rotation between poly(dG-dC) and poly(dA-dT) is less
important for the mig-out orientation (Figure 7b). In that case,
the sum of the van der Waals and electrostatic energies is
similar for both DNA sequences (−560.6 and −567.5 kcal/mol
for GC and AT, respectively). These different minor groove
structural variations with the ionic strength for GC and AT
were not observed in previous molecular mechanics simu-
lations.23,24 As discussed above, in those simulations the effect
of the solvent and salt concentration was taken into account
solely to correct the energies of the final optimized geometries,
and therefore the adduct structures could not change with the
ionic strength.
Intercalative Binding. Intercalative binding has been

predicted as the most important interaction mode by both
experiments8−13 and simulations.23−25 The binding energies of
Table 4 extracted from our simulations also show that the
intercalative structures, in general, dominate the dynamics of
the system. The combination of the GAFF31 force field for MB
and the bsc0 modification33 of the ff99 set of parameters32 for
DNA does not account explicitly for the π-stacking interactions,

but they are implicitly described into the Coulomb and van der
Waals potential terms. Recent MD simulations43,45 have
employed the same force field (GAFF+bsc0/ff99) to investigate
the intercalative binding mode of doxorubicin,45 rhodamine 6G,
and QSY 21.43 The binding modes extracted from these
simulations resemble the structures found by NMR and X-ray
experiments. In addition, our simulated binding energies also
agree with the experimental findings. Thus, the applicability of
the AMBER force field to the study of drug−DNA intercalative
binding is supported by all these data.
As discussed in the Binding Energies section, the variation of

binding energies with the DNA sequence and the ionic strength
mimic the experimental behavior. However, the binding
energies of intercalative complexes must be examined carefully
because several transitions between symmetric and gauche
orientations take place during the dynamics. Scheme 3 lists the
symmetric/gauche transitions for all the intercalative initial
conditions.
Since the strength of the intermolecular MB/DNA and

intramolecular DNA interactions changes with the dye
orientation inside the binding pocket, the evaluation of the
binding energy depends on the simulation fragment that is

Figure 7. Time evolution of the angle formed by the short axis of MB
vshort(MB) and the helical axis of DNA vhelix for the (a) mig-in and (b)
mig-out orientations in both DNA sequences at ionic strength 1.0 M.
(c) Snapshots taken from the simulations which show the relation
between the MB rotation and the minor groove width.
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being analyzed. Thus, for example, if the energy calculation is
performed over the last 28 ns (instead 20 ns), the MB/
poly(dG-dC) binding energy for the int-gau initial structure at
ionic strength 0 M changes from −18.1 to −15.7 kcal/mol (see
Table 4). If one examines the transitions listed in Scheme 3 for
these conditions, the decrease in the binding energy can be
readily rationalized. During the last 20 ns of the simulation, the
dye lies in the symmetric configuration all the time. However,
during the last 28 ns, the system adopts the gauche geometry in

part of the simulation, and the binding energy is lower for the
gauche intercalative binding mode for mainly two reasons: (i)
the π-stacking interactions between MB and the flanking base
pairs are partially broken for gauche geometries; (ii) the DNA
deformation energy is larger for gauche configurations (see
below). Thus, a more accurate evaluation of the binding energy
would require too many longer simulations to have a large
number of symmetric/gauche transitions and therefore better
statistics of the structural configurations.

Figure 8. (a) Representation of the long axis of MB vlong(MB) and the average long axis of the flanking base pairs vlong(DNA). Time evolution of the
angle formed by vlong(MB) and vlong(DNA) for (b) poly(dG-dC) with initial geometry int-sym at ionic strength 0 M, (c) poly(dG-dC) with initial
geometry int-gau at ionic strength 0 M, (d) poly(dA-dT) with initial geometry int-sym at ionic strength 0 M, and (e) poly(dA-dT) with initial
geometry int-gau at ionic strength 0 M. Color atoms and residues: yellow for C, blue for N, red for S, white for H, purple for guanine, and orange for
cytosine.

Table 8. Binding Free Energy Decomposition (kcal/mol) into MB Deformation Energy Edef (MB), DNA Deformation Energy
Edef (DNA), Intermolecular Energy Einter (MB/DNA) and Nonpolar Solvation Energy ΔGnonpolar for Intercalative Complexes at
Ionic Strength 0 M

poly(dG-dC) poly(dA-dT)

initial structure int-sym int-gau int-gau int-gau

MD structurea int-sym* int-gau* int-sym int-sym int-sym* int-gau*

Edef (MB) 4.7 5.2 4.9 5.4 5.7 6.9
Edef (DNA) 31.4 30.9 25.0 25.3 29.3 34.1
Einter (MB/DNA) −55.0 −53.6 −55.6 −54.2 −49.7 −54.6
ΔGnonpolar 8.3 9.2 7.6 10.0 9.9 13.4
binding energyb −10.6 −8.3 −18.1 −13.5 −4.8 −0.2

aThe geometries int-sym come from simulations without rotational transitions and int-sym* and int-gau* from simulations with rotational
transitions. bThe standard error of the mean for all binding energies is ∼0.6 kcal/mol.
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Scheme 3 shows that for two trajectories at ionic strength 0
M (initial geometry int-gau for GC and initial geometry int-sym
for AT) the dye lies in the symmetric orientation during the last
20 ns of the simulation. For the other two trajectories (initial
geometry int-sym for GC and initial geometry int-gau for AT),
MB undergoes a transition from the symmetric to gauche
orientation over the last 20 ns of simulation. The rotation of
MB inside the intercalative pocket may be followed throughout
the dynamics by calculating the angle formed by the long axis of
MB vlong(MB) and the averaged long axis of the two flanking
base pairs vlong(DNA). We have placed the dye into the base
pair steps 5′-C6-G7-3′ for GC and 5′-T6-A7-3′ for AT. The
average long axis of the C6-G19 and G7-C18 (or T6-A19 and
A7-T18) flanking base pairs was approximated as the average of
the vectors that connect the C1′ atoms of the sugars of each
nucleoside in the base pair. The definition of the axes is
displayed in Figure 8a for poly(dG-dC), and the variation of the
angle formed by the vlong(MB) and vlong(DNA) vectors for the
GC and AT sequences at ionic strength 0 M is represented in
Figure 8b−e. The transitions from int-sym to int-gau are clearly
identified at 31 and 30 ns.
The energy decomposition according to eqs 5−8 for the

trajectories at ionic strength 0 M is listed in Table 8. For each
nucleic acid, we found two symmetric orientations with
different energetic features depending on the simulation that
is analyzed, that is, simulation with or without transition over
the last 20 ns. To differentiate the two situations, we will refer
to the symmetric structure of the simulation without transitions
as int-sym (without asterisk) and to the symmetric and gauche
structures of the simulations with transition as int-sym* and
int-gau* (with asterisk).
a. Most Stable Structures for poly(dG-dC) and poly(dA-

dT). Table 8 shows the binding energy decomposition into Edef

(MB), Edef (DNA), Einter (MB/DNA), and ΔGnonpolar for the
three complex structures found in the simulations, that is, int-
sym, int-sym*, and int-gau*. The strongest binding energy was
observed for the int-sym geometry for both DNA sequences
(−18.1 kcal/mol for GC and −13.5 kcal/mol for AT). The
examination of the energy contributions for the int-sym
orientation indicates that the binding energy difference between
GC and AT is mainly due to a larger unfavorable nonpolar
solvation energy ΔGnonpolar and a less attractive MB/DNA
interaction Einter (MB/DNA) for AT. The deformation energy
of the dye (4.9 kcal/mol for GC vs 5.4 kcal/mol for AT) and
nucleic acid structures (25.0 kcal/mol for GC and 25.3 kcal/
mol for AT) is similar for both sequences.
Einter (MB/DNA) can be expressed as the sum of Egas (MB/

DNA) and the polar solvation energy ΔGpolar (MB/DNA),
according to eq 8. In turn, Egas (MB/DNA) includes the
interaction between the dye and the 24 nucleosides of the
simulated DNA; however, the most important interactions are
observed between MB and the flanking nucleosides. The time
evolution of the MB/C6-G19-G7-C18 and MB/T6-A19-A7-
T18 gas-phase interactions and the Coulomb and van der
Waals contributions for the simulations at low salt concen-
tration is presented in Figure 9. The interaction between the
dye and the flanking base pairs for int-sym is −190.1 kcal/mol
for GC and −185.4 kcal/mol for AT. Interestingly, the value of
the van der Waals term is the same for both sequences (−40.8
kcal/mol). The energy difference lies in the Coulomb
contribution (−149.3 kcal/mol for GC vs −144.6 kcal/mol
for AT).
The nonpolar contribution of the solvation energy ΔGnonpolar

must be also taken into account to explain the differences in the
binding energies between the int-sym orientations of the two
DNA sequences. ΔGnonpolar is 7.6 kcal/mol for poly(dG-dC)

Figure 9. Time evolution of the gas-phase interaction energy between MB and the flanking base pairs (black line) and its Coulomb ECoul (MB/
DNA) (red line) and van der Waals EvdW (MB/DNA) (blue line) contributions for (a) poly(dG-dC) with initial geometry int-sym at ionic strength 0
M, (b) poly(dG-dC) with initial geometry int-gau at ionic strength 0 M, (c) poly(dA-dT) with initial geometry int-sym at ionic strength 0 M, and
(d) poly(dA-dT) with initial geometry int-gau at ionic strength 0 M. The values into the plots are the average energies in kcal/mol.
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and 10.0 kcal/mol for poly(dA-dT). As explained in the section
of computational details, ΔGnonpolar is the sum of a positive
energy ΔGrep that describes the solute−solvent repulsive
interactions and the formation of the solute cavity, and a
favorable energy resulting from dispersion attractive inter-
actions ΔGdisp between solute and solvent molecules.41 Each of
these terms is computed as the difference between the energy
of the adduct and the energy of the unbound DNA and MB;
that is, ΔGrep(disp) = ΔGrep(disp) (MB − DNA) −ΔGrep(disp)
(DNA) − ΔGrep(disp) (MB). The values of these contributions
are listed in Table 9. The total repulsive term ΔGrep is −13.9
and −15.0 kcal/mol for GC and AT, respectively, but the
dispersion interaction ΔGdisp shows more significant differences
between GC (21.5 kcal/mol) and AT (25.0 kcal/mol). The
principal reason of this discrepancy is the fact that the
dispersion interaction between the free double strand and the
solvent is more attractive for poly(dA-dT) (−447.4 kcal/mol)
than for poly(dG-dC) (−443.8 kcal/mol). Therefore, when the
dye is noncovalently bound to DNA, the loss of stability is
more important for the AT sequence.
b. Comparison of Symmetric Structures. Two different

symmetric structures (int-sym and int-sym*) were found in the
simulations for each DNA sequence with important differences
in energetic and structural properties. In the case of poly(dG-
dC), the binding energy (Table 8) between the two
orientations differs by 7.7 kcal/mol (−10.6 kcal/mol for int-
sym* and −18.1 kcal/mol for int-sym), while for poly(dA-dT)
the difference is 8.7 kcal/mol (−4.8 kcal/mol for int-sym* and
−13.5 for int-sym). Therefore, the int-sym orientation is the
most favorable binding mode for both sequences. The reasons
that explain this behavior will be discussed in the following
paragraphs.
We will start comparing the energy decomposition of Table 8

for the int-sym and int-sym* geometries of poly(dG-dC). The
main discrepancy between both structures is observed in the
intramolecular deformation of DNA. Edef (DNA) is 31.4 kcal/
mol for int-sym* and 25.0 kcal/mol for int-sym. Therefore, the
double strand is less stable for the symmetric structure of the
simulation with the symmetric/gauche transition. All the intra-
and interbase pair rotational and translational parameters, the
total helical axis bend, and the width of the minor and major
grooves were computed for int-sym and int-sym* and are
shown in Table S1 of the Supporting Information. These
parameters were defined elsewhere.35 The values for the free

nucleic acids are also included for comparison. All the DNA
structural parameters were calculated at the 5′-C6-G7-3′ and
5′-T6-A7-3′ level for GC and AT, respectively, and for the
computation of the total helical axis bend the first and the last
base pairs were excluded. As can be seen in Table S1, there is
not a clear correlation between the structural parameters and
Edef (DNA). This means that the variation of some parameters
leads to more important energy changes than others. In this
case, the higher Edef (DNA) for int-sym* is likely related with
the larger X-displacement of the base pairs (2.33 Å for int-sym*
and 1.55 Å for int-sym) and with the larger widening of the
minor groove (3.46 Å for int-sym* and 2.56 Å for int-sym) with
respect to the free poly(dG-dC).
The interaction energy between MB and poly(dG-dC) Einter

(MB/DNA) is similar for both int-sym (−55.0 kcal/mol) and
int-sym* (−55.6 kcal/mol) orientations. To get more insight
into the dye/DNA interactions, the time evolution of the MB/
C6-G19-G7-C18 gas-phase interactions and the Coulomb and
van der Waals contributions plotted in Figures 9a (int-sym*)
and 9b (int-sym) can be compared. The total gas-phase
interaction between MB and the flanking nucleosides of
poly(dG-dC) for both symmetric structures is very similar
(−190.1 kcal/mol for int-sym and −188.5 kcal/mol for int-
sym*). This result is in agreement with the angular behavior
observed in Figure 8b,c. The angle formed by vlong(MB) and
vlong(DNA) is nearly zero virtually the whole time for both
symmetric structures. Few angular deviations from the ideal
value of 0° are detected. Therefore, this similar alignment
between the dye and the flanking base pairs for both symmetric
orientations provide similar interaction energies.
If the same analysis of the int-sym and int-sym* geometries is

performed for the AT sequence at ionic strength 0 M the trends
are more evident. Table 8 shows that the stronger binding
energy found for int-sym is explained by a more attractive Einter

(MB/DNA) (−54.2 kcal/mol for int-sym vs −49.7 kcal/mol
for int-sym*) and a smaller Edef (DNA) (25.3 kcal/mol for int-
sym vs 29.3 kcal/mol for int-sym*). The variation of the DNA
structural parameters after complexation is represented in Table
S2 of the Supporting Information. In that case, the large
increment of the total helical axis bend with respect to the free
helix is clearly the dominant parameter. This increment is 14.6
Å for int-sym and 32.8 Å for int-sym*.
The stronger attraction Einter (MB/DNA) between MB and

poly(dA-dT) for the int-sym orientation is explained attending

Table 9. Nonpolar Solvation Energy ΔGnonpolar Decomposition (kcal/mol) into Repulsion ΔGrep and Dispersion ΔGdisp Energies
of the MB-DNA Complex and the Isolated MB and DNA Molecules for Intercalative Complexes at Ionic Strength 0 M

poly(dG-dC) poly(dA-dT)

initial structure int-sym int-gau int-sym int-gau

MD structurea int-sym* int-gau* int-sym int-sym int-sym* int-gau*

ΔGrep (MB − DNA) 495.4 497.4 496.2 511.4 510.9 509.6
ΔGrep (MB) 33.6 33.6 33.6 33.6 33.6 33.6
ΔGrep (DNA) 476.6 476.6 476.5 492.8 493.4 492.1
ΔGrep −14.8 −12.8 −13.9 −15.0 −16.1 −16.1
ΔGdisp (MB − DNA) −454.4 −455.5 −455.8 −455.9 −455.3 −450.5
ΔGdisp (MB) −33.5 −33.3 −33.5 −33.5 −33.5 −33.5
ΔGdisp (DNA) −443.6 −444.2 −443.8 −447.4 −447.8 −446.5
ΔGdisp 23.1 22.0 21.5 25.0 26.0 29.5
ΔGnonpolar 8.3 9.2 7.6 10.0 9.9 13.4

aThe geometries int-sym come from simulations without rotational transitions and int-sym* and int-gau* from simulations with rotational
transitions.
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to the orientation of the dye inside the intercalative pocket. The
value of the angle formed by vlong(MB) and vlong(DNA) is near
zero most of the simulation time only for the int-sym
orientation (Figure 8d). In contrast, many MB rotations
between 0 and 50° are observed for the int-sym* geometry
(Figure 8e). This large deviation from the ideal value of 0°
reduces the alignment between the dye and the flanking basis-
pairs, and therefore, Einter (MB/DNA) decreases. This can be
corroborated by examining the time evolution of the MB/T6-
A19-A7-T18 gas-phase interaction depicted in Figure 9c,d. The
total interaction energy is −185.4 kcal/mol for int-sym and
−179.6 kcal/mol for int-sym*. Both van der Waals (−40.8
kcal/mol for int-sym and −37.1 kcal/mol for int-sym*) and
Coulomb (−144.6 kcal/mol for int-sym and −142.5 kcal/mol
for int-sym*) energies are more attractive for the int-sym
configuration. Therefore, the angular orientation of MB is
responsible for the observed energy differences.
c. Analysis of Symmetric/Gauche Transitions. The

symmetric/gauche transitions can be characterized by compar-
ing the int-sym* and int-gau* orientations for each DNA
sequence. The differences between the binding energies (Table
8) are 2.3 kcal/mol for GC (−10.6 kcal/mol for int-sym* and
−8.3 kcal/mol for int-gau*) and 4.6 kcal/mol for AT (−4.8
kcal/mol for int-sym* and −0.2 kcal/mol for int-gau*). These
energy differences are well above the thermal energy (kT);
therefore, one could suspect that the transitions observed in the
trajectories are the result of some artifact of the simulation.
However, the approximations that have been used to compute
the binding energies must be considered. First, the entropy
term of eq 2 was neglected. This term will likely be very similar
for int-sym* and int-gau* but in any case not completely the
same. Second, and most important, the simulations were run
employing the explicit TIP3P model for the solvent while the
binding energy was calculated with the implicit Poisson−
Boltzmann model. Therefore, the solvation energy term
introduces discrepancies between the real binding energy of
the simulation and the binding energy computed with the
implicit model. Probably, the energy differences between the
int-sym* and int-gau* orientations are smaller than those
shown here. Keeping in mind these limitations, the rotational
transitions will be examined below.
Regarding poly(dG-dC), the energy decomposition of Table

8 reveals that any of the energy terms is clearly the responsible
of the larger binding energy of int-sym*. Edef (MB), Einter (MB/
DNA), and ΔGnonpolar are more favorable for int-sym* by 0.5,
1.4, and 0.9 kcal/mol, respectively, while Edef (DNA) is smaller
for int-gau* by 0.5 kcal/mol. The variation of the DNA
structural parameters after the binding of MB shown in Table
S1 agrees with the small Edef (DNA). For example, the change
in X-displacement (2.33 Å for int-sym* vs 1.11 Å for int-gau*),
twist (38.4° for int-sym* vs 16.0° for int-gau*), minor groove
width (3.46 Å for int-sym* vs 2.56 Å for int-gau*), or major
groove width (4.49 Å for int-gau* vs 3.76 Å for int-gau*)
destabilizes the helix in the int-sym* geometry to a greater
extent than in int-gau*. However, other structural parameters
such as shift (0.13 Å for int-sym* vs 0.40 Å for int-gau*), slide
(0.21 Å for int-sym* vs 1.0 Å for int-gau*), and rise (3.33 Å for
int-sym* vs 3.56 Å for int-gau*) are less energetically favorable
for the int-gau* orientation. Therefore, the different
deformations counteract one another resulting in a small
DNA deformation energy difference between both structures
(0.5 kcal/mol). Regarding Edef (MB), any significant difference
was detected between int-sym* and int-gau*. In general, the

deformation of the dye consists of out-of-plane motions for
both orientations.
Einter (MB/DNA) is the energy contribution that presents the

largest difference (1.4 kcal/mol) between int-sym* and int-
gau*. The gas-phase interaction between MB and the bases C6,
G19, G7, and C18 plotted in Figure 9a follows the expected
behavior; that is, the attractive interaction energy is larger for
int-sym* (−188.5 kcal/mol) than for int-gau* (−185.2 kcal/
mol) due to the better alignment of the aromatic rings of the
dye and nucleic bases in the int-sym geometry (Figure 8a).
The nonpolar contribution of the solvation energy ΔGnonpolar

must be also taken into account to explain the small differences
between the binding energies of the symmetric and gauche
configurations of poly(dG-dC). ΔGnonpolar is 8.3 kcal/mol for
int-sym* and 9.2 kcal/mol for int-gau*. The different
contributions of ΔGnonpolar appear in Table 9. For poly(dG-
dC), the values of the repulsive and dispersion energies that
come from the unbound DNA and MB monomers are very
similar for int-sym* and int-gau*. The main differences come
from the contribution of the MB-DNA complex. ΔGrep (MB −
DNA) is 2.0 kcal/mol more energetically disfavorable for int-
gau*, while ΔGdisp (MB − DNA) is 1.5 kcal/mol more
energetically favorable for int-gau*. Therefore, in global the
nonpolar solvation energy is slightly more repulsive for the int-
gau* orientation.
The different energy terms that contribute to the binding

energy show more important differences between int-sym* and
int-gau* for the AT sequence as seen in Table 8. Edef (DNA) is
29.3 kcal/mol for int-sym* and 34.1 kcal/mol for int-gau*. This
difference of 4.8 kcal/mol can be mostly attributed to the
variation of the total helical axis bend (Table S2, Supporting
Information). Increments of 32.8 Å and 41.7 Å with respect to
the free polynucleotide were computed for int-sym* and int-
gau*, respectively. In addition, important structural variations
were also found in the rise separation (3.80 Å for int-sym* vs
4.09 Å for int-gau*) and the shift distance (0.25 Å for int-sym*
vs 2.20 Å for int-gau*).
Unlike for poly(dG-dC), the intermolecular energy Einter

(MB/DNA) between the dye and the AT sequence is 4.9
kcal/mol more attractive for int-gau* (−54.6 kcal/mol) than
for int-sym* (−49.7 kcal/mol). However, the gas-phase
interaction between MB and the T6, A19, A7, T18 bases
shows the regular time evolution trend (Figure 9d), that is,
more attraction for the int-sy m* geometry. Values of −179.6
and −177.2 kcal/mol were computed for the int-sym* and int-
gau* orientations, respectively. Therefore, the stabilization of
Einter (MB/DNA) for int-gau* is due to the interaction between
the dye and nucleotides placed farther than the flanking base
pairs.
Table 9 shows that ΔGnonpolar also presents large discrep-

ancies between both geometries. The most unfavorable
nonpolar solvation energy is present in the gauche orientation
(as for the GC sequence), but in this case the difference
between the symmetric (9.9 kcal/mol) and gauche (12.4 kcal/
mol) geometries is more important. The total repulsive terms
ΔGrep have the same value for the two configurations (−16.1
kcal/mol), while the larger dispersion interaction between the
MB/DNA complex and the solvent for int-sym* makes the
total dispersion term ΔGdisp less unfavorable for the symmetric
(26.0 kcal/mol) than for the gauche (29.5 kcal/mol) structure.
In summary, symmetric/gauche transitions were detected in

our simulations. The previous analysis concludes that the int-
sym* orientation is more stable than the int-gau* one. A
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complex balance among the different energy contributions is
necessary to explain the different behaviors of both structures.
The symmetric configurations analyzed in the Major Groove
Binding section (int-sym) are more stable than the int-sym*
orientations of the present section. In addition, rotational
transitions from int-sym (and not from int-sym*) were not
predicted for the simulations. This indicates that the system
could adopt several intermediate states when symmetric/
gauche transitions take place. More accurate methods are
necessary to perform a more quantitative analysis of the
rotational transitions. A quantum mechanics/molecular me-
chanics (QM/MM) investigation is planned in this direction.
d. Intercalation at High Ionic Strength. At ionic strength

1.0 M, symmetric intercalation is still the most abundant
binding mode for poly(dG-dC) as can be seen in Scheme 3.
However, the dynamics is significantly different for poly(dA-
dT). The dye lies in the pocket with the gauche orientation
virtually the whole simulation time. This situation does not
allow a detailed analysis of symmetric/gauche transitions as was
performed for the dynamics at low ionic strength, but still
interesting conclusions can be obtained.
The decomposition of the binding energy (eqs 5−8) for the

trajectories at ionic strength 1.0 M is shown in Table 10.

Comparison with the results of Table 8 (ionic strength 0 M)
provides interesting conclusions, especially for poly(dA-dT).
The binding strength of the gauche intercalative binding mode
for AT increases from −0.2 kcal/mol at ionic strength 0 M to
−8.9 and −8.5 kcal/mol (for initial geometries int-sym and int-
gau, respectively) at ionic strength 1.0 M. This stabilization of
the gauche orientation is a consequence of a large relaxation of
the double strand. Edef (DNA) decreases from 34.1 to 26.9
kcal/mol and 28.9 kcal/mol when increasing the salt
concentration. Structural analysis reveals that the main variation
in the DNA structure happens in the total helical axis bend.
The change with respect the free DNA is 41.7° at ionic strength
0 M (Table S2) and 7.9° and 24.0° for the simulations at ionic
strength 1.0 M with initial geometries int-sym and int-gau,
respectively.
In addition, the relaxation of the helix also causes strong

variations in the nonpolar solvation energy. ΔGnonpolar drops
from 13.4 kcal/mol (Table 8) to 10.5 and 8.3 kcal/mol (Table
10) for the simulations with initial geometries int-sym and int-
gau, respectively, with increasing the salt concentration. The

decomposition of ΔGnonpolar at high ionic strength (not shown
for simplicity) reveals that dispersion energy between the MB/
DNA adduct and the solvent is more attractive at ionic strength
1.0 M (−456.5 and −455.7 kcal/mol for initial geometries int-
sym and int-gau, respectively) than that at ionic strength 0 M
(−450.5 kcal/mol). Therefore, the decrease of the helical axis
bend induces favorable dispersion interactions between the
complex and the solvent.
Since the binding energy of the gauche intercalative mode for

AT (−8.9 kcal/mol and −8.5 kcal/mol) is similar to that of the
minor groove mode (−8.8 kcal/mol) as can be seen in Table 4,
both configurations can be present at high ionic strength for
poly(dA-dT). Experimental analyses12 have found two different
binding modes for poly(dA-dT) at high salt concentration. One
of them was the intercalative binding mode and the other could
not be resolved from the spectroscopic measurements.
However, it was suggested to be the major groove binding.
Our simulations explain the two different structures observed
experimentally. However, our analyses reveal that the minor
groove complex is the second structure.
The decrease of the binding energy of the intercalative

interaction mode due to the rotation of the dye from the
symmetric to gauche configuration inside the binding pocket
with the increase of ionic strength explains the experimental
findings. This rotation of MB inside the intercalative pocket was
proposed previously based on spectroscopic measurements.9

■ CONCLUSIONS
In this work, we have investigated using force field MD
simulations the binding modes by which MB can noncovalently
bind to two different DNA sequences. In particular, external,
intercalative and minor and major groove bindings were
analyzed for alternating GC and AT sequences at ionic
strengths 0 and 1.0 M.
External binding complexes were found to be unstable

structures which dissociate or migrate to other binding site
during the simulations. The interaction time between the dye
and the phosphate groups extracted from the time evolution of
the number of interatomic contacts is in the range between 300
ps and 2.7 ns. The external binding mode is dominated by
Coulomb interactions. Around the 93% (78%) of the MB/
DNA total gas-phase interaction energy for GC (AT) comes
from the Coulomb contribution.
The major groove binding simulations did not provide stable

adducts for the GC sequence. The formation of hydrogen
bonds between the NH2 groups of the guanine nucleotides and
the aromatic N atom of MB is important at high ionic strength.
Hydrogen bonding is present over the 36% and 19% of the
interaction time for the simulations with initial geometry mag-
in and mag-out, respectively, at ionic strength 1.0 M. This
contributes to the stabilization of the system and results in
longer MB/poly(dG-dC) interaction times (∼4 ns) compared
to the external binding. However, the complexes dissociated for
the four different initial conditions analyzed here. Therefore, it
is concluded that the major groove binding mode is not
favorable for the GC sequence.
For poly(dA-dT) the dye interacts with the helix inside the

major groove over the whole simulation time for three of the
four trajectories investigated. Hydrogen bond lifetimes are
longer than those for the GC sequence. At ionic strength 0 M
the formation of hydrogen bonds is observed during the 32% of
the simulation. This percentage increases up to 52% (initial
geometry mag-in) and 76% (initial geometry mag-out) at ionic

Table 10. Binding Free Energy Decomposition (kcal/mol)
into MB Deformation Energy Edef (MB), DNA Deformation
Energy Edef (DNA), Intermolecular Energy Einter (MB/DNA)
and Nonpolar Solvation Energy ΔGnonpolar for Intercalative
Complexes at Ionic Strength 1.0 M

poly(dG-dC) poly(dA-dT)

initial structure int-sym int-gau int-sym int-gau

MD structure int-sym int-sym/int-gaua int-gau int-gau

Edef (MB) 5.6 5.5 6.0 5.5
Edef (DNA) 25.5 23.0 26.9 28.9
Einter (MB/DNA) −54.7 −52.8 −52.3 −51.2
ΔGnonpolar 7.1 6.0 10.5 8.3
binding energyb −16.5 −18.3 −8.9 −8.5

aThe int-gau orientation is observed only during 1.5 ns in the last 20
ns of simulation. bThe standard error of the mean for all binding
energies is ∼0.6 kcal/mol.
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strength 1.0 M. However, the MB/DNA complexes are
characterized by high mobility of the dye inside the major
groove, indicating that a stable energy minimum was not
achieved. Nevertheless, the formation of major groove adducts
for the AT sequence should not be ruled out, especially at high
ionic strengths.
Minor groove MB/DNA adducts are stable structures for

both DNA sequences. Coulomb interactions represent more
than the 90% of the MB/DNA total gas-phase interaction
energy. Our simulations predict different features of the minor
groove binding for the two DNA sequences. For poly(dG-dC)
the minor groove complex is energetically favored when the
dimethylamino groups of the dye faces outside the groove
(mig-out), while in the MB/poly(dA-dT) complex the
orientation with the dimethylamino groups oriented toward
the groove (mig-in) is the most stable structure.
For both DNA sequences the number of interatomic

contacts is larger for the mig-in orientation than for the mig-
out one, which results in more attractive MB/DNA van der
Waals and Coulomb interactions. However, the steric effect in
the mig-in orientation produced by the NH2 groups inside the
minor groove for poly(dG-dC) makes the MB/DNA
interactions less important than for poly(dA-dT). This smaller
interaction energy in the GC sequence is not able to counteract
the DNA deformation energy, and therefore the balance
between the different energy contributions makes the mig-out
orientation the most stable structure for poly(dG-dC).
The mig-out configuration favors hydrogen bond formation

in the GC sequence between the aromatic N atom of MB and
the NH2 group of one of the guanine residues during the 90%
of the simulation. However, this hydrogen bond does not play
an important role in the formation of mig-out adducts since the
MB/DNA gas-phase interaction energy is stronger for the mig-
in orientation. Hydrogen bonding is not possible for the AT
sequence because of the absence of hydrogen donors inside the
minor groove.
The minor groove binding induces a narrowing of the minor

groove except for the GC sequence at high ionic strength where
the minor groove is broadened. This is explained by the high
mobility of the dye inside the groove for these conditions, likely
due to the strong interaction between the dye and the ions of
the environment.
Intercalation is the most important binding mode found in

the simulations. Three different structures were observed
during the dynamics. Two of them present a parallel orientation
with respect to the aromatic system of the flanking base-pair
(int-sym and int-sym*) and the other is rotated by more than
60° around the helical axis (int-gau*). Transitions between int-
sym* and int-gau* orientations take place throughout the
dynamics.
At ionic strength 0 M, the strongest binding energy was

computed for the int-sym orientation for both DNA sequences.
The int-sym complex was found to be more stable for the GC
sequence (−18.1 kcal/mol) than for the AT sequence (−13.5
kcal/mol). This energy difference mainly comes from the
discrepancies in the attractive gas-phase Coulomb interaction
between MB and the flanking base pairs (−149.3 kcal/mol for
GC and −144.6 kcal/mol for AT) and the dispersion
contribution of the nonpolar solvation energy (21.5 kcal/mol
for GC and 25.0 kcal/mol for AT).
The two symmetric geometries (int-sym and int-sym*)

detected at low ionic strength in the simulations show different
characteristics. Binding energies are clearly more favorable for

the int-sym orientation (−18.1 and −13.5 kcal/mol for GC and
AT, respectively) than those for the int-sym* orientation
(−10.6 and −4.8 kcal/mol for GC and AT, respectively). The
int-sym complex in the GC sequence is more stable due to the
smaller DNA deformation energy (25.0 kcal/mol) compared to
int-sym* (31.4 kcal/mol). In the case of poly(dA-dT), both the
DNA deformation energy (25.3 and 29.3 kcal/mol for int-sym
and int-sym*, respectively) and gas-phase interaction between
MB and the flanking base pairs (−185.4 and −179.6 kcal/mol
for int-sym and int-sym*, respectively) play an important role
in the stabilization of the int-sym configuration.
Transitions between the int-sym* and int-gau* orientations

were analyzed for GC and AT at ionic strength 0 M. Binding
energies of −10.6 kcal/mol (GC) and −4.8 kcal/mol (AT)
were computed for int-sym*, while values of −8.3 kcal/mol
(GC) and −0.2 kcal/mol (AT) were obtained for int-gau*.
However, this greater stability of int-sym* over int-gau* could
be overestimated due to the approaches employed to compute
the binding energies. A complex balance among the
deformation energies of MB and DNA, MB/DNA interaction
energy and solvation energy is necessary to explain the trends
observed for the int-sym* and int-gau* structures.
At high ionic strength the symmetric intercalation is still

dominant for poly(dG-dC), but the gauche intercalation is the
only configuration observed for poly(dA-dT). The decrease of
the variation of the total helical axis bend with respect to the
free AT sequence from 41.7° to 7.9° and 24.0° (for initial
geometries int-sym and int-gau, respectively) induces an
energetically stabilization of the double strand and favors
more attractive dispersion interactions between the adduct and
the solvent. The comparable binding energies of the gauche
intercalative (−8.9 and −8.5 kcal/mol) and minor groove
(−8.8 kcal/mol) structures for AT suggest the existence of both
binding modes at ionic strength 1.0 M. These findings agree
with the two different binding modes found in the experi-
ments12 for the AT sequence at high ionic strength.
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