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Identification of the precursor cluster in thermolysin crystallization
solution by molecular dynamics methods
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An analysis of the crystal structure of thermolysin revealed
four possible precursor clusters (hexamers) of its crystal.
Using the method of molecular dynamics and plots of root mean
square fluctuation, root mean square deviation and radius of
gyration, the most stable hexamer, which is a precursor cluster,
was determined. The importance of the established structure
of the thermolysin precursor cluster for determining the
mechanism of crystal formation is shown.
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Recently, opportunities have opened up to significantly accelerate
the search for protein crystallization conditions by controlling the
oligomeric composition of protein solutions, since it has been
established that nucleation is preceded by the formation of precursor
clusters that is special 3D fragments of the crystal structure. The
presence and concentration of these fragments can be established,
for example, using small-angle X-ray scattering (SAXS). Detection
of pre-crystallization oligomers and measurement of their concentra-
tion make it possible not to wait weeks or months to find out whether
protein crystals are formed, but to immediately and accurately
determine the possibility of protein crystal formation. According to
the SAXS data, it was found that for lysozyme, precursor clusters
of a tetragonal crystal are octamers,! for proteinase K, dimers,?
and for aminotransferase, dodecamers.® In the case of thermolysin,
the SAXS method showed that hexamers are such building blocks.*
It should be noted that not only hexamers, but also dimers, which

Figure 1 A fragment of a hexagonal thermolysin crystal (in the middle)
and four possible types of crystal precursor clusters (hexamers A-D)
extracted from it.
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are fragments of hexamers, were found in the thermolysin
crystallization solution.

The SAXS method allows one to determine the size of the
cluster, on the basis of which it is possible to establish the number
of protein molecules that make up the precursor cluster, but does not
provide information on the exact structure. However, it is
important to know the structure of the oligomer in order to create
a crystallization model. One of the most effective methods for
determining the structure of a precursor cluster is molecular
dynamics (MD). This is a universal tool that allows one to solve
problems of various scales, from studying chemical reactions
and their mechanisms® to determining the stability of molecules.®
For the tetragonal modification of lysozyme, MD showed that
one of the two possible octamers decomposes and, therefore,
cannot be a precursor cluster, while the other is stable.® Similarly,
using a combination of SAXS and MD methods, it was determined
which of the six possible dimers is the precursor cluster of the
proteinase K crystal.”

Previously, using SAXS, it was experimentally found that the
precursor cluster of a thermolysin crystal consists of six molecules
of this protein.* In this work, hexamer models were generated
based on the structure of hexagonal thermolysin crystals deposited
in the Protein Data Bank (PDB ID: 3DNZ) using the PyMol
software.® An analysis of this structure made it possible to identify
four possible precursor clusters A-D (Figure 1) from which a crystal
can be built.

For each of these 3D fragments, MD calculations were conducted.

T The protonation states of amino acid residues at pH 6.0 (according to
experimental conditions) were determined using the PROPKA server
(version 2.0.0).° All calculations were performed in the Amber ff99SB-1LDN
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Figure 2 RMSF of C, atoms of four different thermolysin hexamers (1) A, (2) B, (3) C and (4) D in solution with a precipitant at 20 °C for the last 25 ns of

the trajectories.

The RMSF graphs of the C, atoms characterize the stability
of the molecules. Figure 2 demonstrates the RMSF of thermolysin
hexamers B, C, D and A, listed in order of increasing stability.
The RMSF values were calculated for the last 25 ns of the trajectories,
when all the hexamers had confidently reached their equilibrium
state. Obviously, hexamer A (see Figure 2, curve 1) is the most
stable, since its RMSF curve is located in Figure 2 below the others.
Onthe contrary, hexamer B, which has the highest solvent-accessible
surface area (see Figure 1), is the most unstable, with two amino
acid residues reaching RMSF values of up to 2.4 nm according to
Figure 2. Moreover, a visual inspection of the trajectory revealed
that these residues (valine and lysine) broke away from hexamer
B, and it itself dissipated into oligomers of a lower order.

The standard measure of the average distance between
coordinates is RMSD, so we used the RMSD of all C, atoms to
examine the change in molecular structures during the simulation.
It follows from Figure 3 that the structure of hexamer A remained
the most similar to the initial one (as in the crystal) throughout the
entire simulation, while hexamer B immediately began to undergo
significant transformations. The RMSD of hexamers C and D are
approximately the same, although slight differences are observed:

hexamer C apparently does not finish changing after 100 ns,
while hexamer D seems to achieve its equilibrium state.

Protein compactness was evaluated by such a characteristic as
the radius of gyration (R,). Figure 4 shows that the volumes of all
hexamers increased in the course of their dynamics. However,
the size of hexamer A almost returned to its original value by 73 ns,
while hexamer B had the largest initial radius of gyration and
underwent the most noticeable transformations.

From a comparison of the RMSF, RMSD and R, plots for
different hexamers, it follows that they are in good agreement:
hexamer A is the most stable (RMSF) and retains the original
structure (RMSD) and size (Rg) best of all; vice versa, hexamer
B is the least rigid, the most voluminous and undergoes the most
significant rearrangements; hexamers C and D take on intermediate
values. Visual inspection of the trajectories also confirmed the
conclusions drawn from the analysis of the plots.

The R, value of the most stable hexamer A derived from MD
simulations varies from 4.1 to 4.3 nm (see Figure 4), whereas the
experimental R, value obtained using SAXS* takes values in the
range of 2.2-2.4 nm. It should be noted that for polydisperse
systems, the Ry values determined by the SAXS method* do not
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Figure 3 RMSD of four different thermolysin hexamers (1) A,

(2) B, (3) C and (4) D in solution with a precipitant at 20 °C.

force field'® using GROMACS (version 2021)! and applying 3D periodic
boundary conditions. Since there are no parameters for NH; and SOZ™ ions
in the ff99SB-ILDN force field, the ammonium 3D structure was taken
from PDBeChem (code: NH4) and the sulfate structure was obtained from
the PLMD (Peptide Ligand Molecular Dynamics) python module!? and
was converted from the format .mol2 to .pdb format using the Antechamber
algorithm.® Each hexamer was placed in the center of a cubic simulation
box. The minimum distance between the box wall and any protein atom
was 1 nm. The remaining space of the box was filled with the TIP4P-Ew
water model.* The edge of the box was 14.4, 19.9, 14.3 and 15.2 nm for
hexamers A, B, C and D, respectively. Some water molecules were
replaced with ammonium and sulfate ions so that the salt concentration in
the box was 0.75 M, according to the crystallization conditions.

The energy of each system was minimized using the steepest descent
algorithm (50000 steps) so that the force acting on any atom did not
exceed 1000 kJ mol™ nm=2. Then, NVT and NPT equilibrations were
performed using the modified Berendsen (V-rescale)'® and Parrinello—
Rahman methods,® respectively (for 100 ps each). The time integration
step was set equal to 2 fs, the temperature and pressure were 293 K and
1 atm, respectively. Productive MD was calculated in the NPT ensemble
using a modified Berendsen thermostat and a Parrinello-Rahman barostat.
Integration was carried out according to the standard leap-frog algorithm.%”
The duration of each trajectory was 100 ns. RMSF (root mean square
fluctuation), RMSD (root mean square deviation) and Ry (radius of gyration)
were computed using the commands gmx rmsf, gmx rms and gmx gyrate,
respectively.
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Figure 4 Radius of gyration of four different thermolysin hexamers (1) A, (2) B, (3) C and (4) D in solution with a precipitant at 20 °C.

correspond to an individual particle (hexamer), but to the average
over the entire ensemble of monomers, dimers and hexamers.
The volume fraction of thermolysin dimers in solution is only
4-8%, while for hexamers, itis even less: 1-3%. Thus, monomers
with Ry = 2.1 nm (calculated from the X-ray crystal structure)
make the largest contribution to the R, value obtained using SAXS,
and the presence of oligomers only slightly increases the R value
from 2.1 to about 2.3 nm. Therefore, although it is not possible
to determine the type of hexamer in the crystallization solution
based on R, data alone (because hexamers A, C and D have similar
Ry values), the results obtained by MD and SAXS methods are
still consistent and seem plausible, since the modeled Ry value of
hexamer A (~4.2 nm) is well above the average one (~2.3 nm)
determined by the SAXS method.*

According to the MD results, hexamer A is the most probable
type of hexamer formed in solution before thermolysin crystalliza-
tion. Therefore, we assumed that hexamer A is the precursor
cluster of a hexagonal thermolysin crystal. The results greatly
complement the experimental data, since SAXS only provided an
approximate size and shape of the thermolysin pre-crystallization
cluster,* but the precursor cluster model has now been established.
Moreover, the molecular dynamics approach to identifying the
building blocks of crystals was tested on one more protein (in
addition to lysozyme?! and proteinase K?).

According to the SAXS investigation, only dimers and
hexamers were observed in the thermolysin crystallization solution,
the latter being proposed as a crystal precursor cluster. However,
only two types of hexamers (A and B) were tested in that
investigation,* and no differences were reported between the
data processing results for these two structures. In this work, all
possible types of hexamers (A—D) were considered and the most
probable one was determined using a specific molecular dynamics
approach, which was successfully used for similar purposes for
several proteins (lysozyme! and proteinase K2), thereby gradually
developing.
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