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Abstract—The 10-nanosecond simulation of a lysozyme dimer, which is a fragment of the tetragonal lyso-
zyme crystal structure, has been carried out by the molecular dynamics method at different simulation box
sizes and precipitant concentrations in a solution. The dimer stability has been estimated by calculating the
root-mean-square f luctuations of protein atoms. It is shown that the box size does not significantly affect the
mobility of protein atoms on a relatively short trajectory, while the effect of the precipitant concentration on
this trajectory is noticeable.
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INTRODUCTION
Study of protein crystallization and the properties

of protein crystals is undoubtedly interesting both for
the development of approaches to search for protein
crystallization conditions and investigate the differ-
ence between the structures of a protein molecule in
the crystalline state and in a solution. It was found for
several proteins that the pre-crystallization solution
contains oligomers built from protein molecules, the
structure of which is well-described by the structures
of oligomers found in crystals of the examined pro-
teins [1–3].

The molecular dynamics (MD) method is widely
used to explore the crystallization of proteins and the
properties of protein crystals. The results of the MD
simulation of protein crystal properties were reported
in [4–9]. In addition, the crystal formation is studied
applying various computational techniques. In partic-
ular, the dependences of the protein crystal stability on
the ion concentration in the crystallization solution
and on the charges of amino-acid residues on the pro-
tein surface were investigated in [10]. In [11], an
attempt was made to simulate the formation of a pro-
tein crystal. The MD method was used also to study
the properties of protein oligomers present in the pre-
crystallization solution [12, 13].

It is noteworthy that numerous studies on the pro-
tein crystallization using the computational biology
methods are also based on the analysis of the mobility
of atoms of protein molecule under different condi-
tions [10, 12, 13]. It was shown that the stability of a

biological tetrameric molecule of human hemoglobin
in the MD simulation in a solution is affected, along
with other factors, by the simulation box size [14]. It is
unknown, however, to what extent this fact [14]
(which is indicative of the effect of chosen simulation
box parameters on the protein oligomer stability) can
be taken into account in an MD simulation of oligo-
mers formed in a crystallization solution of proteins.
To answer this question, we used the MD method to
study a lysozyme dimer, which is a fragment of the
tetragonal lysozyme crystal structure [15], in two dif-
ferent simulation boxes and at three different precipi-
tant concentrations in a solution in order to establish
to what extent these parameters affect the stability of
protein dimers.

EXPERIMENTAL
Preparation of dimer model. The molecular model

of a possible crystal growth unit was built using the
data on the tetragonal lysozyme crystal structure
(PDB_ID: 6QWY) solved with a resolution of 1.35 Å
[15]. The crystal belongs to the sp. gr. P43212 with the
unit-cell parameters a = b = 77.147 Å, c = 37.139 Å,
and α = β = γ = 90.00°. The independent part of the
unit cell contains one lysozyme monomer.

In the 6QWY crystal structure, amino-acid resi-
dues ASN19, ASN59, and SER85 exist in two confor-
mations with the same occupancies (0.5), among
which conformation A was retained. In the PyMOL
software [16], using the symmetry operators of sp. gr. P43212
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(–X, –Y, Z +1/2; –Y +1/2, X + 1/2, Z + 3/4; Y + 1/2,
–X + 1/2, Z + 1/4; –X + 1/2, Y + 1/2, –Z + 3/4; X +
1/2, –Y + 1/2, –Z + 1/4; Y, X, –Z; –Y, –X, –Z + 1/2),
a fragment of tetragonal lysozyme crystal structure
was reconstructed, a dimer was isolated from it, and
the lysozyme dimer coordinates were determined. In
the oligomer structure, the precipitant ions associated
with lysozyme were retained (there are three sodium
and four chlorine ions per protein molecule), and
water molecules were removed.

MD study. All computations were made in the
GROMACS software package, version 2020.3 [17].
The molecular dynamics was implemented in the
Amber ff99SB-ILDN field [18], since the new torsion
potentials used in this field version are more accurate
than in the previous versions of the Amber force field.
The protonation states of amino-acid residues in the
lysozyme dimer composition at pH 4.5 (according to
the experimental conditions from [15]) were deter-
mined using the PROPKA server [19].

The simulation was performed using periodic
boundary conditions. The protein dimer was placed at
the center of a cubic box. The simulation box size was
set such that the distance between any protein atom
and the box edge was at least 1 nm in one experiment
and at least 2.5 nm in the other; the box edge lengths
were 8.6 and 11.6 nm, respectively. The interaction
potentials were taken into account only for the atoms
localized within a radius of 1 nm.

To fill the simulation box with an explicit solvent, a
4-site TIP4P-Ew water model was chosen, in which
the Ewald summation methods can be applied [20]. To
reproduce more accurately the experimental condi-
tions of protein crystallization, lysozyme dimers were
simulated in an aqueous solution with a precipitant.
To this end, some of water molecules were replaced
with sodium and chlorine ions so that the salt concen-
tration was 0.4 M (25 mg/ml) in the cubic box with an
edge of 11.6 nm and 0.2, 0.4, and 0.6 M in the box with
an edge of 8.6 nm. The total charge of the system was
neutralized by adding a small number of chlorine ions.

Before the beginning of each MD computation, the
energy of the system was minimized by the steepest
descent method (50 000 steps) until the force acting on
any atom became weaker than 1000 kJ/(M nm).

Then, the system was thermostated for 100 ps by
the advanced Berendsen method [21] and barostated
by the Parrinello–Rahman method [22] (100 ps); in
this case, the limiting forces (kpr = 1000 kJ/(M nm2))
were applied to all nonhydrogen protein atoms and all
bonds were constrained using the LINCS algo-
rithms [23].

The MD simulation was performed in an isother-
mal–isobaric ensemble using a Berendsen thermostat
and a Parrinello–Rahman barostat (at P = 1 atm for
all the systems). The integration was made using a
standard leap-frog integrator [24], the integration time
step was 2 fs, and the atomic coordinates were saved
CR
every 1000 ps. The electrostatic interactions were cal-
culated by the particle mesh Ewald (PME) summation
[25] with the fourth-order cubic interpolation and a
Fourier grid spacing of 0.16 nm. The duration of each
calculated trajectory of protein dimers was 10 ns.

RESULTS AND DISCUSSION

Basing on the MD simulation data, after structural
alignment of trajectories to the initial position, the
root-mean-square f luctuations (RMSFs) of atoms
were calculated and plotted, which are the f luctua-
tions of atomic coordinates averaged over the entire
simulation time (10 ns). It is convenient to use these
values to estimate the mobility of protein atoms under
different conditions. Figure 1 shows the RMSFs for Сα
atoms of lysozyme dimer in the solution at a precipi-
tant concentration of 0.4 M for different simulation
box sizes (the box edges are 2.5 and 1.0 nm). It can be
seen that, on a relatively short trajectory of 10 ns, the
box size does not significantly affect the mobility of
protein atoms, although there is some difference
between the mobilities of atoms in certain protein
parts. Note that the residues with a difference of more
than 0.0275 nm between the RMSF values are SER81,
ALA82, GLY102, TRP111, ARG112, ASN113, GLY117,
and GLY126 in monomer 1 and HIP15 (HIS in the
protonated form), PRO70, GLY71, THR89, ALA90,
ARG114, LYS116, GLY117, THR118, ASP119, and
ALA122 in monomer 2.

Figure 2 shows the RMSFs for Сα atoms of lyso-
zyme dimer in a solution at precipitant concentrations
of 0.2, 0.4, and 0.6 M. It can be seen that the effect of
precipitant concentration on the mobility of protein
atoms along the same trajectory is most pronounced.
In particular, for ASN37, ALA42, ASN44, ARG45,
THR47, ARG68, THR69, PRO70, ALA107, ALA122,
TRP123, TRP124, GLY126, and LEU129 in mono-
mer 1 and for GLY67, ARG68, and THR69 in mono-
mer 2, the difference between the RMSF values for the
same residues but at different precipitant concentra-
tions is more than 0.05 nm. For PRO70 in monomer 1,
the difference between the RMSF values of Cα atoms
is more than 0.1 nm for the systems with NaCl con-
centrations of 0.2 and 0.6 M.

The results obtained show that, in the MD estima-
tion of the stability of lysozyme dimers, the precipitant
concentration in the solution is more important than
the simulation box size; even on a relatively short
(10 ns) trajectory, the mobility of the Сα protein atoms
changes by more than 30%, depending on the precip-
itant concentration, while the effect described in [14]
is hardly present in the investigated systems. Note that,
with an increase in the number of sodium chloride
ions in the range from 0.2 to 0.6 M, the mobility of Сα
atoms of monomer 1 gradually decreases, while the
dependence of the mobility of Сα atoms of mono-
YSTALLOGRAPHY REPORTS  Vol. 66  No. 3  2021
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Fig. 1. RMSFs for the Сα atoms of lysozyme dimer in a solution with a precipitant concentration of 0.4 M at distances of (1) 1
and (2) 2.5 nm between the simulation box edge and the nearest protein atom. 
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Fig. 2. RMSFs for the Сα atoms of lysozyme dimer in a solution with precipitant concentrations of (1) 0.2, (2) 0.4, and (3) 0.6 М.
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mer 2 on the precipitant concentration is nonmono-
tonic.
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