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The computer simulations of the interaction of DNA fragments and actinocin derivative (Actll) with ligand-target
ratio 1:1 and 2:1 were carried out by a Monte Carlo method taking into account water environment. Low-energy
molecular structures corresponding to the most probable models of two types of complexes — binding of Actll in
minor groove and intercalation of Actll into GC-site with different complex stehiometry were obtained The
energetic and structural parameters of the complex formation were calculated. The stability of investigated
complexes was conditioned by Van der Waals and electrostatic interactions as well as by the interaction with a
solvent. The water molecules contribute to the stabilization of complexes due to the formation of water bridges
between donor-acceptor groups of DNA fragments and ligands. Possible sizes of Actll binding sites in the minor
groove were determined. They equaled 3—4 b. p. per the ligand molecule. The sizes of binding sites of intercalating
Actll molecules into GC-site are obviously bigger than 4 b. p. per the ligand molecule. The results obtained are in
agreement with the experimental data.
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Introduction. Studying the processes of molecular
recognition and complex formation of nucleic acids
(NA) with biologically active substances (BAS) it is of
great importance to determine the following: 1)
localization of possible binding sites and their
measurements; ii) the structure of sites and energetic
parameters of binding; iii) the most probable molecular
models of complexes.

One of the most widely spread methods of
localization of binding sites of ligands with NA are the
methods  connected with  spectrophotometrical
investigations of NA and BAS in UV- and visible
regions. In order to perform a detailed analysis of types
and structures of the complexes formed, the titration
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curves (concentration dependencies of mixture
absorption spectra) are built, which reflect the spectral
changes in each system under investigation. These
concentration dependencies for NA-BAS may be used
for determining the constants and localizing the binding
sites [1, 2].

Many ligands capable of interacting with NA form
two main types of complexes: binding in the grooves of
twin NA helix and intercalation or incorporation of
planar heterocyclic chromophore between the surfaces
of neighboring NA nucleotide pairs. The values of
binding sites at intercalation are basically low.
Intercalating ligands may be divided by 1-4 basic pairs
(b.p.) [3]. Binding ligands in DNA grooves, binding
sites measurements are higher than those at
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intercalation and equal 3—6 b.p. or more depending on
the ligand structure [4].

Experimental  investigation on  molecular
mechanisms of complex formation of analogue
anticancer antibiotic actinomycin D
(actinocile-bis(2-dimethylaminopropyl-amine) — Actll
with natural DNA revealed the possibility of obtaining
two types of complexes [5, 6]. The first one can be
viewed as external binding of ligand in minor or major
DNA grooves, and the second one can be considered to
be intercalation.

Using spectrophotometry investigation of complex
formation Actll with three DNA samples (different in
AT/GC-content) and subsequent analysis of the results
the measurements of the binding site for the first type of
the complex (groove binding) were shown to be the
same for all investigated systems, equal to ~ 3 b.p. per
Actll molecule, and depend slightly on GC-pair
contents [7].

Optimal values of the binding sites for the second
type of complexes increase depending on GC-pairs
contents decrease, whereas the corresponding binding
constants do not change significantly. Authors make
the supposition that these data testify in favor of
GC-specificity of binding Actll and possible
intercalation between two neighboring GC-pairs.
Analysis of the results revealed that the size of the
binding site for this type of complex is in inverse
proportion to the value of the possibility of close
location of two GC-pairs and equals 3.2 for
DNA,,, (GC~76 %), 6 for DNA, (GC ~42 %), and 12
for DNA_, , (GC ~ 28 %). Therefore, two types of
complexes formed at different sites and different in the
size of the binding site are present in Actll-DNA
systems [7].

Detailed representation of possible Actll-DNA
structural complexes may be obtained using computer
modeling accepting the data of X-ray structural
analysis of complex DNA fragments and ligands and
the data on spectrophotometry for particular
Actll-DNA system as the obligatory data.

Current work presents the data of computer
modeling of Actll complexes with different DNA
fragments according to two types of binding. The main
tasks of the investigation were to model the complexes
(ligand-NA ratio 1:1 and 2:1) and to assess the binding
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sites for two types of complexes. The possibility of
stable complex formation between Act II and several
DNA fragments for two different types of binding 1:1
was shown by Monte Carlo method and methods of
molecular dynamics [8-10]. Computer modeling
allowed obtaining structures corresponding to energy
minimum (or the most probable equilibrium state of
Actll-DNA fragment) and evaluating the water
environment in the process of complex formation.

Materials and Methods. To select optimal
molecular models of hydrated complexes Actll and
DNA using the Monte Carlo method, computer
modeling of the interaction of two different DNA
fragments and Actll taking into account water
environment has been performed. Energy and structure
characteristics were calculated and instantaneous
configurations, necessary for building the molecular
models and water environment of the investigated
complexes, were obtained.

The application of the Monte Carlo method for
investigating the hydration of small molecules, NA
fragments, and their components is presented in detail
in [11, 12]. This investigation presents the calculations
in canonical (N, V, T) ensemble in the frames of
Metropolis algorithm [13]. In each of these systems the

number of water molecules was 800, system
temperature — 298 K.
To calculate interaction energies values,

semiempirical atom-atom potential functions suggested
by Poltev et al. have been used [14, 15]. Total
interaction energy of the system is presented as the sum
of water-water, water-DNA, water-ligand,
DNA-ligand, and ligand-ligand interaction energies.
Water-water interaction energy is approximated by
atom-atom potential function of 1-6-exp type [14]:

Uu‘ =X [Ci/' q,.q,/ L= Au'rif-é + B!‘/’exp(_Di/r!/)] (D)

The parameters are selected in a specific way in
order to reproduce the energies of hexagonal crystalline
lattice of ice and force coefficients of ice hydrogen
bonds (H). The model of water molecule and the
selected type of potential function reproduce
satisfactorily thermodynamic and structural parameters
of liquid water and water solutions obtained
experimentally.



THE BINDING OF ACTINOCIN DERIVATIVE WITH DNA FRAGMENTS (MONTE CARLO SIMULATION)

Energy values of water-DNA, water-ligand, and
ligand-ligand are approximated by atom-atom potential
function of 1-6-12 type [14, 15]:

U,=X[C,qq/r,+Ar,"—Br,T(2)

The parameters of potential functions are selected
in a specific way in order to reproduce the lengths of
H-bonds between the molecules of water and NA
components, as well as experimentally determined
positions of water molecules in crystalline hydrates of
bases, nucleosides, nucleotides and some ligands.

Cluster approximation (during which the system
was placed in the sphere with firm reflecting walls in
such a way that the solution center of masses matched
the sphere center) was used as limiting conditions [16].
Initially, only the water molecules with the most
advantageous structure obtained by preliminary
modeling of cluster containing 800 water molecules
were placed in the center of the sphere. The radius of
the sphere was selected to be equal to the radius of tlole
sphere, obtained for such water structure, i.e. 24.5A.
Later on the radius of the sphere was increased for the
value necessary for water molecules pressed out of
water “drop” during the placement of complex into the
center of the sphere. Theo radius used in current work
was increased up to 40.5A. The number of elementary
configurations performed in order to achieve the
equilibrium state of water cluster equaled (4-6)C10°,

(4-6)C10° of elementary configurations were
performed  additionally to  calculate  energy
characteristics.

Energy and structural characteristics of systems
containing Actll, DNA fragments, and their complexes
in aqueous clusters were calculated in a similar way.

Actll: n=2

Fig.1 Structural formula of
actinocile-bis(2-dimethylaminopropyl-ami
ne) — Actll molecule

Initially, to achieve equilibrium state 32C10° of
elementary tests were performed, then thermodynamic
parameters of the system on the equilibrated region
were calculated, for this purpose 32C10° of elementary
tests were generated. Statistical error occurring due to
the limited number of configurations was estimated by
the method of control functions. At that the whole set of
elementary configurations was divided by final number
of intervals. Thermodynamic values were calculated
for each interval (in this work this is the total system
energy) while standard deviation did not exceed
+0.005.

The values of charges on the NA fragment atoms
were accepted as in [17]. Coordinates and charge values
of Actll atoms (Fig.1) were obtained by ab initio
HF/3-21G(p) method using GAMESS software
(GAMESS QC Software (US)) [18] adapted for
Windows NT (Granovsky A. A,
http://www.classic.chem.msu.su/gran/gamess/index.ht
ml).

NA fragments in the solution at physiological
conditions were negatively charged due to total
ionization of phosphate groups. Neutralization of the
charge on phosphate groups was performed by means
of counterions, i.e. Na' ions. Counterions in the
calculations presented, necessary for neutralization of
phosphate groups, are not taken into account explicitly,
however the charges of phosphate groups are calculated
in regards of preserving the condition of
electroneutrality. Such approximation is used in
conformational analysis of NA and their fragments [17]
and in the studies on hydration of di- and
oligonucleotides by the Monte Carlo method [19].

Results and Discussion. The study considers two
possible variants of complex formation formed by
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actinocine derivatives in accordance with the data
presented in [5-8]. These are the incorporation of
ligand molecules into the minor groove of the double
helix and intercalation of ligands between GC-pairs
surfaces of the double strand DNA. Initial
configurations of complex coordinates obtained by the
method of X-ray analysis were the following i) DNA
fragment 5 -d(CCAACGTTGG), and two antramycin
molecules which form the complex by external linkage
in minor groove of the DNA (NDB index: GDJB29,
PDB index: 274D) [20] and ii) DNA fragment with two
molecules of
N-cyanomethyl-N-(2-methoxyethyl)-daunomycin,

intercalated in GC-sites of 5 -d(CGATCG), DNA
fragment (NDB index: dd0017-NDB, PDB index
482D) [21]. Configuration of NA fragments remained
stable in the course of calculations. The position of
ligands in complexes changed in frames of Metropolis
algorithm. This procedure is similar to firm docking
procedure taking into account the molecules of solvent.

Studying possible sizes of Actll binding sites with
DNA fragments we have considered binding of one
ligand molecule in the possible binding site. For this
purpose, Actll molecule was placed in the same
position with antramycin molecule (minor groove of 5
-d(CCAACGTTGQG),) or chromophore of one of
N-cyanomethyl-N-(2-methoxyethyl)-daunomycin
molecules (intercalation into one of GC-sites of 5
-d(CGATCQG),). This procedure was performed for
each of possible positions of ligands of both complexes
with  subsequent geometrical optimization of
complexes first in the borders of Metropolis algorithm
and then the modeling of the optimized structure in
water cluster was performed.

Studying Actll-DNA complexes (2:1) both
molecules were placed into the position of two ligand
molecules in crystallographic complexes with DNA
fragments. Later on, the complexes were optimized
geometrically in vacuum approximation and the
complex was placed into the cluster of 800 water
molecules.

The Table presents the results of energy and
structural characteristics calculations of the systems
under investigation.

The analysis of the results obtained reveals that the
formation of all complexes is energetically profitable.
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The mentioned fact allows making the conclusion on
the possibility of DNA complex formation with both
one and two Actll molecules located in binding sites of
the selected size. It is worth mentioning that studying
the binding of methylene blue in the minor DNA
groove using molecular docking and Monte Carlo
method in order to obtain low-energy conformation of
complexes, ligand-DNA fragment interaction energies
were determined to be from —200.1 to —177.8 kcal/mol
[22]. These results are in good correlation with the
modeling of interaction ActlI-DNA fragments energies
values ("U,,,,..» Table) recalculating it per 1 ligand
molecule. This correlation testifies in favor of adequacy
of the method used and the modeling parameters
selected in order to investigate the systems DNA
fragment-Actll.

Having analyzed the set of instantaneous
configurations of complexes obtained on the
equilibrated area of modeling, the sizes of binding sites
can be estimated. During binding in the minor groove
two Actll molecules occupy three base pairs and are
separated by three more pairs (Fig.2, a). While the
interaction energies of both ligand molecules with the
fragment differ insignificantly (U, ,.. U
Table), however, the interaction energies between Actll
molecules (U Table) reveal the repulsion of ActIl
molecules.

Similar conclusions for the complex with
intercalated ligands can be made. The interaction
energy between Actll molecules (U, ,, ., Table) for
this type of the complex is significantly higher, i.e. the
repulsion of ligands is higher. Obviously, the size of the
binding sites, used in modeling are smaller than those
necessary for diminishing the repulsion between
positively charged side chains of ligands. Molecules
intercalated into GC-sites were proven to be separated
by 2 b.p. and two more b.p. form the borders of binding
sites, i.e. the size of the binding site for this type of the
complex can set to be 4 b.p. (Fig.3, a). According to the
experimental data [7], the value of the binding site for
Actll at intercalation varies in the borders from 6 to 12
b.p. for high GC content DNA. High positive values of
U,naa ©nergies may testify in favor of
noncooperativity of Actll-DNA binding for the
intercalation complex. The cooperativity factor (or any
parameter characterizing ligand-ligand interaction) was

DNA-ActIl>

Actll-ActIl?
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Table 1 Energy and structural characteristics of systems, containing different complexes of DNA fragments and ligand (ActIl) in aqueous
cluster

System UTOT 1 +UHNA—ACIH ++UDNAVACIH UAC[ILA&;IH
5’-d(CCAACGTTGG),+ 2Actll
. -10.21140.005 -33.9:-16.7 (1) +-17.2 (2) -339.0:-167.0+-172.0 452
(complex 2:1, Fig.2, a)
5’-d(CCAACGTTGG),+ Actll
. -10.00140.005 -16.1 -161.0 -
(complex 1:1, Fig.2, b)
5’-d(CCAACGTTGG),+ Actll
. -10.01540.005 -20.4 -204.0 -
(complex 1:1, Fig.2, ¢)
5’-d(CGATCG),+ 2Actll
" -9.804+0.005 -41.5:-20.1 (1) +-21.4 (2) -332.0:-160.8+-171.2 72.7
(complex 2:1, Fig.3, a)
5’-d(CGATCG),+Actll
i -9.545+0.005 -20.8 -166.4 -
(complex 1:1, Fig.3, b)
5’-d(CGATCG),+Actll
A -9.620+0.005 -23.1 -184.8 -
(complex 1:1, Fig.3, ¢)
Actll -8.623+0.005 - - -
5’-d(CCAACGTTGQG), -9.788+0.005 - - -
5’-d(CGATCQG), -9.315+0.004 - - -
H,O (800) -8.490+0.005
SyStem U\«D\IA U\uAclll U\\\V\ NHb
5’-d(CCAACGTTGG),+ 2Actll . o
O -1869.5 -132.5 (1)-107.7(2) -7.146 156 (11)'14 (7+7)
(complex 2:1, Fig.2, a)
5’-d(CCAACGTTGG),+ Actll -1917.3 .
. -120.7 -7.261 167(5) 6
(complex 1:1, Fig.2, b)
5’-d(CCAACGTTGG),+ Actll .
_ -1937.6 -133.4 7171 165(4)7
(complex 1:1, Fig.2, ¢)
5’-d(CGATCG),+ 2Actll . .
_ -1256.9 -172.1(1)-152.3(2) -7.520 101 (12)20(10+10)
(complex 2:1, Fig.3, a)
5’-d(CGATCG), +Actll .
i -1309.9 -160.4 -7.543 11149
(complex 1:1, Fig.3, b)
5’-d(CGATCG),+Actll 93 (5)
; -1248.1 -163.25 -7.591
(complex 1:1, Fig.3, ¢) 8
Actll - -194.0 -8.380 8
5’-d(CCAACGTTGG), -1991.5 - -7.299 171
5’-d(CGATCQG), -1303.9 - -7.685 102
H,O (800) -8.490

NB: the following signs were used in the Table: U, , — complete interaction energies in systems (per water molecule); U, , — water-water interaction
energies (per water molecule); interaction energies: U, — DNA fragment — water and U, , — Actll-water (per system); U, ,..,— DNA-ActIl fragment
(per base pair); U — ActlI-ActlI fragment (per molecule of ligand); N, —number of water molecules forming H-bonds with DNA or ActlI fragments;
~ - per base pair; - per molecule of ligand; * number of water molecules occupying bridge position between groups of DNA fragment and ActII; **
number of water molecules forming hydrogen bonds with each Actll molecule.

Actll-Actll
It
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assessed on the basis of spectrophotometry data and as
a result intercalation was shown to be noncoperative
process and binding in the minor groove to be
low-cooperative one [7, 8].

Let us consider the differences between different
types of complexes. Binding of each of Actll molecules in
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Fig.2 Binding Actll in the minor groove of DNA fragment (instantaneous
configurations): « —both ligand molecules; b, c — for each ligand molecule.
Water molecules occupy the bridge position between ligand molecules
and DNA fragment. Hydrogen bonds are dot lined

minor groove of DNA fragment takes place with varying
energy values of DNA-ligand fragment ('U,, ., Table).
The difference is determined to be around 4 kcal/mol. At
simultaneous binding of both Actll molecules in the
groove the interaction energy values of each of them
with DNA fragment were shown to differ less.
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Analysis of instantaneous configurations of three
complexes of this binding type allows determining
H-bonds formed between amino group of ligand
chromophore and C=0 thymine group (Fig.2, b). This
fact may provide the explanation for the difference in
the U values, which is approximately equal to one

DNA-Actll

Fig.3 Intercalation of Actll into GC-sites of the DNA fragment
(instantaneous configurations): a — both ligand molecules; b, ¢ — for each
ligand molecule. Water molecules occupy the bridge position between
ligand molecules and DNA fragment. Hydrogen bonds are dot lined.

H-bond energy value. During the complex formation of
H-bonds 2:1 between donor-acceptor groups of DNA
fragment and ligand molecules has not been observed.
A good correlation of ligand-DNA (U, ...)
interaction energy values is observed during the
comparison of binding of one Actll molecule with the
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other DNA fragment — 5 -d(CGCGTTAACGCQG), [6,
8]. This value is 17.5 kcal/mol per base pair for 5
-d(CGCGTTAACGCG),~Actll, which is close to the
values of ‘U, for different locations of Actll
molecules at  binding the  fragment 5
-d(CCAACGTTGQ), for both 1:1 and 2:1 complexes.
Binding of the second Actll molecule in the minor
groove has hardly any influence on the binding energy
value of the second molecule (Table). The data
presented allow supposing i) adequacy of the binding
site size used in this work for modeling this type of the
complex at ligand-DNA ratio 2:1 and ii) nonspecificity
of Actll binding in the minor groove. Minimal size of
the binding site for the complex with Actll molecule
located in the minor groove was experimentally
determined to be 3 b.p. [6, 7]. 2:1 model complex
obtained using computer modeling, two Actll
molecules were located in the minor groove 3-4 b.p.
away along the helix axis (Fig.2, a).

Intercalation of one Actll molecule does not
influence significantly the incorporation of the next
molecule into the second GC-site of 5 -d(CGATCG),
(Table, U, ,..)> however, these values are 10 kcal/mol
lower (absolute value) than the value of the interaction
energy of one Actll molecule with GC-site of the bigger
DNA fragment — 5 -d(GAAGCTTC), [6, 8], which is
—30.2 kcal/mol per base pair (or —241.2 kcal/mol per
ligand molecule). Analysis of the instantaneous
structures of the complexes revealed Actll not to form
H-bonds in the binding site, as well as no overlapping
of the Actll chromophore plane with the base pair
planes in the binding sites for all types of complexes
studied. On the contrary, at the incorporation of one
Actll molecule into the central GC-site of 5
-d(GAAGCTTC), a significant overlapping of aromatic
systems of the ligands and the base pairs was observed
and the formation of 2-3 H-bonds between
donor-acceptor groups of Actll and DNA fragment was
demonstrated [6, 8]. These differences may be
explained due to several reasons.

As it was mentioned above, the selected size of the
binding site for ligands was too small which resulted in
significant repulsion between positively charged ligand
molecules and apparently, influenced their location in
the binding sites. Besides, terminal effects have evident
influence on the formation of such a structure as 2:1
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complex binding sites, located on terminal ends of the
DNA fragment, as well as nucleotide contents and the
sequence of DNA fragment base pair. Therefore, the
supposition on a higher specificity of the intercalation
complex comparing to the binding Actll in the minor
groove can be put forward.

The analysis of all complexes under investigation
allows stating that their stability is determined by Van
der Waals and electrostatic interactions. At the same
time electrostatic interactions may make a destabilizing
contribution.  Electrostatic  interactions between
positively charged side ligand chains and negatively
charged phosphate groups of the DNA fragments
stabilize the complex, whereas the interaction between
the same structural components of two ligands
destabilize the complex. Water molecules contribute to
the complex formation as well. The analysis of the
interaction energies of the complexes and their
components with water (interaction energy U ., U, ...
U,y as well as the structural characteristics of water
environment of the complexes (number of water
molecules which form H-bonds with DNA fragments
and/or ligands N,, Table) show significant
rearrangement of hydrate surrounding of the DNA
fragments and ligands in the course of their binding.
The table presents the similar data obtained at modeling
the systems containing only DNA fragments or ligand
molecule in water clusters (800 water molecules) and
pure water cluster.

Water molecules which occupy the bridge position
between donor-acceptor groups of ligand and DNA
fragment were discovered in the binding sites of all
types of complexes (Fig.2, 3). Water molecules occupy
the bridge position between C=0 and NH,-groups of
Actll chromophore and the groups of sugar-phosphate
backbone and the base pairs, thymine C=0 group and
adenine N1 atom of DNA molecule at binding of each
of Actll molecules in the minor groove. Water
molecules occupying the bridge position between
sugar-phosphate backbone, NH,-group of cytosine and
guanine N7 atom of DNA fragment and C=0O and
amino groups of Actll chromophore were discovered
during intercalation.

Conclusions. Low-energy structures of Actll
complexes with DNA fragments which may be the most
probable molecular models of two different types of
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complexes, i.e. Actll binding in the minor groove and
intercalation Actll into GC with stehiometry 1:1 and
2:1 were obtained using the method of computer
modeling. Energy stability of the complexes was shown
to be determined by Van der Waals and electrostatic
interactions as well as by the interactions with the
solvent. While occupying the bridge position between
donor-acceptor groups of DNA fragments and ligand
molecules, water molecules contribute to additional
stabilization of the complex formation. The sizes used
in modeling are more adequate for the complex of Actll
binding in the minor groove and are equal to 3—4 b.p.
per ligand molecule. Apparently, the sizes for the
intercalation complex have to be higher than those
selected for modeling, i.e. higher than 4 b.p. per ligand
molecule.

A. B. lllecmonanosa

CBsi3bIBaHHE IIPOU3BOIHOTO aKTUHOLMHA ¢ (pparmenTamu JJHK: monenupo-

BaHMe MeTo1oM MonTte Kapiio

Peswome

Memooom Monme Kapno nposederno komnviomepHoe MoOenuposanue 63au-
mooeticmeust ppaemenmos JHK u npoussoonozo akmunoyuna (Actll) ¢
yuemom 600H020 okpyacenus. [lonyuenvl nusKosHepeemuueckue MoaeKy-
JIApHblE CMPYKMYPbL, COOMBEMCMEyoujie Hauboiee 6epoOAMHbIM MUNAM
83aumooelicmeus — ceasviganuto Actll 6 manom sxcenobke u HmMepKaIAYUU
Actll 6 GC-catim ¢ pasnou cmexuomempueli komniekcos. [lokazano, umo
CcmabunbHOCMb KOMIIEKCo8 0bycnosnena Ban-dep-Baanvcosvimu u snex-
MPOCMAMUYeckUMU 63aUMOOCUCMEUAMY, A MAKIHCE B3AUMOOECmBUeM ¢
BOOHBIM  OKPYIICEHUCM, MONEKYIbl KOMOPO20 GHOCAM OONOIHUMETbHYIO
cmabunuzayuio 3a cuem oopasoeanus MOCMUKOE Medtc0y 00HOPCKO-aKyen-
mopHwimu 2pynnamu gppaemenmos JJHK u nueanoos. Onpedenernvi 603Mm0x#c-
Hble pasmepvl Mmecm ceéazvieanus Actll 6 manom owcenodke JIHK,
cocmasnsowue 3 — 4 napel nykieomudog (n. n.) na monexyny aueanoa. Ipu
unmepxanayuu monexyi Actll ¢ GC-caiim pasmepuvl Mecm c8a3v16aHUs Ove-
6UOHO Donbuie 4 n. H. na monexyny nueanoa. Ilonyuennvie pesyrbmamol co-
21acyIomces ¢ OaHHLIMU SKCREPUMEHMATbHBIX UCCTe0068AHUIL.

Kntouesvie crosa: ¢ppacmenmot JHK, npouzsooroe akmunoyuuda, Kom-
nnexcooopasosanue, memoo Moume Kapno, pazmepvl mecm c6a3b16anusl,
2UOPaAmMayust, MeNCMONEKYIAPHblE 83AUMOOCUCTBUS.
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