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INTRODUCTION

Actinomycin is an antibiotic of a streptomycete ori!
gin that is produced by Streptomyces antibioticus [1].
Actinomycins intercalate between base pairs into
unwound DNA regions, moving the nucleotides apart
and deforming the double helix at high concentrations
[2–5]. The ability to produce a complex with such a
structure is due to the structure of the actinomycin
molecule, which consists of a phenoxazine chro!
mophore moiety (which is known as actinocin) and
two cyclic pentapeptide chains. Deformation of the
double helix by intercalating actinomycin changes the
mechanical characteristics of the complex. According
to their mechanism of biological action, actinomycins
are classed with the agents that selectively inhibit
nucleic!acid synthesis (RNA synthesis) via complex!
ation with template DNA through deoxyguanine resi!
dues [1] (Fig. 1). Actinomycin hinders the RNA poly!
merase progress along template DNA, thus terminat!
ing RNA strand elongation. The antibiotic sterically
inhibits the reaction without directly interacting with
the enzyme. Actinomycins block the RNA polymerase
function by competitively binding to template DNA,
indicating that their affinity for DNA is far greater
than that of the enzyme. Ribosomal RNA synthesis is
especially sensitive to actinomycin, whose pharmaco!
logical activity is determined by this issue. At higher
concentrations, actinomycin inhibits DNA poly!
merase and may facilitate single!strand DNA breaks.

The interactions of actinomycin D and 7!aminoac!
tinomycin D with DNA have been studied by experi!
mental and theoretical biophysical methods [6–19].
In particular, studies have focused on the intercalation
of actinomycins into single! and double!stranded
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Fig. 1. The complex of actinomycin and double!stranded
DNA. The phenoxazine moiety intercalates between gua!
nine–cytosine pairs, while the peptide rings are accommo!
dated in the DNA minor groove, thus stabilizing the struc!
ture.
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DNAs, the melting of DNA–actinomycin clusters,
the kinetics of intercalation into DNA, the spectro!
scopic properties of DNA–actinomycin complexes,
and their photochemical activity. Substituents that
were introduced in position 7 of the chromophore
moiety have been shown to change the physico!chem!
ical and biological properties of the complexes [7, 8].
The kinetics of actinomycin D intercalation in
unwound DNA includes two phases, fast (seconds)
and slow (minutes). Actinomycin D is weakly fixed
within unwound regions, loops, and hairpin!like
regions in the fast phase and enters the double helix in
the slow phase [9]. X!ray analysis has shown that the
methyl groups of the phenoxazine ring enter the DNA
major groove and thereby anchor the antibiotic, while
the amino group of the phenoxazine ring forms two
hydrogen bonds with the DNA sugar!phosphate back!
bone [10, 11]. Circular dichroism and combinatorial
light!scattering studies have demonstrated that the
intercalation of actinomycins compared with other
intercalating heterocycles dramatically changes the
DNA structure, including regions outside the interca!
lation site [12–15]. Molecular dynamics (MD) simu!
lations with actinomycin, 7!aminoactinomycin, and
DNA fragment structures have shown that the struc!
tures are stable on 1!ns trajectories. DNA retains the
B!DNA structure in these simulations, a slight bend
forms in the antibiotic intercalation region, and nucle!
otide deviation from a parallel arrangement occurs in
the phenoxazine moiety intercalation site [17]. Differ!
ential UV spectrophotometry and differential scan!
ning microcalorimetry have revealed that DNA is sta!
bilized in the intercalation sites and acquires a higher
melting point and that actinomycin intercalates pre!
dominantly in satellite DNA, even at extremely low
concentrations [5]. Intrinsic photochemical activity
has been demonstrated for actinomycin D and 7!ami!
noactinomycin by spectroscopy, substantially facilitat!
ing the photodestruction of HeLa cells after entry by
the antibiotics [6]. Using spectroscopy, the minimal
energy of the actinomycin D–DNA fragment interac!

tion has been estimated at approximately 3.7 kcal/mol
[18]. Estimates that are similar in their order of mag!
nitude have been obtained for the free energy of inter!
action (∆G ~ 200–500 kJ/mol) in a recent molecular
dynamics study where the binding of DNA fragments
with ligands has been analyzed by thermodynamic
integration [19].

Actinomycin lacks selectivity and produces side
effects, like many other antibiotics that are used in
chemotherapy; it is therefore desirable to increase its
affinity for DNA in order to reduce the dosage and
administration frequency. We examined two actino!
mycin D analogs, 7!aminoactinomycin and 7!
hydroxyactinomycin, because the relevant substitu!
ents are capable of additional hydrogen bonding to
decrease the free energy without causing substantial
structural alterations in the complex [1].

In this work, molecular dynamics was used to cal!
culate the deformation free energy for the binding of
actinomycin and its analogs 7!aminoactinomycin and
7!hydroxyactinomycin (Fig. 2) with DNA fragments;
the objective was to evaluate the effects of the substit!
uents that were introduced in the phenoxazine ring on
the binding efficiency. The effect of complexation with
actinomycin on the elasticity of the DNA fragment
was evaluated by calculating the Young modulus for
DNA complexes with actinomycin and its analogs.

METHODS

All of the numerical experiments were carried out
with an AMBER force field [20] and the SPC!E clas!
sical three!center water model [21]. Trajectories were
generated in the NPT ensemble at 300 K (the
Parinello–Raman thermostat), with the Nose–
Hoover barostat (isotropic pressure, all pressure com!
ponents were 1 b). The Gromas 4.0.3 software package
was employed in molecular dynamics [22]. The cutoff
radius was 1.8 nm for the Lennard–Jones potential
[23]; the particle mesh Ewald (PME) method [24]
with a cutoff radius of 1.8 nm [23] was used to calcu!
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Fig. 2. The structures of actinomycin D and its analogs. (a) Original structure of the actinomycin fragment subject to modifica!
tion. A substituent is introduced in position 7 of the phenoxazine chromophore ring. (b) Modified phenoxazine ring structure: an
amino group is introduced in position 7. (c) Modified phenoxazine ring structure: a hydroxyl group is introduced in position 7.
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late the electrostatic interactions. The integration step
was 1 fs; the trajectory length was no less than 1 ns.
Charge calculations were performed with the
GAMESS software package, using the 6!31GF basis
with optimization of the molecule geometry. The tra!
jectory length was 2.5 ns for calculating the Young
modulus and 50 ns for calculating the free energy.

The computation systems are characterized for
each task in Tables 1 and 2.

RESULTS

The effect of actinomycins on the elasticity of a
DNA fragment. The effect actinomycins exert on the
elasticity of a DNA fragment was evaluated by calcu!
lating the nucleic acid fragment stretch modulus and
comparing the values that were obtained for the free
DNA fragment and the corresponding DNA–antibi!
otic complexes. The stretch modulus was calculated as
described for DNA fragments and DNA–ligand
(nucleosome) complexes [25].

The DNA–actinomycin structure we examined
had the ID of MNV [26] and the nucleotide sequence
5'!ATG|CTGCAT!3' where | is actinomycin. The
structures of DNA complexes with the actinomycin
analogs were obtained by modifying the original acti!
nomycin molecule in the IMNV structure [26], using
the Chimera program [27]. A crystal structure with
this DNA sequence was chosen for further studies and
modification because the lowest dissociation constant
is characteristic of actinomycin complexes with the
TGC nucleotide sequence [28, 29]. The resulting
DNA–antibiotic structures were subjected to equilib!
rium molecular dynamics at 300 K for 500 ps to opti!

mize the DNA structure after introducing the substit!
uents in actinomycin because the amino and hydroxyl
groups change the structural geometry.

To measure the elasticity modulus by nonequilib!
rium (steered) molecular dynamics, the upper pair of
the bases DA5 and DT3 was fixed; fixation was per!
formed at three coordinates. Acceleration was applied
to the opposite end of the nucleic acid fragment.
Accelerations were applied to the chain phosphorus
atoms P8 and P11 (the last but one base pair because
the terminal DA5 had no phosphate). The accelera!
tions were 6, 8, and 10 nm/ps2 along the coordinate y
with both of the systems; the corresponding forces
were 9, 12, and 15 kcal/(mol Å).

The Young modulus was calculated as E =
FL0/(A0∆L), where F is the force (newtons) applied to
the strand end, A0 is the area (A2) where the force is
applied, L0 is the initial distance (nm) between the
centers of mass of the terminal phosphorus atoms, and
∆L is the relative change (nm) in the distance.

Computations were performed in parallel for a
DNA–antibiotic complex and the same DNA struc!
ture without the antibiotic in order to evaluate its
effect on the strand elasticity. The Young modulus was
calculated for the following structures: DNA, DNA–
actinomycin, DNA–7!hydroxyactinomycin, and
DNA–7!aminoactinomycin.

Figure 3 show the plots that were obtained for the
distance between the centers of mass of the terminal
phosphorus atoms in calculations performed for
DNA–actinomycin, DNA–7!hydroxyactinomycin,
DNA–7!aminoactionomycin, and DNA.

Table 1. The computational system parameters for the task of evaluating the effect of actinomycins on the elasticity of a
DNA fragment

System  Computational 
cell size, nm Number of atoms Number of counterions Trajectory length, ns

 DNA 5.7 × 8.7 × 5.7 6939 16 2.5

DNA + actinomycin 5.7 × 8.7 × 5.7 7115 16 2.5

DNA + 7!hydroxyactinomycin 5.7 × 8.7 × 5.7 7116 16 2.5

DNA + 7!aminoactinomycin 5.7 × 8.7 × 5.7 7118 15 2.5

Table 2. The computational system parameters for the task of evaluating the efficiency of actinomycin binding with DNA

System Computational
cell size, nm Number of atoms Number 

of counterions Trajectory length, ns

Actinomycin 4 × 6 × 4 3128 0 50

DNA + actinomycin 4 × 6 × 4 3698 16 50

7!Aminoactinomycin 4 × 6 × 4 3131 0 50

DNA + 7!aminoactinomycin 4 × 6 × 4 3701 15 50

7!Hydroxyactinomycin 4 × 6 × 4 3129 0 50

DNA + 7!hydroxyactinomycin 4 × 6 × 4 3699 16 50
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The Young modulus estimates that were obtained
for DNA–actinomycin, DNA–7!hydroxyactinomy!
cin, DNA–7!aminoactionomycin, and DNA are
summarized in Table 3.

As is seen from the plots (Fig. 3), actinomycins
affect the elasticity of the nucleic acid fragment at a
time of approximately 1 ns (the nucleic acid in com!

plex with the antibiotic stretches more slowly at the
corresponding time points). A higher stiffness of the
DNA–actinomycin complex is similarly evident from
a higher Young modulus compared with that obtained
for DNA without the antibiotic. However, differences
in behavior between the structures became virtually
undetectable after 1.5 ns. This might be caused by a
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Fig. 3. The dependences of the distance between the centers of mass of the terminal pair phosphorus atoms at various accelera!
tions as obtained for DNA and the DNA–actinomycin, DNA–7!hydroxyactinomycin, and DNA–7!aminoactinomycin com!
plexes.

Table 3. Young modulus calculated for DNA and the DNA–actinomycin, DNA–7!hydroxyactinomycin, and DNA–7!amino!
actinomycin complexes

Young modulus E, Pa

DNA 
1.0 × 109

DNA–actinomycin
1.9 × 109

DNA–7!hydroxyactinomycin 
2.4 × 109

DNA–7!aminoactinomycin
2.6 × 109
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weaker stacking at greater distances between the
nucleotide pairs where the antibiotic intercalates (the
third and fourth pairs).

The following conclusion can be drawn from our
findings. Actinomycin, 7!hydroxyactinomycin, and 7!
aminoactinomycin increase the structural stiffness of
the corresponding nucleic acid fragment, the increase
is possibly due to a stacking of the phenoxazine moiety
with parallel base pairs in the DNA strand. The result
is supported by the higher Young modulus that is
obtained for a stiffer structure, viz., a complex of the
nucleic acid and the antibiotic 7!aminoactinomycin.
In addition, a comparison of the plots that
were obtained for different antibiotics demonstrates
that 7!aminoactinomycin stabilizes DNA more effi!
ciently than its analogs actinomycin and 7!hydroxyac!
tinomycin. In order of the increasing Young modulus
of the DNA fragment, the DNA–7!hydroxyactino!
mycin complex occupies an intermediate place
between the DNA–actinomycin and DNA–7!amino!
actinomycin complexes. A similar behavioral trend
has been described for actinomycin complexes in the
literature (see [2]).

The computational values were the same in their
order of magnitude as experimental estimates [30–32]
and correlated with published data [2], indicating that
our molecular dynamics models of the DNA–antibi!
otic complexes are adequate and can be used for fur!
ther research.

Efficiency of actinomycin binding with DNA. The
input structures that are used to calculate the Gibbs
free energy were the same as in calculations of the
stretch modulus.

The deformation free energy was calculated by
thermodynamic integration: GB(p, T) – GA(p, T) =

 Thermodynamic integration is one of

the basic methods that is most commonly employed
when estimating the free energy in molecular dynam!
ics [24, 33–35].

The parameter λ, which influences the potential
shape in the Hamiltonian, was varied incrementally
from 0 to 1 (14 values were used: λ = 0, 0.1, 0.15, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 0.975, and 1.0).
For each value of the parameter, molecular dynamics
of the complexes was performed in water at 300 K for
2.5 ns. The energy was calculated at each step of the
trajectory during simulation and the resulting values
were averaged over time. Following the thermody!
namic integration method [22], we computed two
thermodynamic cycles, antibiotic–water (∆G1) and
antibiotic–DNA–water (∆G2). The free energy of the
antibiotic–DNA interaction was calculated as ∆Gint =
∆G2 – ∆G1.

The energy that was calculated by this method is
not equivalent to the free energy that is measured
experimentally. The method makes it possible to cal!
culate the energy for the “interaction” of two compo!
nents of a system. A qualitatively adequate picture is
obtained by comparing the computational values.

The λ dependences of ∂H/∂λ (an equivalent of the
dependence of ∂G/∂λ) that were obtained for each of
the antibiotics by molecular dynamics simulation are
shown in Fig. 4.

The deformation free energy estimates that were
calculated for the antibiotic–DNA complexes (Table
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4) were approximately 500 kJ/mol, suggesting a virtu!
ally irreversible binding to the DNA fragment for act!
inomycin and its derivatives.

The highest deformation free energy value was
obtained for the nonmodified antibiotic: ∆Gactinomycin–

DNA = –468 ± 0.2 kJ/mol. The second highest free
energy was obtained for the hydroxyl!substituted acti!
nomycin derivative: ∆G7!hydroxyactinomycin–DNA = –496 ±
0.2 kJ/mol. The lowest value was observed in the case
of the amino!substituted actinomycin derivative: ∆G7!

aminoactinomycin–DNA = –619 ± 0.2 kJ/mol. The mathe!
matical error is included in the errors.

The results were used to estimate the contributions
made by the substituents in position 7 of the phenox!
azine moiety as compared with hydrogen in the same
position (Table 5).

DISCUSSION
Actinomycin intercalation in a DNA fragment

increased its stiffness in our experiments with DNA
stretching. The computational experiments showed
that the DNA fragment without the antibiotic
stretched faster than the same structure with actino!
mycin or its analogs. The computational Young mod!
ulus estimates that was obtained for DNA agree well in
their order of magnitude with the experimental data
(about 109 Pa) [30–32]. The increase in DNA stiffness
upon antibiotic binding supports the assumption that
the structure is stabilized via the formation of addi!
tional bonds. A greater stabilization was observed with
the amino!substituted antibiotic, possibly because the
NH2 group is capable of producing an additional
hydrogen bond.

The results of the computational experiments show
that the deformation free energy of 7!aminoactinomy!
cin binding with DNA is substantially lower than in
the case of the hydroxyl!substituted analog and non!
modified actinomycin. The greater contribution of the
amino group compared with the hydroxyl group is
most likely related to the number of additional hydro!
gen bonds. The results qualitatively correlate with

experimental findings; i.e., the most efficient antibi!
otic–DNA binding has been reported for 7!aminoac!
tinomycin [17].

Based on the results, a lower amount of antibiotic
can be assumed to produce the same effect in the case
of 7!aminoactinomycin compared with the hydroxyl!
substituted analog or nonmodified actinomycin; i.e.,
toxicity and side effects might be lower. A qualitative
picture is obtained with our method by estimating the
deformation free energy of interactions because the
energies of hydrogen bonds and dipole–dipole inter!
actions are not calculated. However, thermodynamic
integration makes it possible to reduce the simulation
time, thus producing a qualitatively adequate picture.
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