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Abstract: The induced mutations in biological molecules, such as DNA and proteins, have quite a different nature (envi-
ronmental factors, viruses, ionizing radiation, mutagenic chemicals, inherited genetic alterations, etc.). Induced mutations
can destroy the existing chemical (hydrogen) bonds in the native molecular structures or, on the contrary, create new chem-
ical (hydrogen) bonds that do not normally exist there. In protein structures, the cause of such changes might be the substi-
tution of one or several specific amino acid residues (point mutations). At the atomic level, the replacement of one amino
acid residue by another causes essential modifications of the molecular force fields of the environment, which can break
important hydrogen bonds underlying the structural stability of biological molecules. In this work, based on molecular dy-
namics (MD) method, we demonstrate the effect of mutational structure changes on several biological protein models (the
p53 oncoprotein, visual pigment rhodopsin, cyclin-dependent kinase, and recA protein). Molecular dynamics simulation is
a powerful tool in investigating the structure properties of biological molecules on the atomic and molecular levels, and it
has been widely used to study the structural conformational behavior of proteins. We also discuss the scenario of the muta-
tion effects associated with different kinds of diseases that could develop and take place in physiological conditions.
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with different diseases of a radiobiological nature [1-4].

Changes in the functions of proteins can originate from
their improper conformational behavior and unfolding. The
cause of such changes might be a substitution of one or
several specific amino acid residues in the protein structure.
At the atomic or molecular level, the replacement of one
amino acid residue by another causes essential modifica-
tions of the molecular force fields of the environment and
can break important hydrogen bonds underlying the struc-
tural stability of biological molecules. As a result, we get
global structure changes in biomolecules, which make their
functional behavior different than that of the native ones. In
other words, a specific disease (say, cancer) can develop if
a biomolecule (protein) becomes unable to perform its
function.

Experimental studies of mutation transitions in protein

1. Introduction

The objects of radiation genetics and radiobiology re-
search include the mechanism of the induction of mutations
of different nature by ionizing radiation. High-power beams
of particle accelerators provide a wide basis for the investi-
gation of the mutagenic effect of ionizing radiation. In
some aspects, computer molecular simulation and analysis
is an extremely efficient tool for supporting various bio-
physical and radiobiological experiments. Specially men-
tioned should be the modern molecular dynamics approach,
which is widely applied in todays biophysical, radiobiolog-
ical, and materials science research. Based on advanced
molecular dynamics methods and visualization techniques,
we simulate here the behavior of wild-type and mutated
proteins in water and ionic solvents at physiological condi-

tions. The obtained molecular dynamics (MD) simulation
results are discussed in terms of their strong correlation

structures with traditional X-ray or NMR techniques are an
extremely difficult, time- and money-consuming task. Us-
ing proper computational methods (molecular dynamics
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(MD)) and efficiently implementing them on parallel/vector
or special-purpose MD machines, it is possible to perform
an adequate study. In the following sections, we demon-
strate an efficient use of molecular simulation for a number
of radiobiological objects (the p53 oncoprotein, visual pig-
ment rhodopsin, cyclin-dependent kinases, and RecA pro-
teins) [2—14].

2. The P53 Oncoprotein: the Effect of
the Arg273->His Mutation on the
DNA Binding Domain

The p53 protein (the 53 (kDa) kilodalton protein) is
activated either to induce a cell cycle arrest allowing the
repair and survival of the cell, or apoptosis to discard the
damaged cell (the structure of the mouse protein p53 is
shown in Figure 1).

Structure of the Mouse Protein P53
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Figure 1. The side and top views of the p53 mouse protein and DBD
(DNA-binding domain). For the p53 protein structure, two chains (A and B)
are shown.

The p53 tumor suppressor protein is involved in
preventing cancer and plays a central role in conserving
genomic stability by preventing a genome mutation. Single
amino acid substitutions (mutations) in the p53 structure
deactivate the p53 protein, which results in cancer. Most of
the mutations (95% of all known tumor mutations) usually
occur in so-called DBD (the DNA-binding domain) of the
p53 protein. Thus, an oncogenic form of p53 is
predominantly a full-length p53 protein with a single amino
acid substitution in the DBD. Most of these mutations
destroy the ability of the protein to bind to its target DNA
sequences, and thus prevent the transcriptional activation of
these genes. It is worth noting that tumors with inactive p53
mutants are aggressive and often resistant to ionizing
radiation and chemotherapy.

Separately, in Figure 2, we display for the mouse p53
protein a picture of the mutational amino acid exchange
Arg273->His in the DBD contact region. In Figure 2 the

positions of two closest to the mutation point of DNA
phosphorus atoms, P(DG395) and P(DT394), are shown. It
is worth noting that arginine (Arg) is an alpha-amino acid
with pKa=12.48; its side chain consists of a 3-carbon
aliphatic straight chain and is positively charged in neutral,
acidic, and even most basic environments. Because of
conjugation between the double bond and the nitrogen lone
pairs, the positive charge is delocalized, enabling the
formation of multiple H-bonds. Histidine (His) is an
aromatic amino acid with pKa=6.5; its side chain consists
of a positively charged imidazole ring which is aromatic at
all pH values. This means that at physiologically relevant
pH values, relatively small shifts in pH will change its
average charge. Below a pH of 6, the imidazole ring is
mostly protonated. The differences in the chemical
structure and properties between arginine and histidine
during nanosecond dynamical changes could influence the
final (relaxed) states of all amino acids.

P-DI394)

|
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Figure 2. A snapshot of mutational amino acid exchange Arg273 >His for
the DNA contact region is represented. The positions of two closest to
Arg273 >His phosphorus atoms of DNA, P(DG395) and P(DT394), are
also shown.

We have performed a comparative molecular dynamics
(MD) simulation analysis between the wild-type and
mutant versions of the mouse p53 proteins and have
examined the effect of the Arg273->His mutation on the
p53-DNA binding domain. (The MD simulation details
have been described below in the Appendix). In Figure
3(a,b) the results of the MD distance calculations on p53
dynamical changes in the region of the Arg273->His and
DNA interaction are presented. Figure 3a shows the dis-
tance d[Arg273-P(DG395)] distribution for the native pro-
tein; Figure 3b shows the same distance distribution
d[His273-P(DG395)] but for the mutant p53 protein.

Thus, our MD simulation results on the structure of the
p53 oncoprotein with Arg273->His mutation suggest that
the induced mutation essentially disturbs the stability of the
p53 core domain. Comparing the relaxed configurations
and distance distribution diagrams between the native
(Figure 3(a)) and mutant (Figure 3 (b)) p53 proteins, we
clearly see that the Arg273->His mutation has a
considerable effect on the p53 — DNA contact region. The
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induced Arg273->His mutation in the p53 protein
significantly changes the picture of the hydrogen bond
formation: apparently, it can destroy the existing native
hydrogen bond. This may inambiguously imply consiquent
changes in the functioning of the protiein, since a
correlation beween the protein function and structures is
obvious. It is well known that concerning the physiological
aspect, a protein molecule can perform an unique function
depending on its structure specifics.
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Figure 3(a,b). The distance distribution diagrams of the 3-ns dynamical
changes between the wild-type (Arg273) and mutant (Arg273 >His) p53
mouse proteins for the p53-DNA contact region: (a) Arg273-P(DG395); (b)
His273-P(DG395).

With regard to the p53 oncoprotein, some reported
observations on the effect of the Gly245->Ser,
Arg248>Gln, Arg249->Ser, and Arg273->His mutations
suggest that they disturb essentially the stability of the p53
core domain. A detailed analysis of the p53 mutations
shows that the vast majority of the mutations in p53 cluster
in the conserved regions of the DNA-binding core domain
(residues 96-292). Around 20% of all mutations are
concentrated in five "hotspot" codons in the core domain:
175, 245, 248, 249, and 273. Experimental ob servations
indicate that the point mutations in p53 occur at a rate of
approximately 70% in hormone-refractory prostate cancer
and that Arg273->His mutation of p53 protein
(pS3Arg273His) facilitates androgen-independent growth in
castrated nude mice, etc. In this aspect, a good correlation
between our MD simulation results and experimental
observations has clearly seen. Moreover, our MD
simulation results illustrate a detailed molecular mechanism
of the conformational changes of key amino acid residues

in the p53-DNA binding domain, which might be important
for the understanding of the physiological functioning of
the p53 protein and the origin of cancer [1-2,10].

3. The Visual Pigment Rhodopsin with
11-cis Retinal: Rhodopsin’s
Glul181-> Lys Mutation and Retinitis
Pigmentosa

Rhodopsin is a typical member of the G-protein-coupled
receptor family. This visual pigment is the only light-
sensitive protein in the rod's outer segment photoreceptor
membrane. It consists of a chromophore, 11-cis-retinal, and
opsin — a seven-helical membrane protein (see Figure 4).
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Figure 4. Wild-type and mutant (Glul81->Lys) forms of the rhodopsin
protein.

Retinitis pigmentosa (RP) is an inherited degenerative
discase of the retina characterized by progressive
photoreceptor degeneration, night blindness, visual field
constriction, and electroretinographic abnormalities, with
rods affected earlier than cones.This pathology can be very
strong. The autosomal dominant form of retinitis
pigmentosa (ADPR) leads to photoreceptor cell death and
retina degeneration. Approximately 25% of this pathology
is associated with the RP4(RHO)/Rhodopsin(3q) mutation
of the rhodopsin gene. More than 100 mutations of this
visual pigment are known. These mutations are found in all
three rhodopsin domains (intradiscal, transmembrane, and
cytoplasmic). 11-cis-retinal covalently binds to the protein
through a protonated Schiff base (PSB) linkage to the e-
amino group of Lys296. In the dark-adapted state of
rhodopsin, this PSB linkage is sufficiently stable. The
amino acid substitution in the chromophore center during
rhodopsin biosynthesis leads to the most distinctive clinical
pathology of the ADPR. The consequence of mutations like
these is protein misfolding. As a result, formation of stable
PSB linkage between 11-cis-retinal chromophore and
amino acid residue Lys296 is impossible.

We have analyzed the molecular dynamics (MD) of
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rhodopsin  with the Glul81>Lys point mutation to
understand the molecular mechanisms of the retinal
degeneration and retinitis pigmentosa origin. The results of
our MD calculations for the rhodopsin protein with the mu-
tation Glul81->Lys are demonstrated in Figures 5. The MD
simulation results indicate that the absence of the Glu ami-
no acid in position 181 leads to the Ser186 replacement
(compare Figures 5, A and B). This one moves towards
Glull3 as in the case of free opsin (that is, rhodopsin with-
out 11-cis-retinal). We could suggest that a weak hydrogen
bond between the N-th atom of PSB and Glul13 is generat-
ed via Ser186. So, in the mutant Glul81->Lys rhodopsin

version, a situation occurs where a proton from PSB can
easily break away, promoting Schiff base hydrolysis. In
other words, the protonated Schiff base linkage becomes
unstable. It leads to the impairment of the native visual
pigment formation and, as a result, to the initiation of a
photoreceptor cell pathology. Currently, there is no therapy
that would stop RP development or restore vision; so, the
vision prognosis is poor. Thus, understanding the molecular
mechanisms of retinal degeneration caused by the above
minimal structural changes in the photoreceptor has
become an aim of modern research.
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Figure 5. (Top) A snapshot of the molecular dynamics of amino acid residues Glull3, Glul81, and Ser186 in the region of protonated Schiff base linkage
((+)NPSB) for the wild-type rhodopsin (4) and Glul81 >Lys mutant forms (B). (Bottom) Diagrams of protonated Schiff base linkage stabilization in the

wild (A) and mutant forms of rhodopsin (B).

Our MD simulation results illustrate in detail that in the
case of the Glul81->Lys point mutation, there is an elec-
trostatic interaction disturbance between the 11-cis-retinal
chromophore and surrounding amino acid residues within
the chromophore centre of the rhodopsin molecule. As a
result, the stable Schiff base linkage cannot be generated,
and a rhodopsin molecule cannot be formed. A disturbance
of electrostatic interactions of the 11-cis-retinal chromo-
phore with surrounding amino acid residues leads to dis-
order in cytoplasmic loop packing. Consequently, mutant
rhodopsin can be permanently activated, which leads to cell
death [2-3,15-19].

4. The Cyclin-Dependent Proteinkinases
CDK2: Analysis of Kinase — Cyclin A
Interactions in The T-Loop Vicinity
For The Gly16->Ser and
Arg274->GIn Mutant Complexes

The eukaryotic cycle is coordinated by several related
Ser/Thr protein kinases consisting of a catalytic cyclin-
dependent kinase (CDK) and regulatory cyclin subunits.
The transient appearance of these CDK-cyclin complexes
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drives the cell cycle events. The CDK subunit is inactive as
a protein kinase without the cyclin subunit. The CDK-
cyclin binding provides the kinase activity of the complex,
followed by phosphorylation of residue Thr 160 in the T-
loop and dephosphorylation of Thr14 in the G-rich loop,
resulting in full CDK activity. The kinases catalyze the
transfer of the y-phosphate in the adenosine triphosphate
(ATP) molecule to a protein substrate. The CDK2 (33 kDa)
has a typical bilobal kinase fold with a N-terminus (resi-
dues 1-85), mainly consisting of a [B-sheet and a C-

terminus (residues 86-208), which is composed mostly of

a-helices (Figure 6).

Figure 6. A ribbon structure of a protein kinase of the human CDK2. The
protein complex consists of the kinase (K) and cyclin A (C) parts. The
drawn bonds also show the amino acidic residues T160 — a site of phos-
phorylation in a T-loop, Gly 16 — a site of the mutation substitution of
glycine by serine; and Arg 274 — a site of the mutation substitution of
arginine by glutamine.

We have simulated the conformational behavior of the
CDK2 — cyclin A interface for the wild-type and two mu-
tant forms of CDK2. The first mutation form of the CDK2
protein was a substitution Glyl6->Ser. This substitution is
positioned on the third glycine of the conserved sequence
GxGxxG in the G-rich loop. The G- and T-loops and
PSTAIRE helix form a cleft where the ATP molecule is
placed. The second mutation Arg274->Gln is located in the
C-terminus of a large kinase lobe which is far from the ac-
tivating loops or CDK2 — cyclin A interface. Based on the
simulation data for the equilibrated structures, we have per-
formed a comparative analysis of the kinase structural
changes in its active site. The behavior of the same amino
acid residues for each of three models were detected and
compared. The T-loop locations of the kinase subunit and
helix al’ of the cyclin domain for three models are pre-
sented in Figure 7. The snapshots are displayed for the
wild-type Glyl6 Arg274 (model I), mutant Serl6 Arg274
(model II), and Gly16 GIn274 (model III) complexes. From
the comparison of these snapshots, it is seen that for models

I and HI (wild-type Glyl6 Arg274 and mutant Glyl6
GIn274) the T-loop end is closely positioned to the helix
al’, while for model II (mutant Ser16 Arg273) formation of
a relatively large gap is observed. The gap for the mutant
complex Serl6 Arg274 has to remain stable over the long
time of dynamical changes. Thus the interaction between
the T-loop of the kinase and al’ -helix of the cyclin has
been observed to be more intense in models I and III than in
model II.

Model IIT

Figure 7. Interaction between the T-loop of the kinase CDK2 and ol -
helix of cyclin A for mutant Gly16 Arg274, Ser16 Arg274, and Gly16
GIn274 (model 1, 11, and 111, respectively).

To illustrate the interaction between the T-loop and helix
al’, we calculated the distance between amino acid residue
Vall55 of the T-loop and residue Thr316 of the helix al’.
The calculation results are displayed in Figure 8 for three
models (blue for model I, red for model II, and dotted lines
for model III). The diagrams show the dynamical changes
of the distances between the O atom of the carboxyl group
and N atom of the amino group for residues Vall55 and
Thr316. The distance between residues Vall55 and Thr316
is about 3-4 A, which makes van der Waals contacts possi-
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ble (Figure 8). It is seen that for models I and III (wild type
Glyl6 Arg274 and mutant Glyl6 GIn274 structures), the
distance has to vary greater than for model II (Serl6
Arg274 complex). Thus, for the wild-type Glyl6 Arg274
and mutant Glyl6 GIn274 proteins, the cyclin helices are
more mobile in the T-loop vicinity. It is obvious that for
Gly16Ser mutant, such a high mobility of cyclin helices has
to disappear. In other words, the Glyl6Ser mutation wea-
kens the kinase — cyclin exchange in the vicinity of the ac-
tivation T-loop region.
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Figure 8. Time dependence of the distances between different atoms of the
amino acid residue Vall55 of the kinase T-loop and residue Thr316 of the
cyclin helix al’: Vall55 (O) — Thr316 (O) (top); Vall55 (N) — Thr316 (N)
(middle); Vall55 (N) — Thr316 (O) (bottom).

In summary, one of the central problems in understand-
ing the functional and structural properties of a kinase is the
interaction of the kinase subunit with a cyclin. CDK2 com-
plexes regulate DNA replication and form complexes with
two cyclins: CDK2-cyclin E in G1/S and CDK2-cyclin A
in S. Complex CDK2-cyclin A is studied better. At the
CDK2-cyclin A interface, the key element is the first repeat
of cyclin A, which coincides with the cyclin box [2]. It
forms a binding site for the kinase ol helix, which includes
the PSTAIRE sequence (residues 46—56) in the N-terminal
B-sheet, and contacts the T-loop (residues 147-167) of
CDK2. To study the details of the CDK2-cyclin A activa-
tion mechanism, we have performed a MD simulation of
the structure of the CDK2 — cyclin A interface using the
crystal structure of the active kinase complex T160-
CDK2/cyclin A/ATP—Mg2+/substrate. Comparisons of
CDK2 structural behavior have been made for three kinase
complexes (the wild-type, Glyl6>Ser, and Arg274->Gln
mutant forms). The simulation results show that the above
amino acid substitutions can cause considerable conforma-
tional changes, especially on the CDK2-cyclin binding sites.
We suppose the observed kinase structure peculiarities are
responsible for CDK inactivation and correlate with its de-
gree [4,11,20-25].

5. The RecA Protein: The Influence of
the Gly204->Ser Amino Acid (Mutant)
Exchange in Beta-Sheet Loops and
DNA Inhibition Sites

The RecA protein is one of the critical enzymes involved
in the SOS mechanism and DNA repair stimulation upon a
DNA injury. Genetic recombination includes homologous
recombination; affinity to single-strand DNA; induction of
the SOS repair system; generation of genetic diversity; pre-
servation of genomic integrity; proper partitioning of chro-
mosomes; and regulation of the cell response to DNA dam-
age. The major central domain of the RecA protein contains
the nucleotide binding domain identified by the diffusion of
ADP into crystals. Two regions of weak electron density,
loop L1 (155-169) and loop L2 (193-207) were supposed to
be involved in DNA binding. Based on the homology mod-
eling approach, we have first predicted the conformation of
disordered loops L1 and L2. To understand the sensitivity
of the artificially generated loops, we have performed MD
simulations on the RecA protein to study the influence of
amino acid mutations in the beta-sheet and DNA inhibition
sites.

During the homology modeling and molecular dynamics
(MD) simulations of the RecA protein, we have first created
new recA mutants that had mutations in (Gly-204-*Ser) on
the secondary structure of the protein. Next, we similarly
made a mutation in (Gly-204-*Cys) on the secondary
structure of the protein. The Gly204>Ser and
Gly204->Cys mutations are known to affect the DNA
binding properties. Glycine (Gly) is the smallest amino acid,
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but serine (Ser) is larger. Both amino acids belong to a
neutral polar class. They are soluble in water because their
polar R-groups may form hydrogen bonds with water (for
Gly and Ser polar R-groups, those are -H and HO-CH2,
respectively). Cysteine is a polar, neutral, hydrophobic
amino acid. Cysteine is one of two sulfur-containing amino
acids. Cysteine differs from serine in a single atom: the
sulfur of thiol replaces the oxygen of alcohol. Disulfides
can form many such protein s and play a key role in their
stabilization.

In Figure 9, computer-generated structures of the initial
and final configurations (2-ns state) of the recA protein are
presented. The drawn bonds in Figure 10 represent the
positions of the key amino acid reisdues in the L1 loop:
Glul56, Tle157, Gly158, and Gly204->Ser point mutation,
respectively. Figure 11 shows the distances between the
atomic coordinates for both native and mutant
(Gly204->Ser) recA models for the residues around the
Gly204->Ser point mutation. The distances clearly differ
from each other in their behavior for both the wild and
mutant models throughout the whole simulation time —
from the start to the final (2-ns) state. The Glul56, Ile157,
and Gly158 residues lie in the maximal curvature region of
the L1 loop. The positional changes are displayed by
calculating the distance for both recA proteins — between
the wild-type or mutant (Gly204->Ser) and Glul56, Ile157,
and Gly158, respectively.

t=0.

Figure 9. MD-simulated configurations of the wild-type recA (left) and
Gly204 3Ser mutant (right) proteins. Protein configurations are shown for
the initial (t=0 ns) (top) and final (t=2 ns) (bottom) states.

Glul56
Ilel5

Gly158

Figure 10. A computer-generated structure of the final configuration (t=2
ns) of the recA protein. The drawn bonds represent the Glul 56 (red),
1lel57 (green), Gly158 (cyan), and Ser204 point mutation (blue), respec-
tively.

——— $204: O(Ser204)-N,CA,O(le157)
——— G204: O(Gly204)—-N,CA,0(11e157)

301 i

D, angstrom

Figure 11. The interatomic distances (A) between the atomic coordinates
for the residues around the Gly204 DSer point mutation as a function of

time (in ps). For the wild-type recA, the distances are shown in blue; for

the Gly204 DSer mutant, in red.

In summary, with regard to some aspects of the recA
functional properties, the MD simulation results shown in
Figures 9 — 11 indicate that the chemical change caused by
the Gly204->Ser mutation made the disordered L1 loop
modify its flexibility. The atomic coordinates were
observed to undergo a serious dislocation. /n vivo, the recA
mutation blocks efficient SOS response expression. The
region surrounding residue 204 of the RecA protein plays
an important role in DNA recognition and binding. The
conformational modifications of the protein play a role in
direct recombination. Gly204 could equally be involved in
a reaction with ATP [26-30].

Appendix. Molecular Dynamics (MD)
Simulation Details
The experimental studies of mutation transitions for pro-

tein structures by the traditional X-ray or NMR measure-
ment represent themselves as the extremely difficult, ex-



14 Kholmirzo T. Kholmurodov: Molecular dynamics study of the effect of induced mutations on the
protein structures associated with diseases of a radiobiological nature

pensive and time consuming task. Using the adequate com-
putational methods (molecular dynamics), based on their
efficient implementation in the parallel/vector and special-
purpose machines (say, MDGRAPE-2 and 3), would allow
ones to simulate the valid behavior of the wild-type and
mutated proteins in water or ionic solvents at reliable phy-
siological temperatures and conditions. Thus, the molecular
simulation studies between the wild-type and mutant pro-
teins represent themselves as a fundamental problem of
great importance.

The principles of force fields (also known as molecular
mechanics) are based upon Newtonian mechanics.

Force Field: The basic idea is that bond lengths, valence
and torsional angles have “natural" values depending on the
involved atoms and that molecules try to adjust their geo-
metries to adopt these values as closely as possible. Addi-
tionally, steric and electrostatic interactions, mainly
represented by van der Waals and Coulomb forces, are in-
cluded in the so-called potential. These parameters are op-
timized to obtain the best of experimental values, as geome-
tries, conformational energies and spectroscopic properties.

Energy calculation includes all contributions:

Elotalebond+Eangle+Etorsion+Enon-bonding'

Many of the molecular modeling force fields in use today
can be interpreted in terms of a relatively simple four-
component picture of intra- and intermolecular forces
within the system.

Bond-Energy: The energy between two bonded atoms
increases, when the bond is compressed or stretched. The
potential is described by an equation based on Hooke's law
for springs.

bond - z k (r_ro

bonds

where kb is the force constant, r is the actual bond length
and r0 the equilibrium length. This quadratic approximation
fails as the bond is stretched towards the point of dissocia-
tion.

Angle-Energy: The angular energy increases if the equi-
librium bond angles are bent. Again the approximation is
harmonic and uses Hooke's law.

=Y k,(6-6,)

angles

angle

where k controls the stiffness of the angle; theta is the
current bond angle and thetao the equilibrium angle. Both,
the force and equilibrium constant have to be estimated for
each triple of atoms.

Torsion Energy: Intra-molecular rotations (around tor-
sions or dihedrals) require energy as well.

ElO}‘.YiO)I = Z

torsions

where V,, controls the amplitude of this periodic function,
n is the multiplicity, and the so-called phase factor, shifts

the entire curve along the rotation angle axis z. Again the
parameters V,; nand  for all combinations of four atoms
have to be determined.

Non-bonding Energy: The simplest potential for non-
bonding interactions includes two terms, a Van der Waals
and a Coulomb term.

=T 3 [ %-

i j>i
e — —

-
Van der Waals

quq

lj J P> U ’
[

Vaals Coulomb

nml bonding

where the Van der Waals term accounts for the attraction
and the Coulomb term for electrostatic interaction. The
shown approximation for the van der Waals energy is of the
Lennard-Jones 6-12 potential type.

Dynamical equations: Molecular Dynamics employs a
technique is so-called united atom method, where atom
groups with non-polar hydrogen atoms are treated as an
ensemble. The inclusion of the solvent can be done
explicitly where the solute is immersed in a cubic box of
solvent molecules. The use of non-rectangular periodic
boundary conditions, stochastic boundaries and “solvent
shell" can help to reduce the number of solvent molecules
required and therefore accelerate the MD simulation. When
using implicit solvent models in molecular dynamics
simulations, there are two additional effects to bear in mind.
The solvent also influences the dynamical behavior of the
solute via (a) random collisions, and by (b) imposing a
frictional drag on the motion of the solute through the
solvent. While explicit solvent calculations include these
effects automatically, it is also possible to incorporate these
effects of solvent without requiring any explicit specific
solvent molecules to be present. The Langevin equation of
motion is the starting point for these stochastic dynamics
models:

2
F()=ma(t)=m° ar;ft) :
whereas
OF
F)=- tot
0=
a°r(t) 6r (t)

m = =F (r)-y, + R, (1)

The first component is due to particle-particle interac-
tions between the. The second force arises from the motion
of the particle through the solvent and is equivalent to the
frictional drag on the particle due to the solvent. gammai is
often referred to as the friction coefficient. The third contri-
bution, the force Ri(t) is due to random fluctuations caused
by interactions with solvent molecules.
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