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Abstract: Molecular dynamics (MD) simulations provide a physics-based approach to understanding
protein structure and dynamics. Here, we used this intriguing tool to validate the experimental
structural model of Hyp-1, a pathogenesis-related class 10 (PR-10) protein from the medicinal herb Hy-
pericum perforatum, with potential application in various pharmaceutical therapies. A nanosecond MD
simulation using the all-atom optimized potentials for liquid simulations (OPLS-AA) force field was
performed to reveal that experimental atomic displacement parameters (ADPs) underestimate their
values calculated from the simulation. The average structure factors obtained from the simulation con-
firmed to some extent the relatively high compliance of experimental and simulated Hyp-1 models.
We found, however, many outliers between the experimental and simulated side-chain conformations
within the Hyp-1 model, which prompted us to propose more reasonable energetically preferred
rotameric forms. Therefore, we confirmed that MD simulation may be applicable for the verification
of refined, experimental models and the explanation of their structural intricacies.
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1. Introduction

Since the first successful macromolecular simulation using molecular dynamics (MD)
methods was performed in 1977 [1], MD simulations have grown into one of the most
powerful tools for understanding the physical basis of the structure of proteins [2], their bio-
logical functions and the role of different types of interactions within macromolecules [3-6].
Over the past 40 years, timescales that can be covered by atomistic MD simulation are
growing faster than Moore’s law [7]. Supercomputers have been built for studies on protein
folding via large-scale simulation [8]. In response to the growing interest in physics-based
methods of protein simulations during the current decade, the most popular MD simula-
tion packages such as CHARMM [9], NAMD [10], GROMACS [11] and AMBER [12] have
improved their atomistic simulation algorithms, computing performance, as well as their
methods of comprehensive analysis and experimental validation of underlying physical
models [13-15]. The calculation of the conformational energy landscape, approachable
to protein molecules under certain force fields, connects information about structure and
dynamics arising from the internal motion of molecules [16]. A meticulous study of individ-
ual atomic motions as a function of time provides insight into biomolecular properties of
modeled systems, especially those which are difficult to verify experimentally by methods
of X-ray crystallography or NMR spectroscopy [17]. As an excellent tool for studying
specific interactions ruling the behavior of biological macromolecules, MD simulations
have proven their effectiveness in the fields of protein folding [18-20], conformational
change analysis [21], ligand binding [22] and ab initio structure refinement [23]. The proper
interpretation of the results of MD simulation requires the consideration of some practical
issues and artifacts. Apart from accidental programming and user errors or algorithmic
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issues, various known problems include the choice of force field, the impact of thermostat-
ting, the “flying ice cube” effect, non-physical behavior of water molecules, method of
electrostatic interactions computing or treatment of Lorentz—Berthelot rules for simulations
of a mixture of different atoms [24]. Insufficient sampling can also limit applications of MD
simulations due to the generation of rough energy landscapes with many local minima
separated by high-energy barriers, making it easy to fall into a non-functional state that is
hard to jump out of in most conventional simulations [25].

To date, nearly 85% of protein structures deposited in the RCSB Protein Data Bank
(PDB) were solved using X-ray crystallographic methods. However, this technique provides
only static, time- and ensemble-average representation of the molecular arrangement in
a crystal [26], ignoring the fact that atomic motions never disappear completely, even at
low temperatures [27]. Typically, individual isotropic/anisotropic atomic displacement
parameters (ADPs, B-factors or temperature factors) described as

B = 8m< u® >, (1)

where < u? > is the mean square atomic displacement of a given atom from the ideal
position (called root-mean-square fluctuations, RMSF), reflect atoms” oscillation amplitude
around their equilibrium positions in a crystal structure. As experimental ADPs are strongly
correlated with atomic form factors, electron density spreading during atomic motions
results in a strong decrease in atom scattering power. The analysis of ADPs provides a
range of information about the paths of thermal-controlled motions within protein cavities,
model quality, preferred side-chain conformations, protein thermal stability, and local
flexibility [28,29].

Potential static or dynamic conformational disorder, modeling, and parameterization
errors may influence ADPs which makes their distribution a sensitive indicator of the de-
gree of crystal disorder and model accuracy [30]. However, it may be difficult to distinguish
actual thermal motions from positional dispersion affected by lattice disorder. Differences
in ADP distribution along with protein crystal structure can imply regions of high thermal
mobility, such as less stable side-chain conformations or crystal moieties [17,31]. While
ADPs are not experimental observables and we do not have our high-resolution diffraction
data, restraints assuming the isotropy or anisotropy of ADPs must be imposed on the
model [32]. This simplification may lead to a significant deviation of experimental ADPs
from reality and results in a growing number of PDB-deposited structures with unreliably
high B factors. A possible way of considering correlated atomic motions in protein comes
from using the translation-libration-screw model (TLS) that treats proteins as rigid bod-
ies [33,34]. The key problem is the selection of the number of TLS groups and their range,
which is typically performed based on the chemical knowledge of the rigidity of certain
groups of atoms [35].

To verify existing protein crystal structures and avoid the unrealistic modeling of
molecules, the urgent need to develop a model predicting reliable ADPs’ values has been
growing [27,36]. Recently, it has been proven that the global distribution of ADPs is
described by shifted inverse-gamma distribution (SIGD). The SIGD model demands a
definition of three essential parameters: shape (x), scale (f3), and shift (By) of the distri-
bution [28]. Starting values are iteratively improved in Fisher’s scoring method to obtain
maximum convergence as well as the physical reliability of the estimated distribution pa-
rameters. The validation of macromolecular models proceeds through the juxtaposition of
ADPs distribution from an existing model with a contour plot based on the calculated SIGD
parameters. If ADP distribution for the whole structure or individual domains/chains obey
particularly different SIGDs, such multimodality can indicate the presence of incorrectly
modeled parts of molecules that require rigorous inspection.

The structure of proteins is mainly determined by different types of bonding interac-
tions between the side-chain groups of the amino acids [37]. Some specific combinations
of dihedral angles corresponding to given conformations of side-chain rotational isomers,
so-called rotamers, are preferred [38,39]. In many experimental structures, part of the
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side-chain conformations is unfavorable, as indicated by the improper stereochemistry or
unusually high ADP values [40]. When the definition of a side chain in electron density
maps is blurred or local ADP parameters are suspiciously large, protein dynamics simula-
tions may be helpful in the verification of the energetically favored local conformations or
identification of non-rotameric states [41].

As the subject of our research, the model of the structure of the Hyp-1 protein obtained
from the Hypericum perforatum medicinal herb commonly known as St. John’s wort was
considered. The healing properties of St. John’s wort preparations have been known for
millennia, with their main active component hypericin, a red-colored quinone derivative,
acting as a remedy for depression [42]. As a light-sensitive compound, hypericin is also
used in photodynamic anticancer and antiviral therapies [43]. It was initially suspected that
hypericin synthesis from another natural anthraquinone, emodin, occurs in a complicated
multi-step dimerization reaction catalyzed by the Hyp-1 protein. The analysis of sequence
similarities (~50%) allows for the classification of Hyp-1 as a plant pathogenesis-related
class 10 (PR-10) protein [44]. The PR-10 family proteins are typically produced in plants
as a response to stressful environmental factors such as drought, salinity, or pathogen
invasion. The exact biological activity of most of the PR-10 proteins remains unknown
and widely disputed, which stands in opposition to their well described characteristic
folding canon [43,44]. The presence of this hydrophobic pocket strongly suggests the ability
of the Hyp-1 protein to bind various biological ligands such as melatonin [45]. Recent
studies of Hyp-1 in the complex with fluorescent dye 8-anilinonaphthalene-1-sulfonate
(ANS) revealed the formation of unique commensurately modulated and tetartohedrally
twinned macromolecular superstructures [46]. In the present structure, the protein cavity is
occupied by polyethylene glycol molecules of different chain lengths from the polyethylene
glycol (PEG400) cryoprotectant solution. Although Hyp-1, as many other PR-10 proteins,
remains monomeric in solution, crystallization under oxidating conditions in the complex
with PEG leads to the formation of a compact dimer formed via covalent S-S linking
involving Cys126 and the parallel association of the 31 strands with another Hyp-1 partner
molecule [43].

A high-resolution Hyp-1 protein structure (PDB entry 31E5) was solved at the P2_12_12 1
space group. Despite the high stereochemical quality of the model confirmed by the main-
chain torsion distribution on the Ramachandran plot, the validation report still indicates
that 1.8% of the side-chain conformations are classified as outliers, which is a common
problem for protein structures. The overall clash score was equal to 10 which means that
even 1% of atoms are involved in too-close contacts with neighboring residues.

We distinguished a physics-based approach such as MD simulation monitoring direct,
atomic motions in the unit cell and knowledge-based X-Ray crystallography imposing
many restraints as a complementary help to optimize a model even if a refinement process
seems to be finished with some unresolved conformational problems. We also want to
answer a question: to what extent our arbitrary knowledge of ADPs distribution strongly
depends on restraints applied during refinement can be checked by the simulation of direct,
individual atomic motions in the unit cell?

In the presented paper, we used pico- and nanoscale MD simulations as an energeti-
cally based auxiliary tool for the verification and improvement of the experimental protein
structure model. We chose a high-resolution crystal structure model of Hyp-1 protein
from St. John’s wort with potential in various medicinal therapies. The comparison be-
tween experimental ADPs and those calculated directly from atomic motions during the
simulation was performed to check the validity of thermal factors distribution from the
Hyp-1 structure. The side-chain angle distributions for different types of amino acids (non-
polar, polar, and aromatic) were measured to find energetically preferred rotamer forms,
especially for conformations poorly visible in electron density maps or partially occupied.
The verification of the average simulated protein structure was conducted by comparison
between experimental, refined, and calculated from the MD model structure factors.
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2. Materials and Methods
2.1. Hyp-1 Structure Model

As starting coordinates, we used PDB entry 31E5 from Hypericum perforatum plant
protein Hyp-1 at 1.69 A resolution refined with Rk /Riree €qual to 17.0/20.6%, respec-
tively. The asymmetric part of the unit cell contains two independent protein molecules
(A and B) forming a dimer through hydrogen bond interactions between their 3-sheets.
Chain A consists of 160 amino acids (159 residues labeled Met1-Alal59 from the main chain
and artificial Thr-1 molecule as cloning artifact), whereas molecule B has 164 amino acids
including 5 additional expression tags (Ile-5 ... Thr-1). In addition to proteins, the starting
model contained different polyethylene glycol molecules from the PEG400 cryoprotectant
solution bound within the internal cavity and on the protein surface. For MD simulation
purposes, the whole structure model was used, but during the data analysis, the unin-
teresting glycol residues were omitted due to their high flexibility and relatively poor
embedding in electron density maps. The final asymmetric unit cell used for the MD
simulation contains two molecules of Hyp-1, 258 water molecules, a single C1™ anion
located by Lys56A residue, and 10 polyethylene glycol molecules of different chain lengths.
The Hyp-1 molecules A and B bind in the internal cavities and 2 and 3 PEG molecules,
respectively. Further PEG moieties are located at the protein surface mostly by interactions
between protonated lysine and PEG molecules.

2.2. Molecular Dynamics Simulation

All molecular dynamics simulations were performed in the free and open source
simulation package GROMACS 2019.3 [47-52]. The general purpose OPLS-AA force field
was used [53-61] in all simulations. The TIP4P-Ew water model [62] was used. All Glu
and Asp residues were treated as negatively charged and all Lys and Arg residues as
positively charged, whereas the other residues were assumed to be neutral. The internal
residue database of the simulation package was complemented with the topologies of
the various glycols present in the simulated system. All of the necessary potentials were
already defined in the force field. Partial charges of the atoms within glycol molecules
were obtained by fitting point charges to the electrostatic potential calculated from the
charge density obtained by DFT [63,64] calculations using the 6-311G** Gaussian type
orbital basis set [65] with the B3LYP exchange-correlation potential [66,67] in the NWChem
package [68].

The starting model for the series of simulations was the structure of Hyp-1 dimer as
published in [43] with four units in the asymmetric unit duplicated in each direction (x,
Y, z) to form a 2 x 2 x 2 supercell of the structure. Therefore, the final system included
64 individual protein copies and 208,032 atoms in a 67.45 A by 137.85 A by 215.27 A
rectangular box.

The starting structure underwent an energy minimization (EM) procedure that quickly
converged without significantly altering the structure (Table 1). Then, an equilibrating
NVT simulation was performed. It consisted of 100,000 steps of 1 fs each, in which the
temperature was coupled to 292 K (independently for groups of protein and non-protein
residues) using a velocity rescaling thermostat with a coupling constant of 0.1 ps, short-
range interactions (van der Waals and Coulomb) were cut off at a distance of 3.2 nm,
long-range interactions were handled using the PME method [69,70], the Verlet cut off
scheme [71] was used and the neighbor list was updated every 20 steps. Periodic boundary
conditions were used in all three dimensions and the initial velocities of atoms were
generated from a Maxwell distribution at 292 K.
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Table 1. Simulation steps with their IDs and the number of steps/time step.

Simulation Step ID Number of Steps/Time Step (fs)
Energy minimization EM 100,000/1
NVT equilibration NVT 100,000/1
NPT equilibration NPT 1,000,000/1
Simulation of rotamer 1 ROT1 100/200
Simulation of rotamer 2 ROT2 10/20
Simulation of rotamer 3 ROT3 1/2
Cooling down CD 1,200,000/1
RMSF gathering RMSF 1,000,000/1

The output structure from the first equilibrating simulation was further equilibrated
in an NPT simulation of 1,000,000 steps of 1 fs each. The settings were the same as in the
earlier simulation. In addition to those, an isotropic Parrinello-Rahman barostat with a
coupling constant of 2 ps was applied to couple the pressure to 1 bar, with compressibility
set to 4.5 x 107 bar~ 1.

The equilibrated structure obtained in the above simulation sequence was the basis of
performing additional simulations with identical settings used for gathering data regarding
atomic positions in 100 ps, 10 ps, and 1 ps time scales, consisting of a corresponding number
of 1 fs time steps. The positions of atoms were written to the trajectory file every 200 fs,
20 fs, and 2 fs accordingly. These data were used for calculating the angles corresponding
to rotamers (ROTs).

The equilibrated structure was cooled down to 100 K (temperature of X-Ray crystal-
lographic measurements) in yet another simulation of 1,200,000 steps of 1 fs each (CD).
The settings were the same as earlier, except for the coupling temperature, which varied
in the course of the simulation. The temperature stayed at 292 K for the first 100 ps of the
simulated time, was linearly decreased to 100 K during the next 1 ns of simulated time and
stayed at 100 K for the final 100 ps of the simulated time. Although cooling too quickly
can trap side-chain conformations in unnatural states, it can be prevented by a decelerated
linear decrease in temperature during 1 ns as adopted in our CD protocol, which provides
sufficient time for adaptive changes in the protein.

Finally, the cooled down structure underwent a simulation of 1,000,000 steps 1 fs each
(RMSF) for gathering atom-positional RMSF data. Positions of atoms were written to the
trajectory file every 2 ps.

2.3. Comparison between Experimental and Simulated Structure Model

We compared the experimental model marked as PDB entry 3IE5 and the simulated
Hyp-1 structure to determine the extent ot which our simulation preserved the character-
istic PR-10 fold of the protein. We also wanted to prevent some drastic conformational
changes within the Hyp-1 model. For our average conformation calculated by superposing
of 32 Hyp-1 dimers from the simulation box, structure factors were calculated using the
phenix.fmodel from the PHENIX package [72]. Experimental (Fexp) and obtained from
model structure factors (F.,.) were recovered from the MTZ file accompanying the de-
posited 3IE5 structure. To determine the relative error, we compared the simulated (Fy,q)
structure factors with those calculated from the model and subsequently excluded those
with an error percentage above 20%. Root-mean-square deviation (RMSD) of Coc atoms
of experimental and simulated Hyp-1 model were calculated in gesamt [73] to highlight
the similarity between both structures. Calculation of RMSD of Cx atoms was performed
using the gesamt from the CCP4 package.
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2.4. Application of MD Nanoscale Simulation to Calculate ADPs Distribution

ADPs of Ca and Cy atoms from the MD simulation were calculated by averaging over
all time steps for each of the 32 dimers from the 2 x 2 x 2 simulation box under previously
described simulation conditions. Atoms lying on the surface of the simulation box were
omitted in the calculation of individual ADPs. By that, isotropic ADPs were calculated with
respect to the average MD structure after equilibration using Equation (1) for bulk atoms in
the simulation box. The next step was aligning all selected conformations with respect to the
first saved one to find the average protein structure in the simulation box. The coordinates
of the average conformation were found using the root mean square fit of all CA and CG
or CG2 atoms. Therefore, calculated ADPs averaged over all conformations were the mean
of all atomic ADPs from 32 protein dimers inside the simulation box. The convergence of
ADPs from the partial data set including conformational changes during the simulation
was assessed by RMSD calculation with its standard error (SE) according to:

SE = \/Z(Bi—E)Z/N(N—l) @)

where B; refers to an ADP of an i-th conformation, B is the ADP of the calculated average
structure, and N is the number of conformations in the simulation box [74]. To determine
MD-based ADPs not just from Equation (1), the average Hyp-1 model after the MD
simulation was refined in 50 cycles with isotropic ADPs and using the TLS model with
5 TLS groups per each chain in Refmac [75].

2.5. Stereochemical Constraints of Main- and Side-Chain Conformations

Physics-based MD results were compared with the observed side-chain amino acid
distribution in the experimental structure. An experimental PDB-derived model was
refined using stereochemical restraints according to a standard library [76]. We excluded
the risk of steric clashes restricting rotameric form using short-contact restraints with a
cut-off limit at 3.2 nm. Partial occupancy of some side chains (Ile6A and B, Arg27A and B,
Leu31A, Phe72A, Leul05B, Lys139B) was omitted during MD calculations with their higher
occupied form approved. Additionally, we rejected residues introduced at the cloning stage.
Allowed rotameric forms were determined based on The Richardson’s (Son of Penultimate)
Rotamer Library [77] used commonly as a dataset in the post-refinement verification of
structure model stereochemistry, e.g., in Coot [78] and Refmac programs and implemented
during the refinement of the experimental Hyp-1 model. Calculations of energetically
preferred rotameric forms involve different groups of amino acids: nonpolar (Leu, Met, Pro,
and Val), aromatic (Phe, Tyr, His), polar (Asn, GIn, Cys, Ser, and Thr), basic (Lys, Arg) and
acidic (Asp, Glu) residues in both a-helix and 3-sheet backbone conformations. Table 2
contains definitions of x; backbone dihedral angles used during the simulation to monitor
backbone angle variations. Values of dihedral angles for all 16 residues considered in this
paper cover the range from 0° to 360°, except for x» angle in the case of Phe, Tyr, and His,
which is connected with the possibility of aromatic ring inversion in these compounds [79].
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Table 2. Definitions of the torsion angles used for the calculation of x; dihedral angles and the
determination of side-chain conformation.

Initial Torsion Angle Intermediate Torsion Angles  Terminal Torsion Angle

Arg N-CA-CB-CG gg_'gg:ggﬁg CG-CD-NE-CZ
Asn N-CA-CB-CG CA-CB-CG-OD1
Asp N-CA-CB-CG CA-CB-CG-OD1
Cys N-CA-CB-SG

Gln N-CA-CB-CG CA-CB-CG-CD CB-CG-CD-OE1
Glu N-CA-CB-CG CA-CB-CG-CD CB-CG-CD-OE1
His N-CA-CB-CG CA-CB-CG-ND1
Leu N-CA-CB-CG CA-CB-CG-CD1
Lys N-CA-CB-CG Eg:gg_gggg CG-CD-CE-NZ
Met N-CA-CB-CG CA-CB-CG-SD CB-CG-SD-CE

Phe N-CA-CB-CG CA-CB-CG-CD1

Pro N-CA-CB-CG

Ser N-CA-CB-OG

Thr N-CA-CB-0G1

Tyr N-CA-CB-CG CA-CB-CG-CD1

Val N-CA-CB-CG1

2.6. Comparison between Experimental and Calculated Distributions of Side-Chain Dihedral Angles

The side-chain dihedral angles for each residue in the experimental Hyp-1 model were
calculated using rotamer [77,80] from the CCP4i software package. By the analysis of the
(Son of Penultimate) Rotamer database, the respective rotameric form has been assigned
to each of them, and additionally, side-chain outliers were identified. The reference calcu-
lated dataset was created from additional simulations following structure equilibration
performed to monitor the positions of atoms at each 100, 10, and 1 ps timescales with
the corresponding 200, 20, and 2 fs steps. For each residue, the x; torsion angles between
respective atoms as mentioned in Table 1 were calculated. Obtained values for both a-helix
and (3-sheet backbone regions were compared with The Richardson’s (Son of Penultimate)
Rotamer Library content to identify predicted rotameric form. Model-based results were
confronted with energetically favorable side-chain conformers from MD simulation. When
some differences between the preferred rotameric form in the experimental and simulated
structure were observed, we calculated the probability distribution of each side-chain dihe-
dral angle P(x;), the number of samples in a small increment Ax = 5° and then summed over
all 60 protein conformations within a simulation box. Hence, we included the averaging of
bond lengths, bond angles, and w dihedral angles in different protein conformations. Each
P(x;) distribution was normalized to fulfill the condition that f P(x;)dx; = 1. To organize
our analysis, we separately calculated the monomodal dihedral angles distribution P(x1)
for Pro, Ser, Cys, Val and Thr residues, bimodal P(x1, X2) distributions for the groups of
Leu, Asp, Asn and the aromatic residues (Phe, His, Tyr), three- P(x1, X2, X3) or four-modal
P(x1, X2, X3, X4) distributions for residues with longer side chains, e.g., Glu, Gln, Met, Arg,
and Lys.

3. Results and Discussion
3.1. Impact of MD Simulation Parameters and Possible Artifacts

In many previous studies of proteins, the cutoff of atom and residue contacts was
selected arbitrarily in the range of 3.8-9.0 A based on the properties of a particular system
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and the optimization of data processing, although some attempts to rationalize this process
were presented [81-83]. In our simulation, long-range cutoff was used to not strongly affect
the structural properties of the folded state as well as to provide simulation convergence in
a given time. As the simple truncation of the electrostatic interactions at too short cutoff
can create artificial boundary problems and even neglect important long-range interactions,
we decided to use the value of 3.2 nm to maximally broaden the range of included van der
Waals forces regarding accessible computational power and the large size of the protein [84].
The inclusion of longer-range electrostatic interactions is mostly limited by computational
costs [85] and did not have a negative impact on our simulation. Moreover, neglecting long-
range interactions may cause unacceptable large atomic fluctuations of protein residues,
which cannot be explained in plain terms of environmental differences between X-ray
studies and simulation. The simulation time of 1.2 ns for the longest trajectory was
found to be sufficient to catch conformational changes and thermal motions in the Hyp-
1 protein system. The convergence of simulation was confirmed by the observation of
the atom-positional RMSD calculated against the experimental structure for each protein
molecule over time and averaged over 64 individual protein copies inside the simulation
box (Figure 1). Starting from experimental data, our system was not far from equilibrium,
which results in the successful stabilization of RMSD values after 100 ps of the second 1 ns
NPT simulation. Longer simulations are typically efficient in the much more complicated
atomistic modeling of protein folding, structure dynamics, or protein-ligand interactions.

W p M"‘ it MW lj»,,i l Al

1 1 1 1 1 1 1 1 1

100 200 300 400 500 600 700 800 900 1000

Time (ps)

Figure 1. Average all-atom root-mean-square deviation (RMSD) calculated over time for the Hyp-1 protein structure during

1 ns of NPT equilibration. The values shown were averaged over 64 monomers in the crystal.

3.2. Accuracy of Experimental and Simulated Hyp-1 Structure Model

For the experimental Hyp-1 model, 39,745 unique reflections were collected, with
1590 of them used as a test set. Accordingly, we obtained a set of 39,737 reflections from
the simulated average model using phenix.fmodel. A maximum relative error equal to 20%
was applied to exclude those reflections for which structure factors exhibit high differences
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and low level of comparability. Therefore, 24,080 reflections have had an acceptable degree
of compliance to be presented in the logarithmic scale on the respective F,./Fpng and
Find/Fexp plots (Figure 2).

10

L o I 1 )

10’ 102 10° 10*

IF

Figure 2. Feq1/Fng and Fr,q/Fexp plots for the Hyp-1 protein structure. The maximal permissible relative error between
reflections with identical indices was established at a level of 20%. The red dashed line at 45° should serve as a guide to the
eye and tool to visualize trends in changes of reflection intensity.

The calculated R-factor between all F,4 and F.; was equal to 10.6%, while the
analogous one between Fexp and F,q data reaches 23.6%. Although reflections between
experimental and simulated models have been fitted with only a small spread, we observed
a blur of reflections on F,q/Fexp plot. This is apparently connected with an imperfect
refinement of the structure model, or the multiple scattering phenomena, which was
observed in many complex metallic alloy systems, e.g., quasicrystals [85-87]. Within the
original Hyp-1 model dimer, both A and B molecules superpose with the high RMSD of
their Coc atoms equal to 1.21 A, while structural discrepancies between the PR-10 group
proteins are included in the range from 1.64 even to 2.76 A [43]. Calculated in gesamt, the Cot
RMSD between the experimental model and our Hyp-1 average low-energy conformation
reaches 2.38 A, resulting from the general flexibility of PR-10 fold and the medium size of
the protein. The main secondary structure motifs were well conserved, while, as expected,
most of the conformational changes occur in less stable regions of L3 and L5 loops [43].
The structural variation of Hyp-1 during simulation is also restricted by intermolecular
contacts and restraints corresponding to van der Waals short-range interactions.

3.3. Actual and Experimental ADPs Comparison

In the presented ADP calculations, the simulation of the starting conformation model
included several sequences: (i) 100 ps stage of the system temperature setting to 292 K,
(ii) 1 ns of equilibrating simulation and (iii) 1.2 ns of the cooling of structure to 100 K
followed by a sampling of the atomic positional fluctuations within the protein struc-
ture (CD and RMSF). As typically RMSDs provide a distinction between restrained and
mobile parts of the molecule, we observed a reduction of flexible Cy atoms motions un-
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der the OPLS-AA force field. This fact indicates that using the given simulation setup,
we successfully generated a set of structurally diverse ensembles with high conformational
heterogeneity independent from rigid-body motions or lattice defects. As the crystallo-
graphically determined Hyp-1 conformation was used as the starting model, we assumed
that the resulting 64 individual protein molecules (32 dimers) are a sufficient number to
present a conformational variety of Hyp-1 crystals. Positional restraints, solvent inclusion,
and RMSD data acquisition from the cooled structure provided conditions similar to the
experimental and possibly a high resemblance to the physical model.

Overall mean isotropic ADP for the experimental Hyp-1 model structure was equal to
27.53 A2, while ADPs for individual chains A and B were 23.7 A2 and 26.5 A?, respectively.
The high lability and mobility of long PEG ligand chains were reflected by their increased
average B factors in the range from 49 up to 71 A2 for the internal PEG molecules [43]. These
high values result mostly from the lack of strong, directional protein-ligand interaction
showing the exact composition of the PEG solution. In some cases, ligand representation in
electron density maps were so uncertain that the conclusion of whether observed electron
density corresponds to the full-length molecule or merely a fragment of the elongated,
disordered chain was impossible. The distribution of the experimental ADPs reflects the
contrast between restrained main-chain segments (Figure 3a,b) and side-chain conforma-
tional diversity (expressed by increased ADPs of Cy atoms in Figure 3c,d). The highest
values of thermal mobility of Cy atoms were observed for side chains of Glu132, Arg93,
Glul06, and Asp48 involved in hydrogen contacts to each other or with water molecules at
the protein surface (Figure 3c,d).

Calculated from the simulation, the atomic RMSF maintains low values with an
average ~0.2 A within the whole simulation box and a maximum near to ~0.25 A. Therefore,
calculated ADP distribution seems to be more uniform with generally increased values of
thermal factors compared to the experimental ones. Under the OPLS-AA force field and at
the nanosecond timescale, the calculated mean ADPs are equal to 50.49 AZ (molecule A)
and 47.81 A2 (molecule B). Their RMSD between the experimental and calculated ADPs of
Cx atoms reaches values (mean 4 SE) of 31.11 & 2.63 A2 in chain A and 26.22 + 2.17 A2
in chain B, while the total RMSD between the experimental and calculated Coc ADPs is
equal to 30.51 & 1.70 A2. Interestingly, the calculated Cy ADPs seem to be more similar
to the experimental distribution with their RMSD and SEs equal to 24.33 & 2.47 A2 and
19.36 & 2.00 A2 in relation to chains A and B, respectively. Overall, Cy RMSD reaches
25.95 4 1.57 A2, It was observed that the means and SEs of the ADPs are growing with
the time of simulation (Pang, 2016)—calculated deviations between experimental and
calculated ADPs of Hyp-1 protein can be explained as a result of a longer 1.2 ns trajectory.

After the re-refinement of the simulated Hyp-1 model with isotropic ADPs, diversity
between residues within the structure was restored, although mean Cx ADPs for chains
A and B are equal to 39.31 and 38.76 AZ, respectively, with RMSD 20.66 + 3.03 A2 (chain
A) and 18.78 &£ 2.56 (chain B) relative to the experimental values. This fact confirmed
the systematic underestimation of X-ray experimental ADPs announced in previous stud-
ies [17]. Analogous values for Cy atoms reach 51.25 (molecule A) and 50.88 AZ (molecule
B), and their total RMSD to PDB entry is 17.85 = 2.75 A%. We decided to use five TLS groups
per each protein chain as it was implemented in the starting structure to avoid modeling
whole protein as a rigid body and freezing of protein translation and rotation within the
crystal structure. The distribution of ADPs within the average simulated Hyp-1 model
refined with five TLS groups per each chain strongly resembles those with isotropic thermal
factors. We determined the overall RMSD between isotropic and TLS-modelled ADPs
at the level of 2.57 + 0.45 A2 for Coc atoms and 1.68 =+ 0.33 A2 in the case of Cy atoms.
The high flexibility of long side chains of Lys27, Glu48, Arg93, Glul02, Lys139, Glul42,
and Glu149 was observed for both PDB entry and re-refined models. By introducing TLS
groups and the subsequent refinement of average Hyp-1 model, simulated ADPs contained
a contribution from correlated motions between neighboring atoms in the protein, which
results in restricting of atomic fluctuations and a general lowering of ADPs. Contrary to
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MD-based ADPs, standard thermal motions cannot always accurately reflect dynamical
changes in the protein crystal structure, although we found that the simple RMSF-based
calculation of ADPs is also not sufficient, probably due to the high impact of static disorder
from the averaging procedure.
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Figure 3. Plots of Hyp-1 ADPs: calculated directly from atom-positional RMSF (red line), experimental from the Protein
Data Bank (PDB) entry 3IE5 (blue line), from model re-refined with isotropic thermal motions (green line) and model
re-refined using translation-libration—-screw model (TLS) groups (purple line). In individual panels ADPs for all CA (C«x)
and CG (Cy) atoms separated on chains A (a,c) and B (b,d) were shown. Differences in ADPs’ values for both protein chains
were calculated between corresponding Cx (e) and Cy (f) atoms.

3.4. Side-Chain Angles Probability Distribution P(x1) for Pro, Ser, Cys

The amino acid sequence of the Hyp-1 protein contains seven Pro, three Ser, and two
Cys residues in a monomeric state. Proline molecules tend to adopt endo or exo confor-
mation depending on whether displaced y carbon is located above or below the plane
formed by other «, 3, §, and N atoms [88]. Within the Hyp-1 dimer experimental model,
seven Cy-endo and seven Cy-exo conformations of proline were expected at x; = 30° and
330°, respectively. However, observed after the MD simulation, the distributions reveal
interconversion between endo and exo states for Pro16, Pro64, Pro122, and Pro124 (Figure 4)
marked by predicted P(x1) peaks at x; values contrary to those resulting from experimental
structure conformation.
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Figure 4. Side-chain torsions probability density distributions P(x;) (solid blue lines) for Pro16, Pro64, Pro122, and Pro124
(left column) and Ser112, Thr55, and Thr127 (right column). Values of x; angles observed in the experimental Hyp-1 model

were marked as dashed red lines.

The high flexibility of the pyrrolidine ring and the dynamic tendency toward rapid
endo—exo and vice versa conversion at the Cy atom was previously confirmed by the analy-
sis of the 'H NMR spectrum of proline in aqueous solution [88]. Although the Cy atom
in most of Pro residues exists in one of endo—exo conformation for both A and B protein
molecules, their P(x;) distributions show that conversion to energetically preferred x; = 30°
(endo form) is incomplete. Only for Pro122, a peak by x; = 330° is nearly absent, indicating a
low affinity for this conformation. Due to the location of most proline residues in loop areas
of the Hyp-1 structure (except for Prol6 from short helix 1), they possess high conforma-
tional freedom facilitating the transformation to more stable endo conformation. For serine
and cysteine molecules, three highly probable side-chain conformations can be expected
atx; = 62° (p), x1 = 183° (t form) and x; = 295° (m). We did not find any discrepancies
between experimental and predicted Cys rotameric form, which indicates the convergence
of knowledge-based and physics-based approaches. As shown in Figure 4, a disproportion
between experimental and predicted rotameric form was found in Ser112 from the L8 loop,
where highly probable p conformation is expected at x; = 295°. Calculated P(x;) distribu-
tion reveals three peaks at 295°, 183°, and 30°, suggesting the creation of different energy
minima for each conformation. The deviation of peak value at x; = 30° from the preferred
62° value suggests some geometrical distortion from the experimentally defined model or
energetic affinity to one of the non-rotameric states.

3.5. Val and Thr

According to the Rotamer Library, three mostly preferred Val and Thr side-chain
conformations can be expected near x; = 60°, 175° and 300°. The native protein sequence of
Hyp-1 contains 18 valine residues and 16 of them, regardless of their location in secondary
structure, adopt dominant t rotameric state from the Penultimate Library. Surprisingly,
we noted differences between the experimental and simulated side-chain conformations
for 17 of 18 Hyp-1 valine residues, so their predicted P(x;) distribution almost always has
a peak at nearly 300° respective to the second most probable rotamer m. The occurrence of
lesser-populated rotameric states parallel to more extended or rarer conformations indicates
dynamic conformational changes within the model structure during MD simulation. This
conformational transformation towards lower energy states was expressed by a probability
shift from the t to m rotamer and the resulting switch in x; preference. In the case of nine
Thr molecules from the Hyp-1 sequence, eight residues have a different simulated rotamer
with probability shifted significantly from preferred p (49% independent probability) and
m (43% of probability) to the least populated of the three top Thr conformations t form.
As recommended by The International Union of Pure and Applied Chemistry IUPAC,
different definitions of x; in side-chain methyl group, x; = 175° in Val and x; = 295° in Thr
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are equivalent. For 3-branched Thr55, we noticed the reversion between two dominating
rotameric states as it was for many Val residues (Figure 4). When it comes to Thr127 in a less
ordered loop area, a decrease in the t probability and subsequent shift toward preferred m
rotamer was observed (Figure 4). More details on the side-chain torsions probability density
distributions for Val residues can be found in Figures S1-S3 (see Supplementary Materials).

3.6. Leu, Phe, Tyr, His

Preferred side-chain conformations for Leu and aromatic Phe, Tyr, His residues were
modeled using dihedral angles bimodal P(x, x2) distributions. Although the Hyp-1 native
sequence contains 10 hydrophobic Leu residues, only two of them were marked to have
different rotameric forms in experimental and simulated structure models. For 3-branched
Leu86, X1 and x;, are expected near to 175° and 65°, respectively, while in the calculated
distribution “vertical” x, transition to ~180° was noted resulting in rare side-chain confor-
mations (Figure 5a). Because of the known fact that sparsely populated rotamers coincide
with higher-energy parts of energy landscapes [89] and knowing positions of potential
catalytic active sites in structure, it is particularly interesting, because Leu86 was intro-
duced into Hyp-1 as a substituent for original I1e86 and therefore considered as one of the
mutations blocking the enzymatic activity of Hyp-1 in hypericin synthesis [43].
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Figure 5. Color map of side-chain torsions probability density distributions P(x1, x2) for Leu86, Leu151 (a,b) and aromatic

residues Phe72, Phel58 (c¢,d). The probability values within each of the 5° x 5° bins increase from deep blue to yellow

according to the color map.

Figure 5b presents that another rotamer outlier from the experimental model was
observed for Leul51 in the helix o3 region, where the calculated x; distribution is centered
around the rotameric value of 295° with a non-rotameric peak of x, around 300°. We typi-
cally suspect at least one non-rotameric torsion in many side chains, especially those long
and characterized by many torsions, but it remains an inquisitive observation in the case
of the shorter, aliphatic Leu molecule. This side-chain conformation anomaly suggests
the high energy perturbations in the carboxylic terminal group of Leu151, evidenced by
its increased C,, ADP value (Figure 3c,d). MD simulation studies showed considerable
freedom of the Leul51 side-chain conformation suggesting its possible role in substrate
recognition. Indeed, further analysis of the Hyp-1/ANS complex revealed that typically
very non-reactive, hydrophobic Leul51 can be involved in ligand binding. We did not find
any differences between the experimental and simulated rotameric forms in the dipeptide
mimic of Leu, Ile.

Aromatic Phe amino acid in the Hyp-1 structure is represented by eight residues in
each protein molecule, most of them buried in a hydrophobic internal cavity. We compared
the experimental rotamers with their simulated forms revealing differences at Phe72 and
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Phel58 (Figure 5c,d). The first of them was initially modeled into electron density with
a double side-chain conformation, m-30, and less occupied m-85. Both experimental and
calculated xq are close to 295°, whereas the observed x; distribution has a maximum of
around 270°. The second densely populated X, region occupies the area in the proximity of
90°, resulting from a 180° ring inversion and the subsequent creation of two indistinguish-
able side-chain conformations. Contrarily, the X, pair from the experimental model should
show peaks around 330° and 150°, even if calculated P(x») distribution clearly reveals
minor probabilities in these regions. A subtle difference was observed for the simulation
of C-terminal Phel58 residue with a preference of x; torsion distribution to ~300° value.
The previous exploration of the Phe conformation richness in protein structures revealed
that x; = 300° could be strongly limited by steric clashes between the aromatic ring and the
carbonyl group of adjoining residues, especially within x-helical regions [79]. However,
we found this value most representative for five of eight Phe amino acids in each Hyp-
1 chain. Moreover, we discovered using a physics-based approach that the m-85 rotamer
is the energetically favorable conformation of the Phe72 side chain, which was unclear
during refinement with arbitrarily selected and incorrectly refined occupancies of different
side chains.

Among six His residues from the Hyp-1 protein sequence, our hard-sphere calculations
revealed two main derogations from experimental side-chain stereochemistry (Figure 6a,b).
For His63, strong peaks at x; = 180° and Xy = 260° correspond to t-80 rotamer from the
structure model. However, the large patch in P(x;, X2) distribution was observed around
X1 = 295° and xp = 290° respective to dominant m-70 state populated 29% of the time,
although this conformation was absent in the initial dataset. A second noticeable sample is
pocket-hidden His70 with the experimental second most preferred rotamer m80 (x; = 295°,
X2 = 80°). The calculated distribution indicates rather on less observed m170 form (7% of
probability) in agreement with the observation of x; and x, peaks near 295° and 165°.
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Figure 6. Color map of the side-chain torsions probability density distributions P(x1, x2) for aromatic residues His63, His70

(a,b), and Asp94, Asn95, and Asn154 (c—e). The probability values within each of the 5° x 5° bins increase from deep blue

to yellow according to the color map.

We observed no differences between the experimental and calculated rotameric form
of Tyr with analogous to Phe aromatic side chain. Despite the structural resemblance
between both amino acids and the ease of their mutual substitution, we found Tyr to be
a generally more stable residue in the Hyp-1 protein structure with low sensibility on
energy-driven conformational changes.

3.7. Asp, Asn

Although the native sequence of Hyp-1 contains 6 Asp residues, we found only
one disagreement between experimental and simulated Asp94 rotamers. As in the PDB-
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derived Hyp-1 model, we might expect two highly populated clusters around x; = 290°
and x» = 345° corresponding to the most populated m-20 conformation. On the contrary,
we found in Figure 6¢ a significant blur of allowed side-chain torsions in the calculated
P(x1, x2) distribution of Asp94, where strong peaks were found at x;~200° and X, near
to 0°. Troubles with assigning the central value and standard deviation to the suggested
conformation mark a high level of conformational heterogeneity of the Asp94 residue
confirmed by the higher ADP of its Cy atom (Figure 3c,d). Furthermore, our studies imply
that the transition to rare rotameric states is energetically preferred. Similar conclusions
emerge from the analysis of P(x1, x2) distribution in Asn95 and Asn154 (Figure 6d,e). Both
of them exist in uncommon p-10 and m-80 conformations that should have a frequent
population near x; = 62° and 295°, respectively. Our P(x1, x2) calculations clearly confirm
that despite the well preserved x; value, the more mobile outermost x, torsion determines
the rotamer form and plays a crucial role in the examination of preferred Asn conformations.
For Asn95, the x, peak near 90° favors more popular p30 conformation and in the case
of Asnl154, the rare m120 rotamer is suspected because of the P(x;) area around 100°.
The known problem with Asn conformers is that its P(x) distribution is typically broad
and ambiguous, and the strict value of X, can differ by 180° due to the possible flip of
identical side-chain amide N and O atoms [90]. As an effect, symmetric sparsely populated
regions with x, changing by 180° are observed on our calculated P(x;, x2) distribution.
We overcome this problem with the poor clustering of x torsions and the less meaningful
analysis of allowed Asn conformations. Our P(x;, X2) shows separated local clusters of x»
values clearly determining the preferred Asn rotamer. We observed a lack of these sharp,
clear clusters for Asp94, which we assigned to large mobility of partially disordered side
chains and high-energy perturbations within the terminal carboxylic group.

3.8. Glu, GIn

We investigated experimental rotamers with the full density distribution of x1, X2,
X3 dihedral angles for each of 19 Glu and three Gln residues in a single Hyp-1 chain.
Deviations were noticed for six polar, surface Glu amino acids modeled in most common
rotamers, mt-10 (33% of probability), or tt0 (24% of all Glu) in accordance with the Penul-
timate Rotamer Library. Under the simulation regime, we found the tendency of these
residues to adopt rare side-chain conformations, e.g., tm-20 and tp10. The broadening
of individual x distributions (especially for terminal x3 between sp® and sp? hybridized
atoms) complicates the determination of the rotameric state (Figure 7a,b). As in the case of
the experimental Hyp-1 structure model, simulated Glu conformations are mainly stabi-
lized by H-bonds between solvent and side-chain amide or carboxyl group. For «3-helical
Glul42 by cavity entrance EB (Figure 7a), pairing with the protonated amino group of
adjacent Asn134 may occur and impose the characteristic codependency of x dihedral
angles to preserve this preferred interaction. A comparison between the experimental and
simulated Hyp-1 models have shown rotamer outliers on GIn35 and GIn146 (Figure 7c,d).

On the basis of the experimental Hyp-1 structure, strong peaks at P(x1, x2, x3) distri-
bution for the most common rotamer mt-30 are expected near x; = 290°, x, = 180° and x3 =
330°. The complementary rotameric form was stabilized by mutual hydrogen interactions
of carboxyl and amino groups. This strengthening pattern was broken under simulation
conditions, in which steric restraints and greater solvent accessibility reversed GIn35 and
GIn146 side-chain conformations. In our simulated model, less common rotamers tt0,
mm-40, and mm100 are favored and stabilized by interactions with surrounding solvent
molecules. Preference to adopt rare rotamers in long side chains of Glu and GIn arises from
their susceptibility to dynamic changes, surface exposition, and the possible lack of strong
intramolecular interactions [39]. Due to this, it is usually recommended to model such side
chains using only one or several most common rotamers [38]. Analyzing the rotamericity of
Glu/GIn side-chain conformations, we found this approach to be insufficient, because some
certain, energetically favored conformations can be omitted. As a result, we noticed some
inexplicable ADP peaks at the Cy atom of Glu132 from the experimental Hyp-1 structure
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(Figure 3c,d), although the residue was modeled in dominant rotameric form. The swap to
supposedly less popular conformation minimizes the thermal motions of Glu132 indicating
lower energy conformation.
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Figure 7. Stacked bar graph of side-chain x1, x2, x3 torsions probability distributions for Glu142, Glu149 (a,b), and GIn35,
GIn146 (c,d). The probability values within 5° x 5° bins for separate torsion angles were marked as blue, orange, and yellow,
respectively. Appropriate values of X1, X2, X3 angles from the experimental Hyp-1 model were presented sequentially as
light blue, orange, and light green dashed lines.

3.9. Met

Amino-acid sequence of Hyp-1 contains only two Met residues, N-terminal Met1,
and 3-branched Met68, in each of the protein molecules within the dimer. According to
the experimental rotamers, one might expect P(x1, x2, x3) distribution peaks at x; = 293°,
X2 =180° and x3 = 180° or x3 = 285°. The value of x3 clearly determines the available
rotamer, as other dihedral angles were the same for both conformations, mtt, and mtm.
They belong to less populated rotamer states, with 8 and 11% of appearance according
to Penultimate Library. In our studies, both simulated Met rotamers diverge from those
experimental, mainly towards more popular mtp conformation indicated by x3 near 75°
(Figure 8a,b). Our physics-based approach confirmed well the preservation of two xi,
X2 angles between sp3 atoms attached to the & atom [91]. The main difference lies in the
terminal x3 due to the elongated C-S bond and accompanying a low rotational barrier in
comparison to other all-carbon tetrahedral torsions. High conformational freedom of Met
residues could be also a result of a lack of directional interactions stabilizing the C-terminal
part of the side chain. In our simulated model, the choice of rotamer is dictated by bonds
with penetrating solvent as well as strong repulsing restraints imposed during a simulation.
The supposed conformation of Met68 seems to be particularly important, as this residue
was involved in ligand binding and the forming of Hyp-1 protein complexes.
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Figure 8. Stacked bar graph of side-chain x;, X2, X3 torsions probability distributions for Met1 (a), and Met68 (b). The prob-

ability values within 5° x 5° bins for separate torsion angles were marked as blue, orange, and yellow, respectively.

Appropriate values of X1, X2, x3 angles from the experimental Hyp-1 model were presented sequentially as light blue,

orange, and light green dashed lines.

3.10. Lys, Arg

Long side chains of Arg and Lys characterized by four dihedral angles can occur in
many combinations. Among 16 Lys residues in a single Hyp-1 molecule, all of them adopt
rare rotameric states with Lys123 mttt (20% of samples) as the most popular one. In eight
cases (Lys8, 21, 33, 40, 83, 113, 138 and 145), the deviations between experimental and sim-
ulated rotamers were observed, each of them suggesting a more populated conformation
(Figure 9a,b, Figures S8-510 (see Supplementary Materials)).

The disordered structure of Lys8 prevents bonding with the PEG501 molecule, while
in our studies, the favored mttt conformation provides optimal hydrogen interactions
with both the surrounding ligand and solvent. In the Hyp-1 structure, Lys side chains
tend to form partially ordered supramolecular crown ethers adducts with PEG ligands,
first observed for Lys33 in molecule A. Specific interaction with PEG ligands restricts rare
conformations of Lys33, while our simulation suggests that conformational changes of the
Lys33A side chain can improve the hydrogen interaction with the lysine terminal amino
group. In chain B, a different orientation of Lys33 blocks the possibility of effective PEG
binding and imposes another conformation of the ligand. Positively charged Lys residues
can be easily replaced by Arg, while three of them exist in rare mtp180 and ptm-85 rotamers
in each protein chain. Our calculated 4-dimensional probability distribution of torsion
angles reveals conformational changes in Arg27 and Arg93. P(x1, X2, X3, X4) distribution of
Arg?27 side-chain angles clearly exhibits the most populated sharp clusters referring to each
torsion. Although Arg27 was modeled in double conformation in an experimental Hyp-
1 structure as a result of stabilizing interaction absence, during the simulation we found
ttp-105 to be the most preferred rotamer. Therefore, H-bonds with an adjacent hydroxyl
group of Tyr85 and backbone Leu24 carboxyl group are responsible for the stabilization
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of simulated rotamer and its anchoring within the protein interior. Within the probability
distribution of Arg93 side-chain torsions, we found broad conformational regions of
terminal x3 and x4 angles (Figure 9d). Due to this reason, the conformational diversity
of Arg93 is expressed as a mixture of differently populated rotamers. MD simulation
can indicate some beneficial regions in the energy landscape of structure, especially for
mtt85 rotamer, in which interactions of the guanidinium group of Arg93 side chain by EB
entrance define the internal pocket availability for ligands.
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Figure 9. Stacked bar graph of side-chain X1, X2, X3, X4 torsions probability distributions for Lys33 (a), Lys40 (b), Arg27 (c)
and Arg93 (d). Each probability distribution of x; was normalized so that f P(x;)dx; = 1. The probability values within
5° x 5° bins for separate torsion angles were marked as blue, orange, yellow, and purple, respectively. Appropriate values

of X1, X2, X3 angles from the experimental Hyp-1 model were presented sequentially as light blue, orange, and light green

dashed lines. If one x; value was common for multiple torsion angles in the side chain, we marked them as a single line

with a proper index to prevent line overlap and confusion during figure interpretation.

4. Conclusions

In the presented work, we compared the experimental and deposited in the PDB
database protein structure of Hyp-1 with the results of the molecular dynamics simulations.
We tried to use a physics-based approach as complementary to the knowledge-based
method of protein structure validation. Our results confirmed that multistep MD simulation
can successfully maintain the secondary structure of the protein and its characteristic fold
without disturbances of main secondary structure motifs, e.g., « helices, and 3 strands.
Calculated Co RMSD equal to 2.38 A results mainly from the high conformational freedom
of protein side chains and is comparable with the results of ns-scale protein simulation
mentioned in other papers. Direct observation of atomic trajectories during simulation
allows calculating individual RMSD and ADPs, which are typically >10 A2 higher than
experimental ones. Our averaged Hyp-1 model was re-refined with isotropic ADPs and
using the TLS model, which restored diversity between ADPs within the structure due
to more defined restraints imposed on the backbone and side chains and inclusion of
correlated atomic motions in opposition to pure dynamic changes during simulation.
We found our result consistent with other MD simulations of protein models, in which
experimental ADPs appear to be systematically understated. Comparing average structure
factors, a high level of similarity between those calculated and simulated was observed.
We used the MD method as a tool for the verification of experimental Hyp-1 rotamers
because at least part of them was arbitrarily modeled into electron density indicated by
increased ADPs at their Cy atoms and simulation seems to provide more rigorous insight
into dynamical properties of the system. Based on the normalized probability density
distribution of x; torsion angles from the optimal 1 ns simulation, we proposed energetically
preferred rotameric forms at 292 K differentt to thoset resulting from the refinement.
We explained how their existence was connected with the structural properties of the Hyp-
1 protein, especially in the context of possible biologically active ligand binding. A complete
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comparison of rotamer outliers within Hyp-1 experimental and simulated structures,
partially with a calculated probability of each angle samples within 40° x 40° boxes,
is provided in Tables S1 and S2 of Supplementary Content (see Supplementary Materials).
The method of MD simulation appears to be particularly useful for the examination and
validation of post-refinement protein structures complementary to the currently used
knowledge-based techniques. A near-experimental approach is a key factor in a proper
understanding of the functional role of the protein. Using MD-based sampling simulations,
some structural irregularities in bonds, angles, or rotameric states can be corrected with
sufficient accuracy to monitor the biological activity of the protein. It is crucial in the case of
seemingly uncomplicated protein structures such as Hyp-1 with potentially high potential
in medicine and affinity to various ligand binding. We affirmed MD methods as a useful
tool in the verification of experimental protein models and the explanation of “blank spaces”
in poorly refined regions of electron density maps. In the future, we would like to develop
this approach on a larger scale and use it to explain other structural ambiguities, mainly in
larger Hyp-1 complexes with different ligands and their bizarrely modulated phases.
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