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Summary

In the course basic approaches to molecular dynamics (MD) simulations are presented and
corresponding calculations implemented into the demonstrated software are shown. Computer
simulations are becoming a very useful instrument in chemistry, biology and other branches of science.
To model large biomolecules in their native environment one needs corresponding computational
resources and applying methods. In our work we applied molecular simulations to reconstruct the
spatial structure of the DNA aptamer molecule on the basis of X-ray scattering data.

Introduction

Modern world raises new challenges for the scientific community. To develop new materials
with desirable properties and characteristics, investigate any biomolecule and create a new drug, we
need to use new approaches to accelerate, facilitate and simplify their design and development,
validation and interpretation of our experimental data. For this purpose the computational methods are
applied and become very useful and convenient tools for scientists.

New compact and cheap agents for therapy and diagnostics are wanted with the modern
development of personalized medicine. Сompact (15-100 bases) synthetic aptamers - single-stranded
oligonucleotides based on DNA or RNA - can be such therapeutics agents. Their primary sequence
determines the future three-dimensional structure. The unique shape of the molecule and the special
distribution of charges on its surface, capable of electrostatic and van der Waals interactions and
hydrogen bonds, determines the ability of aptamers to specifically bind with specific types of proteins,
for example, proteins presented in the membranes of tumor cells. It makes them synthetic analogs of
antibodies [1,2].

The sensitivity of diagnostic test systems and the effectiveness of targeted therapy are
determined by the energy of interaction between the recognizing and/or affecting element and the
target. Currently, there is no universal algorithm for studying recognition mechanisms in biological
systems due to the variety of types of interactions: conformational, induced, electrostatic, dispersion
interactions, hydrogen bonds, etc. Traditionally, highly specific antibodies are used as recognition
elements in biosensors. However, at present, DNA and RNA oligonucleotides are becoming more and
more preferable, since they have a large combinatorial variety. This variety allows them to bind to
molecular targets of various nature: from small molecules and ions to proteins and cells. Determining
the mechanisms of interaction between molecular recognition elements based on oligonucleotides with
targets of various nature is an important fundamental problem. Its solution will increase the accuracy



of diagnostics and the effectiveness of targeted therapy. The main task is to use an integrated approach
to study the features of molecular interactions, binding sites, kinetics, energies, and the type of bonds
between targets of different nature with molecular recognition elements based on oligonucleotides.

Molecular dynamics (MD) is a computer simulation method used in the theoretical study of
biological molecules, such as proteins and nucleic acid, to analyze the physical movements of the
constituent atoms and molecules. In the computer simulation, these atoms and molecules interact over
time and give a sense of the dynamic evolution of the system. MD simulation mimics the changes in
the structures of biological molecules over a given period of time, giving us atomic insights about the
change in structure. This data helps us understand biological functions. These simulations give us
detailed information about the fluctuations and conformational changes of the proteins and nucleic
acids under study. These methods are applied to thoroughly study the organization and dynamics of
biological molecules, their complexes, and the conformational changes of proteins and nucleic acids.
Many mysteries, on the femtosecond scale, have been revealed through the study of these
conformational changes. These methods are applied in chemical physics, materials science, and
biophysics. MD simulations are often used in computational biology to study protein-protein
interaction, protein-ligand docking, the effects of mutation on interactions, protein folding, and
flexibility of the biological molecules.

SAXS is a powerful technique for structure determination of biomolecules in solution as well
as their higher-order assemblies, if the initial constituents are known [3-5].The theoretical basis of
structural analysis by small-angle scattering on particles was first presented by Guinier [6] and applied
to nucleic acids by Timasheff in 1961 [7]. Small-angle scattering intensity from a particle drops
exponentially with an angle, and the index of power is associated with a generalized particle size and
its radius of gyration. The magnitude of gyration radius depends on the distribution of the scattering
center in space, particle size, and shape. Moreover, the form of the scattered radiation intensity curve
with an increasing angle is significantly different for the three basic conformations of biological
macromolecules: a ball, stick, and disk. SAXS has several advantages over the other structural
techniques including minimal sample preparation time, analyzing individual macromolecules or their
complexes in solutions at physiological conditions or at any required temperature, pH, and buffer, and
rapid data collection and processing [5].

Overview

The goal of Molecular Dynamic Simulation is to predict the behavior of atoms in a biological system
and how they move as a time-dependent function thereby providing the ultimate details concerning the
atoms based on algorithms of physics that govern the interatomic interactions [6].
MD simulation requires the step-by-step numerical solution of the classical equations of motion [9-11].



The Potential Energy Function is described by an equation:

Ubond = oscillations about the equilibrium bond length
Uangle = oscillations of 3 atoms about an equilibrium bond angle
Udihedral = torsional rotation of 4 atoms about a central bond
Unonbond = non-bonded energy terms (electrostatics and Lenard-Jones)

In molecular dynamics a molecule is described as a series of charged points (atoms) linked by springs
(bonds). To describe the time evolution of bond lengths, bond angles and torsions, also the
non-bonding van der Waals and elecrostatic interactions between atoms, one uses a force field. The
force field is a collection of equations and associated constants designed to reproduce molecular
geometry and selected properties of tested structures.

In the context of chemistry and molecular modelling, a force field is a computational method
that is used to estimate the forces between atoms within molecules and also between molecules. More
precisely, the force field refers to the functional form and parameter sets used to calculate the potential
energy of a system of atoms or coarse-grained particles in molecular mechanics, molecular dynamics,
or Monte Carlo simulations. The parameters for a chosen energy function may be derived from
experiments in physics and chemistry, calculations in quantum mechanics, or both. Force fields are
interatomic potentials and utilize the same concept as force fields in classical physics, with the
difference that the force field parameters in chemistry describe the energy landscape, from which the
acting forces on every particle are derived as a gradient of the potential energy with respect to the
particle coordinates.

Implementation of classical potential energy functions:
1. Theoretical functional forms are derived for the potential energy V(r).
2. Definition of atom types that differ by their atomic number and chemical environment, e.g. the
carbons in C=O or C-C are of different types.
3. Parameters are determined so as to reproduce the interactions between the various atom types by
fitting procedures:
- experimental enthalpies (CHARMM)‏
- experimental free energies (GROMOS, AMBER)‏

List of some common codes of multipurpose MD simulation programs, which include both classical
and quantum chemical methods and algorithms, is presented below:



(1) AMBER (www.ambermd.org) The Amber software package (Assisted Model Building with
Energy Refinement) consists of a set of force fields for modeling macromolecular structures (proteins,
nucleic acids and a number of other classes of molecules) and a package of quantum and molecular
mechanics programs. The package is in the public domain.
(2) CHARMM (www.charmm.org) (Chemistry at HARvard Macromolecular mechanics) software
package for molecular modeling of a wide range of systems - from small molecules to biological
macromolecules, using various energy functions and models - from quantum models and force fields to
molecular mechanics to full-atomic classical potentials.
(3) DL_POLY (www.cse.scitech.ac.uk/ccg/software/DL_POLY/) A package for modeling the
molecular dynamics of complex systems with both sequential and parallel calculations. Versions
available: DL_POLY_2, DL_POLY_3 and DL_POLY_4. Parallel calculations with the number of
atoms up to 1 million using 1024 processors are possible. Adapted for graphics game processors, GPU
(Graphical Processing Units), using the CUDA language. Freely available for research and
educational purposes.
(4) GROMACS (www.gromacs.org) A software package for fast simulation of the dynamics of large
molecular systems (from thousands to millions of particles). Designed primarily for modeling
biomolecules (proteins and lipids) that have many interconnected interactions between atoms. Works
in Linux environment and is free.
(5) LAMMPS (lammps.sandia.gov) The non-commercial package LAMMPS (Large scale Atomic /
Molecular Massively Parallel Simulator) uses classical molecular dynamics methods for modeling and
calculating polymers, biomolecules, solids (metals, semiconductors, etc.), as well as coarse-grained
mesoscopic systems at atomic, mesoscopic and continual scales.
(6) MOE (www.chemcomp.com) MOE (Molecular Operating Environment) is a complex of programs
for modeling molecules, in particular large biomolecules. The methods of molecular mechanics and
dynamics are developed in it on the basis of various force fields.
(7) NAMD (www.ks.uiuc.edu/Research/namd/) An object-oriented program for calculations in the
field of interactive molecular dynamics, in particular for modeling large biomolecular systems that
require significant resources. The program code is freely distributed for various parallel computing
platforms.
(8) HyperChem (www.hyper.com) The HyperChem software package (latest version 8.0) includes
programs that implement quantum-chemical calculation methods "from first principles" and
semi-empirical methods, as well as modeling methods in molecular mechanics and molecular
dynamics.
(9) GAMESS (www.msg.ameslab.gov/GAMESS/) GAMESS (General Atomic and Molecular
Electronic Structure System) is a non-commercial quantum-chemical package that allows calculating
molecular wave functions by the self-consistent field method in the RHF, UHF, ROHF, GVB and
MCSCF approximations. The main features of the package are: taking into account the electron
correlation energy based on perturbation theory, configuration interaction, coupled clusters and the
density functional; automatic geometry optimization, search for transient states using analytical
gradients; calculation of molecular properties, in particular, dipole moment, electrostatic potential,
electron and spin density.
(10) Gaussian (www.gaussian.com) Commercial electronic structure modeling package (latest version
Gaussian 03) is used for research in chemistry and biochemistry, physics and other known and
developing fields related to chemical processes. The Gaussian package, based on first principles
methods, allows predictions of energies, molecular structures and vibrational frequencies of molecular
systems, along with many other properties of molecules. Methods for accounting for correlation energy
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are widely implemented: energy calculation and optimization with analytical gradients for perturbation
theory methods, coupled clusters, configuration interaction, density functional, multiconfiguration
self-consistent field method are possible.
(11) VASP (www.cms.mpi.univie.ac.at/vasp/) Using the VASP (Vienna Ab initio SimulationPackage)
package, quantum-mechanical calculations `` from first principles '' are carried out in the field of
molecular dynamics using pseudopotentials, the method of calculating the electron band PAW structure
and plane wave basis.
(12) MOPAC (www.openmopac.net) A package of semiempirical programs is used to calculate the
electronic structure of the main and excited states of atoms, molecules and solids. MOPAC implements
semiempirical methods RM1, PM6, MNDO, AM1 and PM3. When studying the electronic structure of
macromolecules (proteins, DNA, polymers and solids), it allows calculating large (up to 15,000 atoms)
biomolecules (including enzymes, DNA, etc.) based on the use of localized molecular orbitals.

Molecular structure restoration based on Small-angle X-ray scattering
data

The molecular structure restoration modeling of RE31 was carried out with the Avogadro
program [12] according to its primary sequence and small-angle scattering experimental data (Fig.
1-II). The primary sequence of RE31 was used to predict the secondary structure by using the Mfold
web server [13] on the basis of free energy minimization techniques. The aptamer was divided into
three structural parts and their location in space was varied relative to each other in accordance
withexperimentaldata.ThefirststructuralpartisaG-quadruplex with the following sequence
GGTTGGTGTGGTTGG. It is a well-known 15-nt thrombin binding aptamer (15TBA) formed by two
tetrads of four guanines in the classical conformation anti-syn-anti-syn and a potassium ion located in
the center [14,15]. The X-ray data of the thrombin complex with 15TBA aptamer has been described
previously by the Tulinsky group [16]. The G-quadruplex consists of two stacked planar
G-quartets(G-stem) that are associated with three lateral loops. Each G-quartet is connected by eight
hydrogen bonds. According to the X-ray data, 15TBA binds to thrombin by embracing the protruding
region of exosite I through their TT loops [17,18]. The second structural part of RE31 is a
double-stranded part. This is a right-handed B-type helix. The third structural part consists of four
non-complementary nucleotides T–G and A–Gs (Fig. 1-III).

The molecular modeling was carried out to construct the initial geometry of aptamer molecules
in space. The resulting atomic structure was compared with an experimental form obtained from
small-angle scattering. At this stage, determining the linear dimensions of molecules in all three
projections was the main goal, while it was difficult to achieve a perfect match in the fine details. As
DNA is a chiral molecule, different variants of aptamer local twisting are possible. The largest
difficulty arises in the molecular design of non-complementary nucleotides, as they have a large
number of possible positions. At first, the model with the basic nitrogen atoms turned in different
directions was built. However, this structure is not compliant with the experimental volume. In order to
make the model fit with the experimental figure, nucleotides making up the double chain were twisted,
similar to a double helix. Thus, we achieved the maximum coincidence with the experimental shape.
Therefore, in this step, local twisting of nucleotides was carried out to obtain the best possible match
with features of the experimental figure (Fig. 1-IV).

The modeled aptamer molecule should match linear dimensions obtained according to the
analysis of the SAXS curve. For example, the linear dimensions from SAXS (height 44 Å; width 26,
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23, and 25 Å in Fig. 1-III) match well the linear dimensions of the constructed 3D model (44 Å and 23,
20, and 22 Å, respectively) in Fig. 1-III. Furthermore, even on the existing linear dimensions, it is
possible to model a large number of conformations. At the second stage of theoretical modeling it is
necessary to ensure that the constructed theoretical model takes into account the peculiarities of the
“relief” of the experimentally obtained shape (this shape may have a complex topology). Therefore, in
the “fine tuning” step, we achieved (by minor rotations around sigma bonds) the most complete fitting
of the theoretical model into the experimental volume. After changing the theoretical geometry of the
molecule in accordance with the shape of the electron density from SAXS, we plotted the SAXS curve
from the theoretical molecule and compared it with the experimental curve; thus, we checked the
consistency of the model with the experiment.

Figure 2 shows the RE31 structure obtained by three different methods. The top image (Fig.
2A) shows the aptamer binding with thrombin revealed by XRD [19]. Figure 2B shows the aptamer
structure obtained by XRD, SAXS and MSR. Comparing aptamer conformations obtained by SAXS in
solution with XRD from a crystal form with thrombin and MSR showed a good match (Fig. 2C). In
both cases, the main difference consists of the quadruplex part of the aptamer, as it acts as a
thrombin-binding site. Previously, it was shown that RE31 forms a specific complex with thrombin
with an apparent dissociation constant of 0.16 nM [20]. The differences between the aptamer structure
before and after addition of the protein can be interpreted as an induced fit model when the aptamer
changes its shape upon the binding. Figure 4D shows the RE31 structure constructed fromXRD
analysis and MSR. The bonding between terminal nucleotides (G1 and C31) is flexible. The duplex
part and non-complementary region between the quadruplex and duplex are not static, but rather
flexible.



Fig. 1 General scheme of finding 3D structure of an aptamer with SAXS and molecular structure restoration (MSR). (I)
acquiring SAXS experimental data of an aptamer in solution, (II) building a spatial distribution of the molecule electron
density using SAXS results, (III) constructing a 3D model of the aptamer from its nucleotide primary sequence and
secondary structure, and (IV) comparing and refining the modeled 3D structures with the experimental SAXS model (red
color, from molecular modeling; blue color, from SAXS data). The modeled aptamer molecule should match linear
dimensions obtained according to the analysis of the SAXS curve.



Fig. 2 Comparing RE31 aptamer structures from different methods. (A) RE31–thrombin complex by XRD. (B) Aptamer
structures obtained by XRD in green color, SAXS in turquoise color, MSR in red color. (C) Comparison of the structures
obtained by different methods. (D) RE31 structures from XRD analysis and MSR. Between them there is RE31 secondary
structure divided into the three colored parts; red, a B-form duplex; green, a non-complementary region; blue, a
G-quadruplex.



Fig. 3 Reconstructed atomic structures and SAXS profiles of the RE31 aptamer at different temperatures. Atomic structures
of RE31 at 25 °C (a) and 40 °C (b). Experimental SAXS and MSR simulated scattering curves at 25 °C (c) and 40 °C (d).

An atomic model in the PDB format can be converted to the SAXS profile and compared with the
experimental curve using the CRYSOL program [21].The program uses spherical harmonic
approximation to calculate the scattering pattern from atomic structure factors and Gaussian Sphere
Approximation for each atom’s position in the molecule considering the hydration layer enveloping it.
Figure 5 represents the correspondence between the measured SAXS profile and the scattering profiles



from XRD and MSR. A discrepancy χ 2 between experimental SAXS curve and evaluated one from
the XRD model by the program CRYSOL is 5.851; χ2 between SAXS and the MSR model is 5.279.

Conclusions

The purpose of this work is 3D molecular structure restoration of the aptamer from SAXS
experiments obtained in solution. The SAXS method gives the shape of a molecule, but not the atomic
structure of the aptamer. To solve this problem we used Avogadro software. The building of a molecule
uses bond lengths and angles between atoms. In the first approximation, it is reasonable
tousethemethods of molecular dynamics and/or semi-empirical methods of quantum chemistry,
because they allow one to obtain the geometry of the molecule in a reasonable time. Therefore, the
PM6 method was used as an auxiliary method for quickly obtaining the bond lengths and angles inside
the aptamer molecule. Consequently, neither pH nor other solvent parameters were taken into account
(because our purpose is to get a theoretical 3D model according to SAXS experiments).

The SAXS-based approach finds 3D structure of aptamers in solution without the
crystallization required for X-ray diffraction, which may not provide reliable information about the
structure in solution of such flexible molecules as nucleic acids. The success of the proposed approach
is highly dependent on the knowledge about primary DNA structure. In general, the work described
here creates the starting structure for an actual structure determination using molecular mechanics, but
without the energy minimization or water molecules. It may further be applied for finding 3D
structures of aptamers, DNAzymes, and ribozymes, and could supply new opportunities for developing
functional nucleic acids.

Future prospects

It is usually impossible to uniquely construct a three-dimensional spatial model of a molecule
from the primary DNA sequence. It is necessary to know at least its form, for which it is already
possible to select a single location of nucleotides and to clarify the tertiary structure of the aptamer. In
my work I would like to apply these computational methods, especially the MD simulations and
Q-MD simulations to model our DNA aptamer biomolecules in solution. One of the complex tasks we
faced is to model the oligomer state of the DNA aptamers constructing a G-quadruplex domain from
several strands of nucleic acid (Fig. 4) [15]. I hope these methods will expand my contribution to the
development of new theoretical and experimental methods.



Fig. 4 SEC-SAXS - Size-Exclusion Chromatography + SAXS data for the DNA aptamer 110 to interleukin-6.
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