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ABSTRACT

ARTICLE HISTORY

The fundamental criteria of the quality of molecular dynamics (MD) simulation represent a pivotal
challenge, especially in the case of MD simulations of large systems (in particular, proteins).This work
presents a simple theoretical analysis of time reversibility in classical mechanics that has allowed us to
formulate a number of constructive criteria for evaluating the quality of the trajectories, generated in
MD simulations. The results of testing the criteria on the structures of eight small proteins are presented. The criteria can be useful for solving different MD problems, such as: choosing the most
appropriate thermostats for a MD system under study, the methods for sampling conformations, etc.
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Introduction
Molecular dynamics (MD) is an important tool for modeling
the conformation dynamics of proteins and other biomolecules. The MD methods can be used in pharmacophore modeling the potential drugs (Vora et al., 2020), modeling the
ligand-receptor interactions (Hu et al., 2018; Wang et al.,
€gel, 2019; Zhang et al., 2020), simulations of
2020; Windshu
the dynamics of nucleic acid (Pant, Patnak, & Jayaram, 2020),
modeling of the solvent effects on the protein structure
(Prakash et al., 2018), lipid modeling (Bozdaganyan et al.,
2019; Lien et al., 2019), estimating the protein stability
(Mohseni et al., 2019; Xiao et al., 2019), etc. MD can be
applied as an independent research method or as an auxiliary method (e.g. for structural elucidation in NMR spectroscopy). In the case of absence of any additional experimental
information, the necessity of using some high-quality algorithms for MD is especially obvious.
The problem of developing physically meaningful criteria
of assessment of the quality/accuracy of MD algorithms is
intimately related to another important problem: the difficulty of an adequate estimation of the error accumulation
during the numerical integration of the motion equations.
The efforts in this direction are quite justified, because MD
of protein systems can be presumably used to analyze folding trajectories (Torshin, 2006). It was shown earlier that
even small variations in coordinates and impulses during the
calculation of MD-trajectories can influence, for instance, the
time reversibility. The latter is closely related to the degree
of instability of the MD system: the less stable the MD
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system is, the quicker the irreversibility begins to dominate
the MD simulation (Komatsu & Abe, 2004).
Generally speaking, the estimates of the quality of MD trajectories should be obtained on the basis of certain fundamental criteria. The absence of the fundamental criteria for
the quality evaluation of MD trajectories is a key problem in
the case of protein structures, because for relatively simple
physical systems (e.g. a crystal lattice, water molecules, etc.),
some additional experimental data can be found that would
allow to verify the physical significance of the results
obtained during the MD simulation.
In the case of an arbitrary protein structure no such
experimental data are usually available. For instance, the
results of a highly complex multi-parallel simulation of the
small protein BBA5 only allowed to estimate the theoretical
folding constant to be within an order of the experimental
constant (Torshin, 2006). Thus, some criteria of a fundamental character are required to evaluate the physical, shall we
say, correctness of the results of a MD simulation.
Here, we propose that such criteria can be obtained by
analyzing the reversibility of changes in the coordinates of
atoms during MD simulation of the time reversal. The time
reversibility approaches (T(t) symmetry, i.e. the symmetry of
the physical laws with respect to the time reversal) are well
developed in the modern theoretical physics. It is shown
that the formulas of classical mechanics, classical electrodynamics, quantum mechanics, and theory of relativity do
not change with the time reversal. T-symmetry is broken in
weak interactions in microscopic, as well as macroscopic systems due to the second thermodynamics law and the
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degeneracy of macrostates of thermodynamic systems
(Nishijima, 1963).
The irreversibility of real thermodynamic systems is associated with the problematics of the Loschmidt paradox, in the
framework of which it is argued that a sequence of states
with a decreasing entropy is possible for any mechanical system due to time reversibility of the Newtonian dynamics
equations. At the same time the phase trajectories of multiparticle systems are obviously stochastic, that eliminates
contradiction between the reversibility of the classical
mechanics laws and the irreversibility of thermodynamic
macrosystems (Karlov & Kirichenko, 2011). Time-reversibility
in MD was previously used for studying the dynamics of classical fluids (Levesque & Verlet, 1993).
Being on the edge between macro- and microsystems,
proteins represent a very interesting case for MD simulations.
On one hand a protein molecule is a system of many particles. On the other hand a protein molecule can be considered as one massive particle (since in most cases protein
chain, formed by covalent bonds, is held together by hydrophobic and electrostatic forces). Therefore some fundamental
criteria of the accuracy of the MD algorithms are of extreme
importance for modeling the protein conformation.

On the time reversibility and the constructive
criteria for evaluating the quality of MD
simulation procedures
Despite the phenomenon of the so-called spin echo (Tanner
& Stejskal, 1968), which can be interpreted as the time
reversibility, studying the time reversibility at atomic level is
virtually impossible in proteins. Nevertheless, it is quite possible to model the real molecular systems by numerical
methods based on classical mechanics (i.e. MD simulation).
Obviously, if a protein molecule is being simulated within a
numerical procedure, some changes to the values and signs
of any parameter of the simulated particle system can be
introduced at any time during the simulation. This technical
opportunity draws attention to the time reversibility as the
basis for developing criteria for evaluating the quality of the
MD simulation of the complex systems.
Let us take a system C consisting of N particles,
C ¼ fðqi , pi Þg, i ¼ 1 . . . 3N, where qi is the coordinate, and pi
is momentum of the i-th particle. The state of the system C
at time moment t is denoted as Ct ¼ fðqi ðtÞ, pi ðtÞÞg: The
Hamilton equations for the system C allow us to calculate
the derivatives of coordinates and momentums [18] (Landau
& Lifshitz, 1976):
q_ i ¼

dqi oH
dpi
oH
¼
¼
:p_ ¼
:
dt
dt
opi i
oqi

(1)

The value of the coordinate qi at an arbitrary time point t
is calculated in accordance with a recurrent formula such as
qi ðtÞ ¼ qi ðtdtÞ þ dqi , dqi ¼

oH
dt, qi ð0Þ ¼ qi, 0 :
opi

(2)

Definition 1. R-transform. The time reversibility transformation R in classical mechanics is determined by the following

set of rules (Nishijima, 1963): 1) qRi ¼ qi , pRi ¼ pi ; 2) physical
quantities are not changed, if they are not dynamic variables
(mass, charge, etc.); 3) HR ¼ H:
Hamilton equations (1) and the R-transform allow us to
calculate the particle coordinates at any time moment after
the time reversal. The i-th coordinate value, calculated after
the time reversal at the time moment s[, is denoted as
0
qi s[ ðtÞ, and the state of the entire system of particles is
0
denoted as Cts[ or simply Ct0 .
Theorem 1. Carry out the following imaginary experiment
with system of N particles,C ¼ fðqi , pi Þg, i ¼ 1 . . . 3N. Let the
system evolve from the time t ¼ 0 till an arbitrary time t ¼ s[ in
accordance with equations (1, 2). R-transformation is applied
at t ¼ s[. Subject to the energy conservation law
0
qi s[ ðtÞqi ðtÞ ¼ 0 for all i ¼ 1 . . . 3N and all t  s[ :
Proof. At the time point s[, the coordinates of the i-th particle are calculated as qi ðs[ Þ ¼ qi ðs[ dtÞ þ dqi : According to
Definition 1, the Hamilton equation for p_ i is not changed
with the time reversal, the Hamiltonian is not changed too,
and in the Hamilton equation for the coordinates q_ i the sign
is changed (as pRi ¼ pi ). Applying the R-transform at the
oH
time s[, we obtain the equation dqi ¼  op
dt, and can calcui
late the value of an arbitrary coordinate qi at the immediately preceding time moment s[ , s[ dt: If the energy
conservation law is fulfilled, then dH
dt ¼ 0, so the expression
for dqi can be substituted in recurrent formula (2) to obtain
0
0
0
oH
qi s[ ðs[ dtÞ ¼ qis[ ðs[ Þ op
dt (it is obvious that qi s[ ðs[ Þ ¼ qi ðs[ Þ).
i
Ar the same time, qi ðs[ Þ ¼ qi ðs[ dtÞ þ dqi : Therefore,
0
qi s[ ðs[ dtÞ ¼ qi ðs[ dtÞ: Correspondingly for all 0  t  s[
0
0
qi s[ ðtÞ ¼ qi ðtÞ, i.e. qis[ ðtÞqi ðtÞ ¼ 0 . Thus, the classical system has to repeat exactly its traversed path after the time
reversal transformation, but in the opposite direction. The
theorem is proved.
Corollary 1. For the system C being reversed at the time
moment s[, we introduce the quantity rmsd(0,
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P3N 0 s[
0
2
1
C0s[ ) ¼ 3N
i¼1 ðqi ð0Þqi, 0 Þ . Under the theorem conditions
rmsd (, s[ )¼0.
Corollary 2. Let rmsd(0, s[ )>0 for all s[ >0. Define the
0
quantity j(s[, ) ¼ rmsd(0, C0s[ )/rmsd(0, s[ ). Under the theorem conditions j(s[)¼0.
0

1
Corollary 3. Let r(0, C0s[ ) ¼ 3N

P3N Ð s[
0

i¼1 0

0

ðqis[ ðtÞqi ðtÞÞ2 dt.

Under the theorem conditions r(0, C0s[ )¼0.
Theorem 1 and its Corollaries can be considered as a fundamental basis for introducing a number of constructive criteria
for the quality evaluation of the MD simulation procedures.
Consider the discrete case of integration of the motion equations when qi ðtÞ ¼ qi ðtDtÞ þ dqi þ ei ðtÞ, where Dt>0 is a
time step of the MD simulation (typically it is 1 fs or less),
ei ðtÞ>0 is an integration error that depends on time (as integration errors are accumulated at each step) and ei ð0Þ ¼ 0:
0

The error ei s[ ðtÞ, 0  t  s[ corresponds to the calculation of
the coordinates after the time reversal at a time s[ : Hence,
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Table 1. Proteins under study.
Protein

PDB

Naa

Nat

Comments

Fs-peptide
FsA-peptide
TC5B
BBA5
Protein G
BPTI
Protein B
A3D

–
–
1L2Y
1T8J
2GB1
1G6X
1BDD
2A3D

19
19
20
23
56
58
60
73

234
192
303
378
854
893
940
1139

(Ala)7-Arg-(Ala)4-Arg-(Ala)4-Arg-Ala
Polyalanine helix
Synthetic protein «TRP-CAGE»
Synthetic protein, the folding model
Immunoglobulin-binding protein S.Aureus
Pancreatic Trypsin Inhibitor
Immunoglobulin-binding protein S.Aureus
Synthetic protein, 3 helices

Notes: Column Naa is a number of amino-acid residues; Nat is a number of
atoms (including hydrogen atoms).

for all s[ >0 for the system under study, the value e.g. of the
functional rmsd(, s[ ) (Corollary 1) is not certainly be equal
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P3N 0 s[
2
1
to 0, since rmsd(C, s[ ) ¼ 3N
i¼1 ðei ð0ÞÞ :
0

Thus, the functionals rmsd(0, C0s[ ), j(s[, ) and r(0,
C0s[ ) allow evaluating the «accuracy» of the MD trajectory,
passed by the system from t ¼ 0 to t¼s[ and backward to
the time point t ¼ 0 after the time revesal. At the same time
the values of these functionals allow us an indirect evaluation of the integration error of the motion equations, that is
averaged over the coordinates of all particles of the system C.
0

term of the j-th dihedral angle). The term of non-bonding
interactions was defined as the sum of the electrostatic and
j, k
j, k
¼ Eelj, k þ EvdW
: The electrostatic
Van-der-Waals terms Enonb

interactions were described by Coulomb’s law Eelj, k ¼
qj qk =4pee0 rj, k , and the Van-der-Waals interactions are
B

Molecular dynamics system in this article is a combination of:
(A) the calculation method (a set of algorithms implemented
as a program), (B) the parameters of the calculation method
(including initial conditions for MD simulations) and (C) the
simulated object (a system of particles with their initial
coordinates).
The calculation method was implemented in the ECMMS
software system (Torshin, 2004) and includes the following
computational components: 1) calculating the potential
energy of a system, 2) minimizing the energy of the system
(that is essential technically to start a stable MD simulation),
3) selecting the initial conditions (velocities, since the coordinates of atoms are determined experimentally), 4) calculating
the coordinates at the next time moment, 5) modeling the
solvent (in the presented series of experiments in vacuo, i.e.
without introducing the special term and for e ¼ 1), and 6)
controlling the temperature (a procedure of imposing limitations and corrections for admissible values of particle velocities or velocity distrubutions).
The studied objects (protein molecules) are listed in Table
1, the structures of the initial conformations are shown in
Supplementary Figure 1.
The potential energy Upot of the molecular system
containing N atoms, B covalent bonds (binding terms), A
angular terms and T torsion terms was calculated as Upot ¼
PB j
PA j
PT j
PN PN
j, k
j¼1 Ebond þ
j¼1 Eang þ
j¼1 Etors þ
j¼1
k¼jþ1 Enonb ,
j
¼ 12 Kbj ðrj r0j Þ2 (the energy term of the j-th
where Ebond
j
¼ 12 Khj ðhj hj0 Þ2 (the deformation energy
covalent bond), Eang
term of the j-th valent angle between two covalent bonds),
P
j
¼ 12 nm¼1 Vmj ð1 þ cos ðm/j  /j0 ÞÞ (the rotation energy
Etors

A

j, k
described by the Lennard-Jones potential EvdW
¼  r6jk þ r12jk .
jk

jk

The force constants Kb, Kh, Vm, the equilibrium values of
the bonds and angles r0, h0, u0, as well as the constants Ajk,
Bjk were defined in accordance with the UFF potential [19]
(Rappe et al., 1992). The values of the partial atomic charges
qj, qk were determined on the basis of the AMBER potential
[20] (Weiner et al., 1986) based on quantum-mechanical calculations. This «UFF þ AMBER» potential was implemented
earlier within the framework of the ECMMS software system
(Torshin, 2004).
The potential energy was minimized by the method of
conjugated gradients (when displacement of each atom
occurs in the direction of forces acting on the atom). For a
molecule of N atoms, the force acting on every atom was
~x Upot , j ¼ 1.N. For the i-th step of the
defined as ~
Fð~
x jÞ ¼ r
j
minimization by conjugated gradients, the new coordinates
i
of every atom were calculated as ~
xi ¼ ~
x i1 þ k  ~
h,
j

where

Materials and methods

3

i
~
hj

¼~
Fðxji Þ þ

j

j

j~
F ð~
x ij Þj2 ~i1
h
~
jF ð~
x i1 Þj2 j
j

Molecular dynamics was based on the second Newton’s
law ~
Fð~
x j Þ ¼ mj aj ¼ mj V_ j ðtÞ, Vj ðtÞ ¼ x_ j ðtÞ: The acceleration values aj of individual atoms were calculated from the sum of the
potential and kinetic energies, and then they were numerically
integrated using the Verlet’s «leapfrog» algorithm (Verlet, 1967).
That is, the velocities and coordinates at the time point t þ Dt
were calculated as ~
xðt þ DtÞ ¼ ~
xðtÞ þ ~
vðtÞDt þ 0:5~
a ðtÞðDtÞ2 ,
~
vðt þ DtÞ ¼ ~
vðtÞ þ 0:5Dtð~
a ðtÞ þ ~
a ðt þ DtÞÞ: The initial atom
velocities were randomized according to the Maxwell distribu2
tion DðvÞ ¼ ðm=2pkTÞ3=2 4pv2 emv =2kT . For the calculations
T ¼ 300 K and e ¼ 1 are used, the step was Dt ¼ 1 fs.
Thermostat procedures were implemented by various
methods (Table 2). Only deterministic methods for the temperature control were used (Schlick, 2002). Andersen’s
method was not used since it involves a randomization procedure. For the same reason the stochastic term of the
Langevin dynamics was set to zero.
During the numerical analysis of the obtained criteria
satisfiability a certain simulation time s[ was chosen. For the
initial minimized system (state «0» with a set of coordinates
0) the MD system calculations were carried out for the
given initial set of velocities during the time interval 0 … s[,
and the set of coordinates s[ was obtained as the result.
Then the signs of the velocity components were reversed,
and the MD simulation was carried out during the time s[
«in the opposite direction» in order to obtain the coordinate
0
set C0s[ : The standard (mean-root-square) deviations between
the coordinate sets 0 and s[, rmsd(0,s[), and between
0
0
the coordinate sets 0 b C0s[ , rmsd(0, C0s[ ) were calculated
(Corollary 1 of Theorem 1).
Obviously, if the theorem condition is fulfilled, then
0
rmsd(0, C0s[ )¼0 for any s[, and accordingly for any
rmsd(0,s[). However, the existing MD systems are
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Table 2. The studied temperature control models (thermostats).
Model
NONE
VNORM3RT
TNORM3RT
CMAXWELL
BERENDSEN s ¼ 50 fs
BERENDSEN s ¼100 fs
BERENDSEN s ¼300 fs
BERENDSEN s ¼400 fs
LANGEVIN c ¼ 0.05
LANGEVIN c ¼ 0.30

Description
No thermostat
The scaling of atom velocities is performed in a way that the kinetic energy is 3/2NKT at every step
Dynamic velocity scaling (the time step is recalculated to keep the temperature corresponding to the kinetic energy of 3/2NKT)
Velocities are recalculated to match the Maxwell distribution corresponding to the given temperature
Berendsen thermostat with different time constants s characterizing the thermostat «reactivity». The coefficient k, by which the
velocities are multiplied,
is calculated as

T
1
k2 ¼ 1 þ dts Tinst
where Tinst is a «temperature» estimated from the velocities at the given time point)
Langevin dynamics without a stochastic component (as it includes randomization of velocities and hence excludes the time
reversibility), c is the coefficient of the ‘viscous’ term.

imperfect in respect of the methods of potential energy calculation, integration, modeling a solvent, and temperature
control, that introduces a certain error ei ðtÞ at every step of
the numerical integration and can lead to accumulating a
significant total error.
Therefore, to evaluate the satisfiability of the obtained criteria a return coefficient j(s[) was introduced, that was calcu0
lated as the ratio of rmsd(0, C0s[ ) to rmsd(0,s[) (Corollary
2 of Theorem 1). The value j(s[) ¼ 0 corresponds to the fulfillment of the obtained reversibility criteria, and the values
j(s[)>1.0 correspond to significant violations of the condition of the Theorem 1.
We also introduce maximum conformational memory time,
smax(s[), defined as the maximum simulation time s[ at
which the value j(s[) is not higher than 1.0. One can say
that the indicators j(s[) and smax(s[) characterize some property of the «reversibility memory» for the studied molecular
dynamics system (i.e. the set of the calculation method and
the object) in the time interval s[.
In the present study the satisfiability of the obtained criteria was investigated for values of s[ equal to 100, 1000, 5000
and 10000 femtoseconds. For each protein, the calculations
were performed for 10 different sets of initial velocities, and
the empirical distribution functions of the indicators rmsd(0,
C00 ), rmsd(0,s[) and j(s[) were found for every molecular
system. The curves were approximatied by the monotonic
cubic spline in the coordinates (s[, j(s[)) and then the values
of smax(s[) were found as the abscissa of the intersection
point of the spline with the graph of the function j(s[)¼1.0.

The results of numerical modeling the dynamics of
protein conformations
Consider in the begining three important conclusions from
the results of preliminary experiments related to (1) the
study of effects of the individual potential terms within the
expression Upot ¼ Ebond þ Eang þ Etors þ Enonb , and (2) the
choice of the integration method.
First, at analyzing the properties of partial potentials
(Ebond , Ebond þ Eang , Ebond þ Eang þ Etors ) it has become obvious that the term Enonb ¼ Eel þ EvdW made the greatest contribution to the sharp decrease of the parameter value
smax(s[). When the term Enonb was removed from Upot , the
value of smax(s[) increased by an order of magnitude at least.
This conclusion indicates the necessity to select and adjust
the parameters of the term Enonb most carefully. The terms

Eel and EvdW had a comparable effect on reducing the value
of smax(s[) at that.
Secondly, the integration error of the MD trajectory resulting from restrictions on the storage of real numbers in the
computer’s memory (word size) was evident only at rather
great values of s[ (tens of nanoseconds, i.e. millions of integration steps over the Verlet algorithm). For example, replacing all real variables of the «double» type (that allows the
values in the range from 510324 to 1.710308, 8 bytes to
store a variable) by «extended» type variables (range
1.9104932 to 1.1104932, 10 bytes to store a variable) the
noticeable differences in the MD trajectories for the BBA5
protein (rmsd > 0.1 Å) with the same initial conditions were
accumulated only after 19 ns of the simulation time.
Thirdly, the complication of the integration scheme (for
example, the use of Beeman’s algorithm (Beeman, 1976) for
integration and more complex schemes) did not result in a
0
significant improvement of the values of rmsd(0, C0s[ ) and
j(s[), smax(s[) for the studied systems. The values of these
functionals did actually improve (by 10–20% for the Beeman
algorithm as compared to the Verlet algorithm) but at the
expense of a significant increase of the simulation time (50%
at the very least). Therefore, the Verlet integration was used
for further experiments.
Consider the results for polyalanine helix (FsA peptide) in
more detail. This model system is quite interesting as it contains the same side chains at each position and these side
chains are rather short (the methyl group –CH3). During the
simulation of the average duration (s[ ¼ 1000 fs) the system
deviated by an average of 2.23 ± 0.15 Å from the initial 0
conformation. After reversing the velocities the system
0
evolved into the conformation C0s[ that was quite close to
0
s[
the initial point 0 (rmsd(0, C0 ) ¼ 0.34 ± 0.10 Å, averaging
over 10 trajectories, Figure 1A), the return coefficient was
j(s[) ¼ 0.15 ± 0.04. Thus, this system demonstrates a noticeable «conformational memory» in the studied time interval.
Consider the effects of various thermostats in the same
example of the FsA peptide. The analysis of the distributions
of the j(s[) values for the FsA peptide (Figure 1B) and other
studied proteins (Table 1) has showed, that Langevin dynamics (even if the stochastic component was zero) leads to significant violations of all the obtained criteria compared to all
other used thermostats. The similar picture was observed for
all of the protein structures: the Langevin dynamics with
s[>200 fs resulted in j(s[) values, that were significantly
higher than 1.0.
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Figure 1. The MD simulation results of the FsA peptide. (A) The empirical distribution function of the r.m.s. deviation of the final structure C s[ and the «return»
structure C00 from the initial structure (C0), calculated at 10 sets of initial velocities (s[¼1000 fs, no thermostat). The value of j(s[) was 0.15 ± 0.04. (B) The effect of
various thermostats on the distribution of j(s[) values, s[¼1000 fs. F(x) is the value of the cumulative empirical distribution function of the indicator j(s[). The
worst cases were apparently the thermostats based on Langevin dynamics modeling.

The j(s[) values for the studied eight proteins for
s[ ¼ 100, 1000, 5000, 10000 fs are shown in Supplementary
Tables 1–4. The j(s[) values were rather low for s[ ¼ 100 fs
(0.01.0.12). However the j(s[) values did grow with the
increasing s[. At s[ ¼ 10000 fs, the j(s[) values for all studied
molecular systems were close to 1.0 (except for the polyalanine peptide FsA).
Note that the example with the polyalanine peptide is of
particular interest for our studies, as such objects as the conformationally stable peptides are often enriched with alanine
(Batyanovskii et al., 2015). Conformationally stable peptides
(Batyanovskii et al., 2015; Batyanovskii & Vlasov, 2008;
Torshin et al., 2019) are short fragments of the polypeptide
chain that tend to hold a certain (unique) conformation
coupled to a certain amino acid sequence. The conformationally stable peptides are most often a-helical (Batyanovskii
et al., 2015; Torshin et al., 2014; Uroshlev et al., 2015; 2019).
The numerical study of satisfiability of the criteria
obtained in Theorem 1 also allows us to evaluate the applicability of various thermostat models to a particular protein.
An average over the studied proteins, the smallest j(s[)

values were observed without using any thermostat. Among
the thermostat models, the smallest j(s[) were observed
with Berendsen’s thermostat.
The diagrams in coordinates (rmsd(0,s[), j(s[)), shown
in Figure 2, allow better understanding of the satisfiability of
the criteria for various s[. These diagrams represent the
results of all the experiments carried out for the given s[.
Every point of the diagram is the result of testing one protein with one set of the initial velocities for the given
thermostat. Obviously, the position of each point characterizes simultaneously the satisfiability of the obtained criteria
(the j(s[) value) and the average amplitude of the molecule
conformation changes during the 0 … s[ run of the MD simulation (rmsd(0,s[) value).
The separable clusters of points corresponding to different thermostat models were obviously present at s[ ¼ 100 fs
and at s[ ¼ 1000 fs. As notice earlier, the Langevin dynamics
characterized by a low reversibility (j(s[)1) and, at the
same time, by a low amplitude of the conformation changes
(1 angstrom). At s[ ¼ 5000 fs when the most part of the
systems reach the maximum conformational memory time
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Figure 2. Diagrams in the coordinates (rmsd(0,s[), j(s[)) that present all the carried out experiments at the given value of s[. ﬀ) s[¼100 fs, B) sx¼1000 fs, C)
sx¼5000 fs, D) Several examples, sx ¼ 5000 fs.

smax(s[), the edges between most of clusters almost disappeared (see also Supplementary Table 5).
The analysis of the diagrams in coordinates (rmsd(0,s[),
j(s[)) allowed us to compare the effect of various thermostats on the satisfiability of the obtained criteria. Count, for
instance, the number of points (i.e. individual experiments)
satisfying the condition (j(s[)<1) for every thermostating
method and the corresponding percentage (Figure 3). The
calculation results for s[ ¼ 5000 fs show, that the highest
percentage (69%) has been observed in the case of
Berendsen thermostat with s ¼ 100. This result was statistically significant by the v2 criterion (p ¼ 0.025) in comparison
with the lowest percentage (51% for «VNORM3RT», i.e. scaling the atomic velocities to match 3/2NKT).
Thus, the study of the satisfiability of the formulated in
Theorem 1 criteria allows us to obtain quantitative estimates
of some conformational memory of the modeled molecular
system (including thermostat, force field parameters, initial
coordinate sets etc). Larger values of the return coefficient
j(s[) and simulation time s[ correspond to a smaller degree
of conformational memory and, at the same time, to a

greater degree of sampling the system’s conformations near
the equilibrium point. The more complete sampling of the
conformations is a significant problem in molecular dynamics
(Torshin, 2006). Therefore, the Langevin dynamics represents
a more effective method for sampling conformations even
with a zero stochastic component, than the other studied
thermostat models.

The energy conservation law and the satisfiability
of the obtained criteria
The criteria formulated in the Theorem 1 were obtained
under the condition of the energy conservation law. The procedure of calculating the MD trajectory of an individual molecule involves some fluctuations of the kinetic and potential
energy along the trajectory, which should not go beyond
the corresponding distribution. Therefore, in the case of MD
the energy conservation law would be more appropriate to
consider as an existence of a certain fixed distribution of
total energy values (or an admissible interval of the total
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Figure 2. Continued.

energy values) of the molecular system modeled. Then, the
reverse trajectory, calculated during testing the satisfiability
of the obtained criteria, should not go beyond such
an interval.
Below, we consider the results of the energy calculation
during direct/reverse trajectories (on the example of the
model protein BBA5). The total energy along trajectory for a
fixed set of initial velocities is shown in Figure 4A. The
energy values should coincide, if the obtained criteria are
satisfied fullfilly, but it does not happen due to the errors
(integration errors etc.) discussed earlier. Nevertheless, the
similarity elements of the direct and the reverse trajectories
are evident (in particular, similar localization of the extrema).
The energy calculation results of BBA5 protein for various
sets of initial velocities are presented in Figure 4B, s[¼1000
fs. Obviously, there is a certain range of values in which the
values of the total energy (E) fall. It is interesting to note
that at s[ ¼ 1000 fs, the average of the distribution of the E
values for the reverse trajectory (3995 ± 91 kJ/mol) was
slightly lower than for the direct trajectory (4009 ± 88 kJ/mol,
p ¼ 0.00039 according to the Student’s test). However, these

differences disappeared at s[ 5000 fs. For example, for s[ ¼
10000 fs, the corresponding values for the reverse and direct
trajectories were 4048 ± 137 kJ/mol and 4047 ± 107 kJ/mol,
respectively (p ¼ 0.41).
The average values of the total energy E along the direct
and the reverse trajectories, as well as the standard deviations of the E values for all the studied systems are presented in Supplementary Tables 6,7. The linear
approximation showed that, the standard deviations of E
were directly proportional to the E values (r ¼ 0.8 … 0.9)
and were equal to 0.016 … 0.022 for all of the thermostats
except the Langevin dynamics.
These results allow us to offer a new approach for thermostating the MD systems, based on the energy conservation law. Namely, it would be necessary to fix not the
temperature (that is a thermodynamic parameter in general),
but the total energy of the system (that is fully compatible
with the classical mechanics at the microscopic, non-thermodynamic level). This energy fixation can be carried out by
setting a certain distribution of admissible values of the total
energy or by using one fixed energy value.
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Figure 3. The percentage of individual experiments with the satisfied condition (j(s[)<1), s[¼5000 fs.

Figure 4. The total energy values for the direct (t > 0) and reverse (t < 0) BBA5 protein MD trajectories (s[ ¼ 1000 fs, without any thermostat) A) a fixed set of initial velocities, B) various sets of initial velocities.

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS

9

Figure 5. The total energy values for the direct (“t > 0”) and reverse (“t < 0”) trajectories of the BBA5 protein (Langevin dynamics, c ¼ 0.05, s[ ¼ 1000 fs, zero stochastic term) A) standard Langevin dynamics, B) Langevin dynamics with the inverse sign of the viscous term (see the text).

The total energy during the Langevin dynamics
with the zero stochastic term
It is worth noting that the more complete sampling of the
conformations, characteristic for the Langevin dynamics, is
connected with systematic changes of the total energy of
the simulated systems. Apparently, the introduction of the
viscosity term proportional to the particle velocity leads to
the energy dissipation of the system (which ceases to be
Hamiltonian in this case). Therefore, it is not surprisingly that
the worst reversibility of the system along the MD trajectory,
estimated by the j(s[) and smax(s[) values, was observed just
for the Langevin thermostat. The total system energy dissipates and reversing the trajectory with the zero stochastic
term would not lead to an energy gain during testing the
satisfiability of the obtained criteria. This effect was indeed
observed in numerical experiments (Figure 5A).

When the trajectory of the Langevin dynamics is reversed,
the sign of the viscous term can be reversed to compensate
the apparent energy losses that arise owing to the viscous
term. Hence, the reverse trajectory really shows the energy
gain during the trajectory reversibility (Figure 5B). However,
such an MD simulation becomes extremely unstable (especially for values of c 0.05) and an explosive behavior of the
system was systematically observed after the trajectory
was reversed.

Conclusion
Using a simple time reversibility analysis of Hamiltonian systems here we formulated a number of constructive criteria
that can potentially be used for evaluating the quality of MD
simulations. The analysis of the obtained criteria allowed us,
in particular, to select the most appropriate thermostats for a
particular molecule under study. For example, in the series of
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computational experiments for a polyalanine peptide (FsA
peptide), the highest conformational memory was provided
by the «no thermostat» scheme. At the same time for most
of the studied molecules, the most conformationally stabilizing was the Berendsen’s thermostat with the constant s of
100 fs. Thus, the investigation of satisfiability of the obtained
numerical criteria can be a tool both for studying properties,
diagnostics and debugging of the MD systems and protocols.
On the contrary, systems with the worst degree of conformational memory can be used for more efficient sampling the
possible conformations of molecules (Langevin dynamcs).
Thus, a new plethora of approaches to making MD thermostat models can be proposed on the basis of the energy conservation law.
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